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Tuesday Morning, June 27
Introduction (Pavel Hrma)

Glass properties and their
measurement (Michael Schweiger)

Statistical approach to glass
development (Greg Piepel)

Feed melting reactions: laboratory
investigation of foaming)
(Peter Smith)

Processing properties of nuclear
waste glasses (Pavel Hrma)

Tuesday Afternoon, June 27

Understanding glass composition
effects on glass durability
(Xiangdong Feng)

LLW glass structure (John Darab)

Prediction of nuclear waste glass
dissolution as a function of
composition (Pavel Hrma)

Model comparisons: free energy of
hydration (Trish Redgate)




Wednesday Morning, June 28
Introduction (Pavel Hrma)

Glass crystallization (John Vienna)

Effect of crystallization on the
chemical durability of nuclear waste
glasses (David Peeler)

Amorphous phase separation:
theory, prediction, and application
(David Peeler)

Corrosion of refractories and
electrodes in waste glass melters
(Kamakshi Sundaram)

Wednesday Afternoon, June 28

Minor components in nuclear waste
glasses (Hong Li)

Effects of experimental parameters
on glass durability (Xiangdong Feng)

Glass formulation for maximum
waste loading (Pavel Hrma)

Concluding remarks (P. Hrma)
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PROCESSING
PROPERTIES OF
'NUCLEAR
WASTE
GLASSES




PROPERTY VS. PRIMARY
VARIABLES

» glass can be viewed as a mixture of
components

e a mixture property (&) depends on

primary thermodynamic variables
(T,P,g):

é=f(T,P,g)

T temperature

P pressure |

g=(g,8,,""»8,,) composition vector

g, i-th component mass or mole fraction
n number of components

e glass melting operation: P = const.

E=f(T.g)




PROPERTIES RELEVANT FOR

GLASS MELTING PROCESS:
s=m.¢eT,

M Viscosity

e electrical conductivity

T, glass transition temperature

« we need to determine |
n="(T.g), e=&T,g), and T, = T,(g)

PROPERTY VS. COMPOSITION
FUNCTIONS

experimental design:

* selection of compositions to cover the
- composition region and property ranges
- of interest

* manageable data generation: statistical
theory of mixtures

data evaluation:

* plausible assumptions regarding the
form of the property function

¢E=f(T,g)




EMPIRICAL MODELS

* provide the most accurate practically
achtevable information regarding the
effects of composition on composition-
dependent variables

* minimize the amount of laboratory testing
by restricting the compositional region

* employ statistical experimental design to
optimize the coverage of this region by
data points

« assume simple functional forms for the
dependence of properties on composition




HANFORD SITE WASTE GLASS
COMPOSITION REGION (wt%)

510,  40-60 B,Os <15
Na,O 5-25 Li,O £ 7
CaO <3 MgO <1
Fe,O; <15 - AlLO; <17
/0 <14 CeO, <2
B1,0O; < 2 P,0Os < 3(7)
UO; <17 TiO, £9
NiO < 2. Cr,O5 < 2°
MnO <5 |

SO; <1 F <2

o these ranges reflect waste components
inventory or solubility limits or both

* these ranges are estimated for statistical
test matrices and should not be used as

acceptable ranges for engineering
calculations




PROPERTY CONSTRAINTS

» the selected composmon region is
further restricted by imposing property |
constraints:

T; < Ty —100°C
2Pa-s<1(Ty)<10Pa-s

Ty liquidus temperature

T); - melting (melter.operating)
temperature

 low-temperature melter:
Ty, =1050-1200°C

. hi_gh-temperature melter:
Ty =1200-1500°C




TEMPERATURE-DEPENDENT
PROPERTIES

V1SCOSIty

* Vogel-Fulcher-Tammann (VFT)
equation 1s generally used for viscosity
as a function of temperature:

B(g)
- To (g)

1 =explA(g)+ ]

* Arrhenius equation (for a narrow
temperature interval, i.e., 950-1250°C):

€ =¢exp[C(g)+ Q—;:g—)—

A, B,C,D temperature-independent
coefficients

electrical conductivity

* both equations (VFT and Arrhemus) can
be used




TEMPERATURE INDEPENDENT
PROPERTIES VS. COMPOSITION

(I) = (nT’ gT’Tg’A’B’TO)

N, and €, viscosity and electrical

conductivity at a given (constant)
temperature

Scheffé forms:
first-order mixture models:

©=3hg,

i=1
second-order mixture models:
. ) |
D= >bg + Xb;88;
i=1 i<j

b, and b, are first- and second-order
coefficients




PHYSICAL MEANING OF FIRST-
ORDER COEFFICIENTS

1) replacement of i-th component by a k-th
component

oD /dg =b —b,

2) 1-th component addition to the mixture
(component effect)

0D/ dg| . = -%}i
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Isotope Effects Summary (H,0/D,0)

1.5

12
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Feng et al., MRS Proc. 1991
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Isotope Effects Summary (H,0/D,0)

1.5 When SA/V Changes:
¢ B-D,0 h
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SRL 165/42 glasses were tested at

2000 m-1,

R- and S-glasses show similar

corrosion behavior
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2y

SRL 200 glasses were tested at 2000 m-!
and similar corrosion behavior was
observed
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A large difference in corrosion behavior
was observed for SRL 200R and SRL 200S
glasses when these glasses were tested at
20,000 m™! for one year or longer
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12.50
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Z, 11.50

11.00

200 at 20,000 m-1
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KNESS

(200S at 20,000 m-1)
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SECONDARY PHASE FORMATION
(200S at 20,000 m-1)
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PREDICTION OF

- NUCLEAR WASTE
. GLASS

DISSOLUTION AS A
FUNCTION OF
COMPOSITION




GLASS DURABILITY

glass durability = the resistance of glass
against environmental corrosive effects

dissolution of glass is a complex process of
interaction between glass and water (or a

" humid environment)

it involves

- glass matrix hydration

- formation of gel layer on the glass surface

- nucleation and growth of secondary
phases

glass durability has not yet been fully
resolved into well-defined easy-to-measure
thermo-chemical properties, for which
component-and temperature coefficients
could be determined



GLASS DURABILITY
MEASUREMENT TECHNIQUES

various techniques have been used by
commercial and waste glass industries to
measure the extent of glass dissolution
‘under a constant temperature and fixed
hydrodynamic conditions:

- static tests
- flow-through tests

e component and temperature coefflc1ents
can be determined from the test results

e these coefficients do not represent thermo-
chemical properties of the glass-water
system

* they can be used, with caution, for glass
formulation and prediction of glass
dissolution as a function of composition.




STATIC TESTS FOR WASTE GLASS

DURABILITY

Product Consistency Test (PCT)
Materials Characterization Center MCC-1

test

test conditions

deionized water

90°C

glass surface area to solution volume ratio
-PCT _ 2000 m!

-MCC-1 10 m?!
standard duration
- PCT 7 days

- MCC-1 28 days

test data

concentrations of elements in the solution
(determined by ICP and AA)



o-TH ELEMENT NORMALIZED
RELEASE

R,=c,/(0g,)

¢, a-th element concentration in the solution

o

o glass surface area to solution volume ratio
g, o-th element mass fraction in the glass

congruent dissolution assumption

* normalized B release = glass loss per unit
glass surface area

* normalized releases of other elements
indicate secondary effects associated with
glass dissolution




FIRST- AND SECOND-ORDER
MIXTURE MODELS

n
Ly = Z:lbaigi
1=

n
Lo = 2.b4;8; + 254188

i=1 i<j

L,=lnR
b, i-th component first-order coefficient for

ol

o.-th element
b,; i-th and j-th components second-order
coefficient for o-th element



FIRST ORDER MODELS
first-order coefficients provide information
about the effect of individual components
on glass dissolution

* ' effect of replacing an k-th component by an |
equivalent of an i-th component while
keeping the fractions of all other
components constant:

8La / agz = bai _ bak

* effect of addmg 1-th component to the
mixture (component effect)

. b,-L
aLa(g)/agiladd= azl a(g)

i.




TYPICAL VALUES AND DATA
RANGES

e 7-day PCT normalized B release
R,=0.3g/m*(0.1to 30g/m?)
Lp=-1(-3t04)

e 28-day MCC-1 normalized B release
R, =15g/m*(3to 100g / m?)
Lp=2.5(1t05)

« there is no direct or simple correlation
between the results of the MCC-1 tests and
the PCT |

 1n other words, the component coefficients

for these two tests (their vectors in the
composition space) are not collinear



RELEASES OF OTHER ELEMENTS
alkahs

initial ion exchange
* participation in secondary phases

e normalized releases of Na, Li, and B have
“similar values

silica
* solubility of silica in water is limited:
- Rg; / Rz <1

» there is no direct or simple correlation
between the releases-of different elements
from a glass treated in a given test if these
elements participate in gel layer formation
and secondary reactions
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Effect of Al203
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Normalized Na release (g/m?2)

0.2

(a) 7-day PCT at 90°C

pemd

Normalized Na release (g/m2)
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(b) 28-day MCC-1 at 90°C
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7-day PCT at 90°C, Effect of BoO3

Normalized release (g/m?2)

B203 concentration (wt%)
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7-day PCT at 90°C, Effect of CaO
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Free energy ——

FREE ENERGY VERSUS COMPOSITION

Composition —

Above Tc, single phase
- AGys has a positive curvature

As temperature decreases,

. “saddle” develops between

“a” and “b"”

Define position at which
0G/oc=0,T=T1

Immiscibility dome or phase
boundary




Temperature —

by

PHASE DIAGRAM

| Phase separation by
nucleation and growth
mechanisn

~Te

/ Phasc

Spinadal

c‘/scmralion W\ b

) " by spinodal \\
/’ mechanisms \
/ ‘ \

Composition —

e §2G/8c2 =0, T =T defines

points “c” and “d” -
inflection points

Inflection points define
composition field within the
immiscibility dome in which
the mechanism of separation
differs - morphology changes
due to mechanism change

» Nucleation growth versus

spinodal decomposition
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IMMISCIBILITY IN BINARY SILICATE SYSTEMS

cowesan
" .
-

el

2000

Tc
(1821°C)

1 5 O O - TC +
{1478°C)

o
£
o
T (1000°C) B
1000} C 3 a _
/ Telesocl
\L
:500F N
- { ) | T {
0 10 20 30 40

mol %, alkali or alkaline
earth oxide, C

- In general, the greater the polarization power of the cation
(Z/r2), the more extensive is the immiscibility gap in
terms of both temperature and composition

- MO-SiO, systems generally have more extensive

immiscibility gaps than the X0-SiO; systems



UOTJROIJIIIA 9)SeA Iea[onu Jo [eord£)
SWAISAS 91e0I1S010q Jusuodwooninu 03 parjdde 10N

sse[3 eoIfIs

%96 & 9onpoId 01 (SIOA Sse[D) Fururo))) ss900xd @I00AA

]

$661 “ou] ‘ssaId d1Wpeoy ‘eAuysiep 'Y ‘AISTWAY) OIUe3IOU] JO [eluatiepur,] "

woss COIS-£0%g-0%eN U UT AY[Iqrosruwy

— -

%




01 ,p0S6Y

ony “0°uy ‘0’ay

cbb .9 : (S . C .MON> WCW nOhnm anNFMm .mow\nww € 4 € £ ©
‘0 1d ‘OPd “0°d ‘OIN “O°PN “00l “Oun “0°e1 ‘4 ‘Ond ‘0°sd
“0°19 099 ‘OpPH ‘Okd J0 pesodwos sem jusuodwos ,SIdaYl0, e
L OL- L «S19410,,
©gL-0 ‘012
LL-0 . ol \'A
GL-G0 - ‘0%
8-0 obIN
0L-0 | oed
L-1 | on
02-§ - 0O°eN
02-S ‘o'g
1S -2 _ ‘oIS
(%im) abuey apIXO

sassejs) S\J Jo uoibay uoimsoduion

-]
| , Aiojeioqe] jsemuyLoN ouoed |



¢} ‘6iL060v6H

Alolsiy jewiay)

J0 uonouny e se Ayjiqeinp pue uoisodwod uaamiaqg

uoljejal ay} ojul ybisul uieigo o} pasn sem sasse|b
099 109jes pue payouenb | jo ejep Aujiqe.np L-OON .

diysuonejas Aupgeinp/uonisodwo?
m..: 10} siseq e sapinoid osje pue sasse|b palalsiued
‘“quauodwoanjnw uj uonesedas aseyd jo Juswdojansp
oyl m::o__uws_ Ul 9A1}039))9 ainxiugns SgIN —
sse|b Jusuodwoanui
9y} pue ainixiwgns usaamiaq aouapuodsaliod L o1 | —
uonisodwod
sse|b Juauodwoonjnw ay} Buiuyep aoeds
l|esano ue ul pappaquia aoedsqgns Jeuonisodwo)

(‘01S-°0°g-011-0"eN) ainixjwqgns [euopisodwo e

siseg |ejuawiiadxy




9¢ "61060¥64H
uoifal yoea UIYyHM uoie|al SIy} wolj Buneinap sasseln «

Aljiqeanp jo suolfal paulap ad4y] «
sanjeA aseajal (g) uoioq pazjjewou -9 Aep-gg uo paseq Aljiqeing «

Ajoanoadsal
‘sasse|b AMjiqeinp-moj pue -ybiy Juasaidai mE_on (o) uado pue () pijOS »

aanpiwqgns sgN Pezijewiou ay} uiyum sasselb SAD €21 Jo uonnqgLIsia «
‘oIS - ‘o'

90
-

e 10 J9jjeH Aq
pauljep se Alepunoq
Apqiosiwwg
‘o1s-°0°g-0’eN




Pacific Northwest Laboratory
|

NBS and NLBS Submixtures

High Durability

CVS Glass'| Microstructure | NBS | NLBS

.CVS2-30 - Y Y

CvVS1-11 - Y Y

CVS2-52 - Y -

CVS2-6 - Y - *Majority of the

CvVS2-43 - Y - high durability,

CVS2-74 - Y - non-phase

CVS2-24 - Y - separated glasses

CVS1-10 - Y - move outside the

CVS2-12 - Y | - dome

g“gﬁ? — ‘_’ — *Low durability

CVS2-47 _ _ _ glasses relatively

CVS2-38 _ _ _ stable (phase
separated and
extensive

Low Durability crystallization)

. *Only two glasses

CVS Glass | Microstructure | NBS [NLBS . "hot be
accounted for b

Cvsi1-4 Y Y| Y the modified

CVS2-29 Y Y Y submixture

CVvS2-31 Y Y Y (cvsi-11 and

CVs1-9 C Y Y CVS2-30); ‘

CVS2-80 C Y| Y borderline

CVvS2-78 C Y Y glasses

CVS2-90 - Y -

CVS2-26 - Y -

CV§S1-14 - - -

CVS2-25 - - -

CVvS2-81 - - -

R9404074 10
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BACKGROUND

WHAT DO WE KNOW ABOUT
MINOR COMPO S ? |

Cl, F, and SO3 : Volatility

All components : Phase Seg./Sep.
Cr,0; : Crystallization
WHAT DO WE NEED TO KNOW ?

Minor component solubility limits as a
function of waste glass compositions

- Effects on batch melting process

Effects on glass durability
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WORKING SCOPE

s Solubility Limits of Minor Components

s (Glass Melting Process

Phase Segregation
Crystallization
Volatility
Viscosity

i (Glass Durability

7-Day Product Consistency Test
Flow-Through Test




LLW Glass Compositions (wt%o)

Oxide | L6-5412 | 149012 | (L4-909) | (L5-0912)
Si0, 56.78 56.78 59.78 56.78
B,0, 5.00 9.00 9.00 0.00
Na,O 20.00 20.00 20.00 20.00
CaO 4.00 0.00 0.00 9.00
ALO;, 12.00 12.00 9.00 12.00
Others 2.20 2.20 2.22 2.22
Bi,0,, Cl F,
¥,05 K0, | Spiked with | Spiked with | Spiked with | Spiked with
MnO, Nd,O5, | C, F,P,0,, | C,F,P0O, | CLF,PO, | Cl,F, PO,
P,0;5 SO;, SO, Cr,O; | SO,;, Cr,O; | SO, Cr,0, | SO, Cr,0,
Cr,0;, ZrO,

(Batch: Oxides, Boric Acid and Sodium-Containing Salts)




e Minor Component Solubility

Maximum concentration i the gléss
(quenched and annealed samples) :

= free from crystals under an optical
MICroscope

i amorphous to x-ray

i melted in ambient air




- cee

o oe
Melting range Phase
= boundary
ocee - N

® Phase Sep.
O Homogeneous

Temperature
|

Second phase (%)

Figure 1. Schematic diagram of a system that is homogeneous in the
~ melting range but becomes phase separated during cooling. The
observed solubility is independent of temperature.
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Minor component solubility in glass (wt%)

2.5
L6-5412 glass 1
2.0 [~
1.5
1.0 [ 0 0.
3, & o
— ct
0.5 cro, @ o s
0.0 ; I I I
1250 1300 1350 1400

Melting temperature (°C)

1450



Solubility of Minor Components in LLW Glasses (wi%)

Tm = 1350 C/ Time = 2 h (ambient air)

Glass L.6-5412 1.4-9012
B203 : 5 wt% B203 : 9 wt%
CaO : 4 wi% Cal : 0 wt%
Chlorine, Ci 0.57 0.49
Fluorine, F 0.92 1.18<X<145
Phosphate, P205 2.10 472<X<5.72
Sulfate, SO3 0.75 0.47
Chromium Oxide, Cr203 0.48 1.04




Sulfate Solubility in Silicate Glass

=Si-O-Si= + 2Na* : O* (g lass)
== 2("S| O : Na") (glass)

SO; (gas) + 2Na* : O* (molfen salf)
<= 2Na" : SO,* (molten salf)

[SO,] o |
P(SO,) * [Na'P[=S-O 2 / [=Si-O-Si=]

( Ref: K Papadopoulos, Phys. Chem. Glasses,
14 (1973) 60-65)



e Volatilization

Minor Component - Cl, F, and SO,

High B,0O, Enhances Volatility of
CL, F, and SO,
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Total weight loss (wWt%)

o) 2 4 6 8 10

Minor component addtion in batch (wt%)

L6-5412

Cl
F

P205
SO,
Cr,0,

L4-9012
Cl

F

PZOS
SO,
Cr,0,



e (Crystallization

Crystalline Phases in Na-Ca-Al-B-Si Glass
Over-saturated with Minor Components

Minor Crystalline Phases
Component
Chlorine Na(l
Fluorine NaF
CaF,
Phosphate Na,PO,
Na,Ca,(PO,),Si0,
Sulfate Na,SO,
Chromium Cr,0,
Oxide

(glass 1.6-5412)



® Phase Segregation
Cl and SO; :

Precipitation from the melt
Accumulation on the melt surface
Occurred at glass processing temperature

F alld P205 .

Precipitation from the melt
Occurred during the melt cooling

Cr,0; :

Precipitation from the melt
Occurred probably during the melt cooling
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Figure 3. (a) SEM micrograph of a molten salt layer and (b) its corresponding
EDS pattern for glass spiked with 5.0 wt%Cl and melted at 1300 °C.
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Effect of Mnor'beﬁbonents on

Glass Melting Temperature
Minor 16-5412 14-9012
Component AT, | AT/AC, | AT, | ATJAC
® | ®w% | & | W)
Cl 23.0 48.0 7.0 18.0
F -67.0 -94.0 -129.0 -117.0
P,0; 10.0 11.0 21.0 5.0
SO, 10.0 23.0 3.0 230
Cr,0, 3.0 7.0 -25.0 -25.0




Effect of Minor Cdniﬁoﬁents on Glass Durability

Minor ' PCT \ FIT

Component [ ANL, [ ANLy/ACyc | ANRy, | ANRy/AC,
(%) ©wt%) | (%) (Yo wt%)
a 12.0 1250 -17.0 -36.0
F 9.0 -13.0 110.0 155.0
P,0, 20.0 21.0 6.0 7.0
SO, 8.0 18.0 5.0 14.0
Cr,0, 25.0 57.0 13.0 30.0

e -mas B St eary




® (Glass Melt Viscosity

Cl and P,O; : Increasing
F : Decreasing
SO; and Cr,0O, :

Increasing (low B,O; glass)
Decreasing (high B,O, glass)




log (Viscosity, Pa.s)

Effects of Minor Components on Melt Viscosity of L6-5412 Glass

2.25

2.00

1.75

1.50

1.25

1.00

0.75

0.50

2.25

2.00

1.75

1.50

1.25

0.75

0.50

5.5 6.0 6.5 7.0 7.5 5.5 6.0 6.5 7.0 7.5
(d) 1.84 wt%P,0, (e) 0.76 wt%SO0,

LT _=1361°C A LT _=1361°C O
i A I o
vl
R N

5.5 6.0 6.5 7.0 7.5 5.5 6.0 6.5 7.0 7.5

Temperature range : 1200 - 1450 °C

(a) L6-5412

- T,,=1351°C

{(b) 0.56 wt%ClI

T, =1374°C

- ®)

O

(c) 0.77 wt%F

LT =1284°C

(f) 0.46 wWt%Cr,0,

-T,,=1354"C

10000/T (K

5.5 6.0 6.5 7.0 7.5



log (Viscosity, Pa.s)

e

Effects of Minor Components on Melt Viscosity of 1L.4-9012 Glass

2.25

2.00

1.75

1.50

1.25

1.00

0.75

0.50

.. é.25

2.00

1.75

1.50

1.25

1.00

0.75

0.50

Temperature range : 1150 - 1450 °C

(a) L4-8012

- T,,= 1345 °C

I N B
5.5 6.0 6.5 70 7.5
(d) 5.8 Wt%P,0,
-T,,= 1366 °C
- A
- A
[ I B
7.5

5.5 6.0 6.5 7.0

(b) 0.49 wt%Cl

T = 1352 °C

55 6.0 65 70 7.5

(e} 0.47 wt%SO,

- T,,=1342°C

55 6.0 6.5 70 75

10000/T (K™

{c) (3.8) wt%F

T = 1216 °C

55 6.0 65 7.0

(f) 1.04 wt%Cr,0,

7.5

T, =1320°C

5.5 60 6.5 7.0

7.5
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® (Glass Durability

Product Consistency Test

F : Increasing |
Cl, P,Os, SO;, and Cr,Q; : Decreasing

Flow-Through Test

Cl : Increasing
E, P,Os, SO;, and Cr, O, : Decreasing

(An underlime 1s used for a component -

L

affecting the durability the most)
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Relative Na Release (%)

Base-line glass: 1.6-5412

7-day PCT (90 °C - 2000 m " - DIW)

80
O at solubility limits

B above solubility limits (by ~ 100%)

60 |

40

Ll

| [ | |

Cl F P S

Glass with Minor Component

Cr
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I

Compositions (mol%) of WV Glasses

Glass WV-182  WV-182A1 WV-182A12
( Al203 increasing )
Si02 52.20 48.96 45.00
B203 13.75 13.98 14.26
Na20 17.29 17.58 17.94
Li20 0.10 0.10 0.10
Ca0 3.68 3.74 3.82
MgO 0.36 0.36 0.37
Fe203 5.18 5.26 5.37
Al203 1.83 4.29 7.30
Zr02 1.19 1.21 1.23
P205 1.34 1.36 1.39
SO3 0.18 0.18 0.19
Others 2.92 2.97 3.03
[SUM 100.00 __ 100.00 100.00

Each glass was separately spiked with 1.0, 1.5, and 2.0 wt%SO03.




® Laboratory Scale Test
== Batch Melting (1150 °C)

PFP glasses

Crucible : Pt-10%Rh

Time : varied, and up to 2 hr
Batch Size : ~200 g

WV glasses
Crucible : AlLO,
Time : 1hr

- Batch Size : ~40 g

iww Characterizations
Optical microscopy

SEM/EDS
XRD
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SEMVEDS of PFP 1 Glass Melt at 1150 °C for 7 min

(b) area With segregated phases (Na,SO, & Na,PO,)

Counts (xlOg)

(bl) L Na (b2)
Na

1 2 3 4 5 O 1 2 3 4

Range (keV)
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For a fixed on;, concentration

= Neither sulfate nor phosphate
segregated from WV melts with
lower SO, ( about 1.0 wi%)

= Phosphate Segregated from WV melts
only at higher SO, (1.5 and 2.0 wt%)

~ = No phosphate segregation ocurred in
PFP 4 to 7 melts (higher in H,BO,, but
lower in Na,O), in which sulfate
segregation was suppressed.

i Phosphate segregation occured in PFP
1 to 3 melts (lower in H,BO,, but higher in
Na,O), in which sulfate segregation
was also observed.

Phosphate segregation is promoted
by the segregated sulfate phase.




Sulfate Solubility in Silicate Glass

=Si-O-Si= + 2Na* : O (glass)
<= 2(=SIF0 : Na") (glass)

SO; (gas) + 2Na* : O* (molten salf)
= 2Na’ : SO,* (molten salf)

[SO,”] «
P(SO;) * [Na'F[=S-O J? / [=Si-O-Si=]

( Ref: K Papadopoulos, Phys. Chem. Glasses,
14 (1973) 60-65 ) -



Phase segregation is a kinetic process.

i Phase segregation initiated at the
early stages of batch melting

i "High S solubility” batches showed
sulfate segregation

(PFP 1 to 3 : higher in Na,O and lower in B,O,)

i No difference in phase segregation was
observed among PFP 1, 2, and 3
with increasing Li,O (3.5 - 4.9 mol%)




@ Effect of H,BO, on Phase Segregation

Glass B.O, Na,0O Seg. Foam
PFP1-3 4465 22.0-21.0 Yes No

VW ~14.0 17.0-18.0 Yes No
PFP 47 230130 ~7.0 No Yes

(# Batches spiked with 1.5 and 2.0 wt% SO;)
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A link between Foaming and Segregation

= SUlfate depresses mild melt foaming
(sulfate - foaming breaker)

- Ref 1:
D.S. Kim and P.R. Hrma, "Volume Changes

During Batch to Glass Conversion" Ceram. Bull.
6/6] 1039 (1990)

Ref 2:
MJ. Plodinec,"Vitrification of Savannah River Radioactive Waste
Process Development Studies,” USDOE Report, DP-MS-79-42,
SRL, E.I. du Pont de Nemours & Co., Wilminton, DE (1987).

i Vigorous melt foaming suppresses

sulfate segregation
( H;BO, - foaming agent )

Sulfate spreads on large surface area created by
foam (or bubbles) and subsequently dissolves
in the melt.




SUMMARY

> Phase segregation is a kinetic process,
which initiated at the early stages of
batch melting.

»  Segregation of molten sulfate from melt
promoted phosphate segregation.

> Phase segregation was suppressed by
high H,BO,-induced vigorous melt
foaming.

> Extent of phase segregation increased
with an increase of Al,O,. '



WHAT IS THE NEXT ?

MUTUAL REACT.[ONS BETWEEN MINOR
COMPO S

GLASS COMPOSITION DESIGN TO
MINIMIZE THE MUTUAL REACTIONS
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Boron Concentration (ppm)

55

[ T T T T T

Potassium

[Feng-1989]

45
Sodium
35
. O Lithium
25 | O Magnesium
- Calcium
..— m | t t L L | | | f
0 1 2 3 4 5

Field Strength, zZ/r*
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7-day PCT Na Release,g/mA2

7-day PCT Si Release,g/m~2
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7 Day PCT Na Release (g/m*2)

SBS Model Prediction of Glass
Durability at 12% Al203

B203 (wi%)

Page 1

10

12

—eo— Experimental
—8— Predicted




7 Day PCT Na Release (a/mA2)

SBS Model Prediction of Glass
Durability at 12% Al203

—e—experimental
~—5— Predicted

-
a
1

0.5 +

0 2 4 6 8 10 . 12
Cao (wt%)

Page 1




SBS Model Prediction of Glass
Durability at 5%B203, 4% CaO

7 Day PCT Na Release (g/m~2)
&

—eo— Experimental
—8— Predicted

9 10 1 12 13 '14 15
Al203 (wt%)



6/21

Si Release from 28 day PCT (g/m~2)

/95

SBS Model Prediction on Glass

Durability- ANL Glasses (166)

454
y = 0.0107x + 4.7365
R?=0.6147
R=0.784
44
354
34
oo
. 251
2 -+
154
14+
054
350 300 . 250  -200 150  -100 -50 0

SBS Value (Kcal/mole)

,,,,,,,,,,,



V g "9808056H

AiojeioqeT j1samyLioN an1oe

p661 UOS|T Sy painseayy
0001 001 0oL 3
|
|
_
|

{0 ] ________ L _______~ ]

SSO| painsesaw ueyy
1oMo| ss0| paoipaid

lllllll [

_w_%os_ H3d
| “7d7 peoipaid

1001

SSO| painseaw uey)
laybiy sso| pajoipeid

UL L

e mooE
GE'0=:H'650=Y
|[opoIN uonelpAH jo ABiaug oo



vV g 98090564

AlojeloqeT 1SamylLIoON 21j19ed

€0+ 8SPee-
€000°0 + ¥.v00°0-
0°0

60°0 + vE€ -

© QO

c QO

:puno4
B00L/1ea) ul anjeAa sgSs - A

CAd+g
Ae+’e
1

<+.m|

g

'/
(u) Boj

Buijspoiy Alilsoodsip sS



V 8¢ "9809056H

Aiojeroqe] jsamyriop al1oed |

S]OS [enplAlpul 6 se sasselb /¢ uo sjulod eep /9]

G'€-0 Sg-0 -0 S-0

‘0O°d O ‘oLL Oupn

G0 2.0 190 85-0  tb-0
Odd oeg OIS oes OBin
9€-0 €e-0 1-0 G'G-0 G'G-0
O°eN o‘lm  ‘on ‘OuL ‘012
y2-0 €8-0  95-0 02-0 06-L1
“0°4 o°4d ‘Olv ‘0°g ‘oIS

Apnis siyy Aqg pasanon

‘%MW Ul ‘ebuey uonisodwo



EXAMPLES OF APPLICATIONS

1) 1671 data points on 372 glasse.s

Leg(visC~CaLc,)

glasses

LegMsCoxtisy

2) On NBS Soda-lime, Lead Silicate and Borosilicate

LoplvisC-carc)

8.00

4.00

2.00

2.00

1.00pr

0.00

0.00 109 2.00 3.0

4.00

LoglVISC-MEAS])

.00

3) On Redox and Silica-Aluminate glasses
VISCOSITIES (poise)

GLASS Fe(«3)/Fo

MEASURED PREDICTED TEMPE.RATUHE

ACMITE at 1430°C;

AC-7 0.92
AC-1 1.00
AC-2 o.82
AC-3 0.52
AC-4 0.37
AC-6 0.2s
AC-8 0.18
NS4F40 at 1200°C;
F40-1 1.00
F40-7 1.00
F40-2 0.98
F40-8 0.83
F40-23 0.47
F40-5 0.35
F40-4 - 0,28

20.29 19.26 1430.00
22.91 2134 1430.00
15.49 17.00 1430.00
10.23 11,99 1430.00
8.48 10,19 1430.00
9.438 9.00 1420.00
8.48 8.38 1430.00
g.4y 8.05 1200.00
8.87 8.08 1200.00
7.69 7.59 1200.00
2,23 2.87 1200.00
152 .90 1200.00
1.71 1.41 1200.00
1.3¢ .19 1200,00

Standarg deviation o 0.057 .

2.00 —
—= . 1
S ———— £
X MEASURED
1.00 = 4+ TMIS WORNK
Llog .
Iviscosity) |1.90 O B-w
{poise)
1.80 4
0.00~ 1
170 4
L
*4.00-1.604
1.60']
13 10 20 30 40
c2.00 T T T T
-] 10 20 0 40 &0

MOLE % ALUMINATE IN OLASSES
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WASTE LOADING
MAXIMIZATION




WASTE LOADING MAXIMIZATION
reduces demands on repository space,
processing time, and reduces overall cost

waste loading constraints
e product quahty (EA glass PCT standard)
* ease of processing

- melt viscosity

- glass crystallization

waste composition .
Hanford Site double-shell tank/single-shell
tank (DST/SST) HL simulated waste (wt %)

Na20 27.02 AlI203 13.88 Fep0O3 11.75
S102 10.68 Nd203 933 ZrO2 7.56

P205 5.03 CeO2 292 NiO 2.42
CaO 220 Bi203 2.09 MnO 1.59 -
F 0.59 Cr203 048 La203 0.46
SrO 0.44  PbO 038 SO3 0.36

K20 024 WO3 0.19 CdoO 0.10
B203 0.08 MgO 0.08 MoO3 0.08
RuO2 0.05




GLASSES FOR HIGH-
TEMPERATURE MELTER (HTM)

glass additives: addition of SiO2 is
sufficient to make a durable glass

melting temperature (the temperature at
which viscosity is 4 to 5 Pa-s): approx.
1350°C

effect of crystallization

liquidus temperature: the maximum
temperure at which crystalline phase can’
exist at quilibrium with melt

liquidus temperature must be lower than
melting temperature minus 100°C to
avoid crystallization in the melter

lab testing for melter crystallization:

24 h heat treatment at T = Ty-100°C

no crystalline phases precipitate from
SST/DST blend waste glass up to W =
0.67 (HWVP limit: W = 0.25)



CRYSTALLIZATION IN CANISTER

crystallinity can develop in the glass
during cooling: the slower cooling, the
more crystalline phase may precipitate

canister centerline cooling (CCC) is the
slowest cooling the glass experiences-
(hence, produces maximum
crystallinity)

CCC schedule:
dT/ot = -100°C/h 1122 872°C
dT/ot =-29°C/h  872-669°C
0T/ot=-22°C/h  669-515°C




CRYSTALLINITY IN GLASS
1s acceptable if it does not decrease glass

durability

refractory Components (Al203, Fe203,
S102, Nd203, Zr0O2, CeO2, NiO,
Cr203) are prone to crystallization

removal of reftactory components by the
precipitation of crystalline phases
weakens glass matrix and increases
concentration of alkali oxides (Na20) in
residual glass; hence, glass durability is
likely to be affected

durability of Hanford Site glasses is
decreased by precipitation of

- nepheline (NaAlSi04)
- eucriptite (Li1AIS104)
- cristobalite (S102)
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m 0.25 |
i 0.207
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m 0.10-
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= 0.00 . _ .
0.70 0.75 0.80 0.85

Waste Loading

Crystallinity ‘Versus Fraction of
Hanford All-Tank Blend HLW in Glass
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ALL-BLEND SIMULATED HLW
GLASS CRYSTALLINE PHASES
(from quenched melts)

zirconia-containing crystals
Nd203.zr02-cezo3.zr02 SS (W > 07)
nepheline

Na,0:ALO;.2S10, (W = 0.8)

spinel
Fe,0;.N10-Cr,0;.FeO ss (W = 0.75)

* crystallization of nepheline (W > 0.80)
removes 510, and AlLO; from residual
glass and contributes to the decline in
glass corrosion resistance

* both crystalline phases and amorphous
phase may affect durability

* difference between the thermal
expansion of the residual glass and
crystals causes permanent stresses, thus
affecting durability

* compositional gradients in residual glass
may also impact durability



7-day Normalized PCT Na Release

100
O Quenched Glass
O CCC Heat-Treated
. O - d
O xa | |
3 ass
- 6.66 g/m”2 O ©
_ O ]
1E O O
- O
y| —_— —
0.70 0.75 0.80 0.85

!

Waste Loading, W




WASTE LOADING LIMITS
fine crystallinity limit
- fine (<10 pwm) and well dispersed
crystals (spinel)

- a negligible fraction of fine crystals
may settle in melter (?)

* coarse crystallinity limit
- large (>10 wm) heavy crystals
(baddeleyite)

- large heavy crystals settle and
block melter

* amorphous phase structural breakdown
limit
- Na,O from waste eventually causes the
breakdown of glass structure



WASTE LOADING FOR HANFORD
SITE HLW GLASSES

e the waste loading that can be achieved
for SST/DST blend without a formation
of crystalline phases in the melter is 0.67
(0.25 anticipated for HWVP) |

* this already high waste loading can be
increased by an additional 5 to 15 %,
dependent on the accepted: durablhty, if
crystallinity can be tolerated at glass
melting temperatures

e although the current large scale
vitrification technology does not tolerate
melts with crystals, the potential for
waste loading increase may stimulate .
future development

* for the LLW glass, the waste loading is
limited by the maximum fraction of
NazO that the glass network can
accommodate while maintaining

-acceptable performance




Crystallization — Selected Topics
by John D. Vienna, Research Scientist, Pacific Northwest Laboratory, 372-2807
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Introduction:
. Importance:

Crystalline phases precipitated in a continuous melter can cause processing
problems, such as sludge formation on the melter bottom or even melter
electrode shorting if the phases are highly conductive. In addition, if
crystallization occurs during canister cooling, the glass durability may be
strongly reduced.

For these reasons, restrictions have been placed on glass to avoid precipitation in
the melter and excessive crystallization in the canister. These properties are
difficult to estimate. So restrictions on composition must be conservative enough
to avoid the problematic events.

. Hanford Needs:

Recent experience with Hanford HLW formulation efforts have shown that
crystallinity is the factor that limits waste oxide loading in nearly every case.

The ability to accurately predict these phenomena would increase the efficiency
of glass formulation efforts and more importantly the overall waste oxide loading
of glass produced at Hanford. This would mean a significant decrease in cleanup
costs. Our current ability to predict phase transformations in waste glass is
limited. To make improvements in our ability to predict these phenomena, we
must develop a more complete understanding of them.

.Thermodynamics (brief review):
. Gibbs Free Energy:
The free energy of a system is the energy available to do work. Gibbs free
energy is defined in terms of internal energy (E), pressure (P), temperature (T),
entropy (S), and enthalpy (H):

G=E+PV-TS=H-TS

The internal energy is the total energy (including kinetic and potential) of all the
atoms or molecules in a system. Although E cannot be measured, AE can:

AE =E;-E1 =qgw

where q is the heat added to and w is the work done by the system. His a
measure of the heat of a system and AH is the heat absorbed by the system (q =




AE + PAV = AH) assuming only PdV work.
AH can be generated by reactions, temperature change, ...
AH = Hprod - Hreact

AH = HT: - H’I'1 - J.CPdT

Likewise, entropy is a measure of randomness or disorder and is given by:

AS = 'Sprod - Sreact
AS = STz - STl - = _‘._—dT
where Cp is the constant pressure heat capacity (with a terﬁperature dependence

of the form a + bT + cT-2).

Work can be expressed in the form intensive times differential of like extensive
variables:

dw = PdV — ode — ydA — Y p,dn; — HdM — ...

where the mechanical, strain, surface, chemical, magnetic, and other work terms
are summed. Commonly only PdV work is considered at constant pressure.
However, for the purpose of phase transformations chemical work is considered.
This term is a summation of chemical potentials of all components (n) in a
system. Chemical potential is then defined as the partial molar free energy of a
component in a system:

_ (4G
& [dni )P. T,

The free energy change of the system is then giveﬁ as:

dG = VdP ~ ST + T p.do,

The free ehergy associated with mixing is given by:




AGM = RTYX/Ina,

where X is the mole fraction and a; is the activity of the i-th component. The

activities of each component in an ideal solution are equal to the mole fractions of
components. The deviation from ideality is given by the activity coefficient:

i = ailXj

For y; > 1, the driving force for the component to enter solution is less than that
for ideal solution. Similarly, if y; < 1 the driving force is more than that for
ideal solution.

Excess free energy (enthalpy and entropy) is the difference between the free
energy and that of an ideal solution (mixture):

GE = AGM - AGM,Ideal
and;

G® =RTYX;Iny;, and p; = RTIn¥;

. Equilibrium:

Equilibrium is defined in many ways. For the purposes of this discussion it will
be defined by a minimum of system free energy. This minimum is with respect
to fluctuations such as kT, ;, nj, etc... Such energy minimums if local (and not

global) are termed meta-stable equilibriums.
When considering crystallization at constant P and T, minima in G define
equilibrium. In this case reactions (such as crystallization) will proceed in the
direction of negative AG.
The Gibb’s Duhem relation yields:

);Xidui =0

at ethbnum and for multi-phase systems, the chemical potentlal of any
component is equal in all phases.

YT e e



. Phase Diagrams:

Developed using common tangent of free energy curves of all phases at a given
temperature.
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Liquidus Temperature:

Liquidus temperature (TL) as seen from phase diagram is the point at which a
given composition is first in equilibrium with crystal phase. In reality, there is a
range of meta-stable equilibrium of liquid phase below this liquidus temperature.

Effectively, T is taken at the temperature of crystal precipitation. Precipitation

requires there to be a finite driving force (AG). In addition, the additional
surface work term must be considered when crystals form in (or at a surface of)

Definition:

a molten bath.

Measurement:

i s - o oy r—————



Several methods are used to measure Ty.. Factors influencing results include:
. heat treatment as dissolution or crystallization
. heat treatment crucible (Pt, SiO,, Al;O3, covered, uncovered,...)
. isothermal vs gradient furnace,

. heat treatment time,
. analysis method (OM, SEM, XRD)
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. Modelling:

Liquidus temperature is modelled using free energy estimation techniques. For a
given melt composition, the free energy is estimated. That energy is then
compared to the energy of crystalline phases in the melt as a function of
temperature. The point at which the energy of the melt is equal to that of the
crystalline phase (AG = 0) is Tr. This generally doesn’t include estimates of
surface energy contributions or effects of composition fluctuations within the
melt.

The regular solution theory leads to the most commonly used models of free
energy of mixtures (such as glass melts). A regular solution is one which follows
the simplified relationship:

E
G = XAXB(co—nT)

where © and 1 are constants independent of temperature (they analog to excess
enthalpy and entropy of mixing). Strictly, this estimation assumes substitutional
solution of components with like charge, coordination, and size such that there is
no configurational entropy change and bond energy is the some of nearest
neighbor (NN) pairs (independent of T and composition). In this case, excess
energy is due to the enthalpy of mixing, which is assumed to be the average of the
change in NN bond energy.

According to the regular solution theory, the activity coefficient is given as a
polynomial of composition:

ga = X3(@ = MT) = RTInvy,

Constant temperature estimates of excess free energy consider only ® which can
be estimated by bond strength, deduced from thermodynamic data, or fit
empirically.

For ionic solutions, X;j is taken as charge equivalents rather than mole fractions

and second NN interactions are important. A “quasichemical model” (QCM) has
been proposed as an extension of the regular solution theory for free energy
prediction in oxide and salt melts.

The QCM assumes that second NN’s are like charged and can segregate according
in the interaction energy. A quasi-chemical reaction is written such as:

XaA + XpB & 2XAB




with a reaction constant k given by:

X2, [ 2(co—nn]
k= ——2— = 4Exp|-—per—
XAA XBB ZRT

The excess energy terms ® and 1| are of the form:
—_ 2 3
@5 = Qogy + 01X + Qo Xj + Oy X + ..

where @jj are obtained from least squares fitting of binary phase diagrams. The

extension of these terms to ternary and higher system requires development out
of the scope of this discussion (see literature on quasichemical model).
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. Nuclear Waste Glass

The QCM has been successful in the prediction of multi-component phase
diagrams of simple systems. HLW glass however contains 30+ components many
of which are not commonly found in thermodynamic data or in nature for that
matter. An additional complication is the effect of oxygen activity in the HLW
glass melt. Transition elements such as Cr, Fe, Mn, Ce are active redox elements
in the temperature and composition ranges considered.

T T ' T
spinel l ; Io O @ TCO oci ° © e (12)
Cr203 |~ N > (3)
zircon .ooon uu:n::: m o> (7)
Na-Zr silicate e 8 8 ®
olivine @ @@ wa @ > (1)

|orthopyroxene + e+ + > (1)
nepheline L I E ¥ I *
clinopyroxene 0 0 00 OB @ O O .
8i02 - - X - X >0
CaSlog ¢ o oo o o
Li2SiO3: D '

] I ! 1 1 !

€600 700 800 800 - 1000 1100

Liquidus temperature (°C)

Several attempts have been made to predict Tt in HLW glass:

. concentrations of limiting components (strict single and multiple
component concentrations, component ratios, tree type models, ...)
. first-order models of some major components

. preliminary QCM’s
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Predicted Liquidus Temperature (°C)
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Nucleation -and Growth:
. Classic Nucleation Theory
Crystallization occurs via a two stage process, nucleation and growth. Nucieation
is the formation of a crystal “seed” large enough to be energetically stable. This

nucleus then grows into a crystal.

Consider the formation of a spherical nucleus through random particle motion.
As the nucleus forms the system free energy is lowered by:

AGvy =4/3 13 Agy
and raised by:
AGg=4mr2y

combining these terms leads to the following relationship between radius and

12




energy:

Retarding eneréy

AG, = surface free-energy change
= 42y

AG:

— AGp = total free-energy change

Radius of particle, 7 wee—p—

Driving energy

AGy, = volume free-energy change
=:-3- rrs AGv

{ ~¢—— Free energy change, AG ————p +

The critical radius (r*) changes with under cooling according to:

2T,

r#% =—— =~
AH, AT
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The rate of nucleation is proportional to the driving force and rate of particle
motion. A commonly used equation for steady state nucleation is:

kT

AG; +
IS = 2¢n,— Exp AGr + Qp

kT

where Qp is the activation energy for oxygen diffusion. For transient nucleation,
the Zeldovitch-Frenkel theory must be applied:

=I5 [1+2):(—1)°‘ Exp(_:zt ]]

where the time constant, 7, is related to the free energy required to form a cluster
of a given size and the attachment rate of atoms to the cluster.

The theory of nucleation in glass has held up very well to experimental results
for simple glass systems which nucleate homogeneously. Examples of such
systems are: - o

Ba0+2Si0;
Naz0¢2Ca0°3Si02
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Ca0+Al,03+2S107
Nay0eSiO,
2Nay0+Ca0+3Si0O;
Lip02Si0O,
Ca0eSi0;
LipOeSiO,
LisO+2B,03

Homogeneous nucleation occurs in only a limited number of glass systems. Four
‘rules of thumb’ apply to glasses which nucleate homogeneously (Zanotto and
Muller, 1991):

. Crystal composition must be close to that of glass matrix composition.
. Both cation and anion arrangements in glass are similar to those in the
crystal.

. The reduced glass transition temperature (Tg/TL) is less than 0.6 (Tg is the

glass transition temperature).
. The mass density of crystal must be similar to that of glass matrix.

A majority of glass systems (including nuclear waste glass) nucleate
heterogeneously on impurity particles, surfaces, and/or areas of concentration
fluctuations. Heterogeneous nucleation sites lower the thermodynamic barrier
(AGT*) by decreasing the surface energy associated with embryo formation. The

change in thermodynamic barrier is a function of contact angle (@) as follows:
AGrp = AGT £(2)

The surface factor f(@) is a function of embryo shape Given for a spherical cap
geometry as:

Ff@) =2+ Cos @) (1-Cos@)2/4

The contact angle is related to the surface energy of the glass - surface interface
(Ygs), crystal or nucleus - surface interface (Ysc), and the crystal - glass interface

(Yeg)-

Cos @ =—t& — Ts .

,ch

. Nucleating Agents:

15
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The above treatment assumes a flat surface or a very large radius of curvature
for the substrate surface in relationship to r*. The thermodynamic barrier
(AGT*) will increase if surface is concave downward (i.e. very small particle),

reducing the ability to nucleate. Likewise, if the surface is concave upward (i.e.
scratch or cavity), the ability to nucleate is increased. Hence, nucleation is more
likely on large impurity particles.

Nucleating agents are added to glass in the manufacture of glass ceramics, and in
the study of crystallization kinetics. Common agents used to nucleate crystals in
glass are: Au, Ag, Ti, Pd, and Pt. In addition to nucleating agents, enhanced
nucleation often occurs on interfaces of amorphous phase separation, chemical
inhomogeneities, glass particle surfaces, and interfaces with crucible or melter
walls.

. Nucleation in Waste Glass

Nuclear waste glass generally contains a large number of solid inclusions. These
inclusions include noble metal particles, undissolved refractory oxides, and other
crystals such as spinel. To predict the effects of nucleating agents on
crystallization in the melter and canister, preliminary studies have been
undertaken.

It was found that crystals nucleate on solid inclusions in simulated nuclear waste
glass. Generally, the higher concentration of nucleation sites, the higher
crystallinity in the glass after heat treatment.

16
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The tank waste will have varied amount of nucleating agents (such as noble
metals). The size of nucleating agent agglomeration is an unknown which has
been shown to change with time in the melter. These uncertainties coupled with
uncertain effects of each agent causes complications in the characterization of
crystallization rate in the melt.

The conservative approach is to assume a worse case scenario of unlimited
nucleating sites. The above fig illustrates the effect of noble metal additions to
the crystallinity of 4 simulated nuclear waste glass (HW39-4). As the picture
shows an increase in crystallinity with increasing NM content. This increase
levels off a relatively small NM concentration. - Crystallinity testing can be
conducted with the addition of 0.3 mole % NM’s to remove the effect of
nucleating sites on crystallinity.

.ot

. Growth in Waste Glass

The growth of crystals in glass has been studied extensively for simple

17




glasses. When crystal composition differs significantly from glass matrix

" composition growth is likely controlled by diffusion of the slowest glass
component (needed for crystallization) to the crystal/glass interface. The rate of
diffusion controlled growth can be described as follows:

D C-C,
0 1-C,

u=

where D is the chemical inter-diffusion coefficient for the slowest species, 8 is the
interfacial boundary thickness, C is the concentration of that species the bulk
liquid and C; is the equilibrium (liquidus) concentration.

Reasonable agreement between this model and experimental results confirm the
theory of diffusion controlled growth in many component glasses. However,
direct use of this model to the prediction of crystallinity in nuclear waste glass is
prevented by the inability to accurately measure § and by the fact that changing
composition in both the matrix glass and the crystal affect D.

Transformation in Waste Glass:
e  Measurement:

The measurement procedures for transformation of glass to crystal include both
isothermal transformation kinetics which can be measured using a gradient
furnace or isotherm furnace in which samples are heat treated isothermally at
several temperatures for a range of times. The samples are then characterized

for crystal volume fraction using OM and SEM with image analysis and/or XRD -
calibrated for quantitative measurements. An example of the measured

isothermal transformation of HW39-4 is shown:
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Nonisothermal transformations are measured in two common ways, the first way
is to place the samples in a furnace with a scheduled heating or cooling rate. This
rate can be constant (linear change in temperature with time), or logrithmic.
Several samples are measured with varying rates and dwell times. Like the
isothermal method, the samples are then analysed for crystal volume fraction.

An example is given below: .
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The second method to measure nonisotherm transformation kinetics entails the
use of thermoanalytical devices (DSC and DTA). By this method, small samples
are heated or cooled at constant rates while measuring the amount of enthalpy
change in the sample. The crystallization exotherm is then characterized. The
exotherm peak location and area are. compared for samples with different rates.
‘The total enthalpy (or peak area) is related to the amout of crystal formation and
the peak location (measured as the temperature at the peak maximum) is related
to crystallization rate.

For thourogh analysis of crystallization kinetics, the above methods should be
combined. Isothermal kinetics can be used to estimate nonisothermal
crystallization and vise versa for some glasses (depending on crystallization
mechanisms). This will be shown in the next section.

e Modelling

Crystallization kinetic modelling generally follows the work of Johnson, Mehl,
and Avrami. Johnson and Mehl developed a model based on the current theory
of crystallization mechanisms to estimate the crystallization. The resulting model
was successfully applied to experimental results with small volume fraction
transformed but fell apart when the volume fraction increased. Avrami then
modified their basic model by accounting for crystal impingement (both soft and
hard impingement). The resulting model refered to as the Avrami model or
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Johnson, Mehl, Avrami model is the general basis of crystallization modelling
* today (with some exceptions) given here for three dimmesional growth:

\V/ t t 3
—==1- Exp[—j'Iv[fu d'c] dt'}
A" 0 r

This model cannot generally be solved analytically. Ulhmann and others give
examples of numeric solutions to the model. By assuming simply activated
growth and nucleation kinetics the model has been integrated for isothermal
crystallization to yield:

\'% P
—~ =1-e®

\%

where K is the kinetic parameter and n is the time exponent (better known as the
Avrami number). The Avrami number is related to the mechanism of
crystallization as follows:

Values of 'n' for different growth
and nucleation conditions

(DR MacFarelane & M Fragoulis, "Theory of devitrification in multi-component glass
forming systems under diffusion control,” Phys. Chem. Glass. 27[6] 1986.

Crystallization Mechanism
Diffusion  Interface

Constant nucleation rate

3-dimensional growth 512 4
2-dimensional growth 3/2 3
1-dimensional growth 172 2
Constant particle number

3-dimensional growth 3/2 3
2-dimensional growth 2/2 2
1-dimensional growth 172 1
Surface nucleation 172 1

Although the assumptions implicit in the ini:egrated rate equation above are very
restrictive in the temperature and time dependance of K (see Uhlmann or
Weinberg), the use of this model form for emperical modelling has been
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successfully demonstrated and is promising for use with nuclear waste glass.

The temperature dependence of K and the transformation of this kinetic factor to
nonisothermal testing is the subject of controversy. Experience has shown (see
results) that K can be assumed to depend on temperature in an Arrenius mannor:

B
K = K, Exp [?")

Theoretically, the value of B combines the enthalpy of crystallization, the
activation energy for viscous flow, the temperature dependance of ‘jump
frequency at the glass crystal interface, and several other physical factors.
Practically, this value can give insight to which mechanism dominates
crystallization.

K and n are commonly assumed to be time independent this is not always the case
with ‘real’ crystallization results. These assumptions can be used to very closely
estimate crystallinity.

The relationship between isothermal and non-isothermal crystallization kinetics
was explored by Grange and Keifer who successfully applied an empirical
approach. Assuming Arrhenian growth Kinetics, several experimenters have
employed non-isothermal thermoanalytic methods to describe crystallization.
‘The following equation is used for non-isothermal kinetics following the work of
MacFarlane and Fragoulis who assumed Arrhenius approximation for u and its
integral, and k is independent of t.

@ n
60} Exp

where ©g is a constant and © is the linear temperature rate.

A"

v T

~ (n—l)BK”

. Results for a Simulated Nuclear Waste Glass

To calculate Xe, plots of X vs. In(t) are constructed at each temperature. The

crystal volume fractions approach the equilibrium value as In t goes to infinity
this value is given the symbol Xe meas. The equilibrium volume fraction of

crystals is related to temperature according to:

X

e 1 1
=1—-Exp|-By_ | — v
XeO [ Xe[T_ TL”
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" where the equilibrium factor (Bxe) and Ty, are calculated from a plot of In(1-
Xe,meas) Vs. I/T. The observed values of 44,302 K for Bxe and 1,004 K for T,
are taken from the slope and intercept of this data (assuming the occlusion of the
high temperature high chromium ‘shoulder’). Xeg is the equilibrium volume
fraction of crystal at room temperature measured by the extension of the Xe meas
data to room temperature and was determined to be 0.203. The equilibrium
fraction transformed is shown in Figure 3. A thermodynamic model (FACT™)
has also been used to predict X, of acmite in HW39-4 glass.26 The
thermodynamic calculation of Bxe (48,380 K) matches closely that measured,
however the calculated Ty, (1,148 K) is higher.

Volume Fraction Transformed (X)

500 550 600 650 700 750 800 850 900
Temperature ("C)

Many glasses including HW39-4 show a very distinct induction time (o) for
crystallization. This induction time is estimated by the extrapolated intercept of
the linear portion of & vs. In t curves as described by Weinberg.27 Effectively o
is a combined effect of the induction time for nucleation and for growth. It was
shown by Weinberg that this induction time is not uniquely determined and is
dependent on experimental conditions.26 In the case of HW39-4, & is Arrhenian
in nature (as seen in Figure 4) with a preexponential oo of 1.845x10-3 and a
temperature coefficient Bg of 15,600 K:
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B
N
¢ = 6oExp |~ |
The relationship between o, t’, and t follows:
t=t' -0

where t’ is the time each sample is exposed to heat treatment temperature and t is
the effective time used in Avrami equation.

?

50000 1 1 I L 1 1 i 2 1 [l 1 1 1 1 i 1
0.00104 0.00106 0.00108 0.0011 0.00112 0.00114

uT ")

The Avrami number (n from eqns. 1, 2, and 5) is calculated from the slope of
In(-In(1-&)) vs In(t) plots at constant temperature. Using this method, an average
value of 2.52 was calculated for n. Assuming three dimensional diffusion
controlled growth with constant nucleation, the corresponding theoretical n value
is 2.5 (this value is used in calculations shown here).

The kinetic constant (k) is then calculated from plots of In(-In(1-&)) vs 1/T at
constant times. From this treatment, nBy is given as the slope of each curve.

Using 2.5 as n, b was found to be 5848.9 K and kg was fit by standard non-linear

fit methods (using least squares of X predictéd vs X measured) to be 4.92x10-3 s-
1,
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The following figure shows a comparison of predicted and measured
crystallinity.
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Using the characteristic temperature value (By) from isothermal kinetics, the
non-isothermal data was fit to the nonisothermal equation. The value A is fit by
standard non-linear fit methods (using least squares of X predicted vs X
measured) of all non-isothermal crystallinity data. Also shown on the plot are the
extreme outside boarders of predicted vs. measured X calculated from A values
fit to only one non-isothermal X point at a time. From the narrow range outlined
by these two lines it can be seen that kinetic parameters fit to isothermal
crystallization data can be used to predict nonisothermal crystallization.
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The affect of simple temperature histories (isothermal and constant cooling rate)
on volume fraction of crystals can be predicted using classical model forms fit
empirically to experimental data covering the representative range of time and
temperature. Isothermal crystallinity data were successfully used to fit the
characteristic temperature term in a non-isothermal kinetics equation. TTT
diagrams were constructed from both.
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The above figure shows both isothermal and nonisothermal TTT diagrams for
acmite in HW39-4 glass. This diagram can be used to estimate the amount of
crystallinity in a sample heat treated for a known rate for any given time. The
use of this diagram and the Avrami equation used to fit it will give quantitative
crystal fractions as a function of temperature and time held at elevated
temperatures either in the glass plant or in a geological repository.
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'TREE MODEL, T, < OR > 1050°C

Yes Li20<0012357 No

Yes Zr0,<0.1157 No
112 6
Yes Ca0<0.008257? No .
Above 1050°C
53 59

Yes  Zr0,<0.066457 No

Above 1050°C

44 53 6

Below 1050°C Above 1050°C

Yes Ca0<0.00425? No
26 18
Below 1050°C Yes Na20<0.08327? No
5 13
Above 1050°C Below 1050°C

Mis-classification rate = 11%
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RANGES OF STRUCTURAL ORDER

S

Fig. 1 The crystal structure of high cristobalite, showing the organization of tetrahed-

ral units of silicon (black dots) and oxygen (O). Reprinted from Ref. 6a with permission
from Elsevier. - ’

Fig. 2 A schematic diagram of vitreous silica, showing silica tetrahedra linked at
corners to form a random network with rings and cages. Reprinted from Ref. 6a with
permission from Elsevier.
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Oxide-equivalent compositions of
glasses studied in this work.

LD6-5510 1I14-9012 L6-5412  16-5412 L6-5412

Oxide CBC CBC CBC TMF MCF
(Wt%) (wt%) (wWt%) (wt%) (wt%)

SiO2 56.79 56.78 56.78 56.83 58.08

Na20 20.00 20.00 20.00 20.02 20.45

B2O3 5.00 9.00 5.00 5.00 5.11

CaO 5.00 4.00 4.00 4.09

AlbO3 10.00 12.00 12.00 12.01 12.27

Others* 3.21 222 222 2.14 0.00

Total 100.00 100.00 100.00 100.00  100.00

*Others

C1 0.36 0.09 0.09 0.09

F 0.31 0.21 0.21 0.21

I 0.14

Cr203 0.04 0.04 0.04

Fe203 0.005 0.005 0.005

MoO3 0.16

K20 1.51 0.33 0.33 0.33

MnO 0.002 0.007 0.007

MgO 0.003

P205 0.19 1.19 1.19 1.19

SO3 0.22 0.32 0.32 0.32

BioO3 0.014 0.014

Zr0Oy - 0.005 0.005

SrO 0.12

Cs20O 0.15

Total 3.21 2217 2217, 2.140 0.00
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Figure 34. 2°Si MAS NMR spectra of glasses in the N3,0 -“SiO, system. Note the presence of peaks
for Si-sites with Q¢ (-111 ppm) and Q* (~95 ppm) polymerizations. After Dupree et al. (1984).
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L4-9012 W/S AND P ADD., P31 MAS NMR
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L.6-5412 CS133 MAS NMR
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Cr K-Edge Features of Simulated
Hanford L6-5412 Based Low-Level
Waste Glasses Batched from Various
Amounts of Cr20s.

H(E) (ARBITRARY UNITS)
£
Ke,

5.9 6.0 6.1
ENERGY (keV)
~ Edge energy is sensitive to oxidation state.

~ Pre-edge feature is sensitive to coordination
symmetry and oxidation state.




Cr K-Edge and XAFS of K2CrOa.

3.5 i T T i

25

15 r .

W(E) (ARBITRARY UNITS)

05 r .

_0.5 1 1 1 ]
5.8 6.0 6.2 6.4 6.6 6.8

ENERGY (keV)

~ X-ray absorption coefficient, L(E)
~ Edge energy, Eg (= 6008 eV for KoCrQOy)
~ Background X-ray absorption coefficient

(dashed line), Lo(E) |
~ XAFS region starts =30eV above Ej.




Extracted XAFS Data for KoCrQOa.

10

K,CrO 4

-10
2 4 6 8 10 12 14

k(A7

~ XAFS, x(k), is obtained from (E), which equals
[L(E) - no(E)1/ to(E).

~ Wave vector, k, equals {[2m(E - Eg)]/h2}1/2,

~ The amplitude and phase of (k) are related

to the number and distance of the nearest
neighbors (NN).




Extracted (k) Data for Simulated
Hanford L6-5412 Based Low-Level
Waste Glass Batched from 0.5wt%

Cr20:s.
8 i ] T
6 W
4 -
2 -
2 fJ |
‘{e 0
N
N Yl
4} th J
-6 I
L6 Cro0.5
..8 !

2 4 6 8 10 12 14
k@A

~ Fourier transformation of % (k) gives a radial
structure plot.

-3 G T e T oy




Radial Structure Plots of Cr in
Simulated Hanford 1.6-5412 Based
Low-Level Waste Glasses Batched

from Various Amounts of CryQs.

FT MAGNITUDE (ARBITRARY UNITS)
Q2
O

L6Cr20
L6Cr0.8

L6Cr0.5

0 1 2 3 4 5 6 7 8
DISTANCE (A)

~ The peak at about 1-2 A is due to the "shell" of
first NNs.

~ The peak at <1 A is an artifact caused by the
background subtraction.




NN Shell Phase Difference and
Amplitude Ratio Results For Simulated
Hanford Based LLW Glasses using

K2CrOs4 as a Standard.
COMPOUND N R(A)
KoCrOy 4.00 1.700

L6 Cr2.0 5.3 2.01

L6 Cr0.8 5.7 2.00
L6Cr05 538 2.01

L4Cr1.0 5.2 1.99




Fit of Back Fourier Transformed NN
Shell of Simulated Hanford 1.6-5412

Based LLW 0.5wt% Cr203 Glass Using
Two Coordination Environments.

5 T T T T I 7 T

1909

Site 1: N1=4.8 @ R1=2.11A
Site 2: No=1.5 @ Rp=2.06A
Mean : N1=6.3 @ Ry=2.08A




Correlation between S K-Edge
Chemical Shifts and S Formal
Oxidation State for Various Inorganic
Sulfur-Oxygen Compounds.

12 ¢ T T

NaZSO s
: CasO, 2
10 | .
- K2504
/(B : N&25203° :
g 8r Inner Sulfur Site ]
o) - :
H - ]
> F 3
2 4t N2,50;
T 5
wn - ]
1 4r ]
. ]
U [ ]
> F :
o 2F 7
- -
S
. Sulfur
0 3 ]
_ O NaZSZOs-
[ Terminal Sulfur Site
_2 | 1 [
2 0 2 4 6 8

FORMAL OXIDATION STATE

~ Sulfur chemical shift in LLW glasses = 10.8eV




Cl First Derivative K-Edge Features of
Simulated Hanford 1L.6-5412 Based
Low-Level Waste Glasses Batched

from Various Amounts of NaCl.

4
3T 1ecl10 N NaCl T

_ L6Cl04 |}

W .

2 j

£

/M

&

N

g

3 o

g

3.

o
1 F 4
_2 ......... 1 " L L 1
2.830 2.840 2.850 2.860

ENERGY (keV)

~ Oxidation state of CI in L6-5412 glasses =~ -17?
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Melter Technology Chronological Review

Melter

Engineering Scale
Ceramic Melter(1976)
Calcined Fed Melter
(CEM, SRL) (1983)
Small Cyl. Melter-2
(SCM-2, SRL)(1983)
Large Scale Melter
(SRL)(1984)
Pilost-Scale Field Test
(PSFT, PNL)(1984)

Small Cyl. Melter
(SCM, SRL)(1985)
Penberthy joule-heated
melter (MRC)(1985)
Large Slurry Fed Melter
(LSFM, SRL)(1985)

Pilot Scale Ceramic
Mleter (PSCM,PNL)(1986)

Liquid- Fed Ceramic

Melter (LFCM, PNL)(1986)
Joule Ceramic Melter
(JCM, Harwell, UK)(1986)
Cogema Vitrification
(French)(1986)

Liquid Active Waste
(Russian)(1990)

PSCM,PNL (1990)
EhP-500 Radiactive
Melter (USSR)(1990)
Joule Heated Melter
(JHM, INEL)(1992)
1994-95

Terra-Vit (PNL)

DC Arc (PNL-
EPI-MIT)

Research Scale Melter
(RSM,PNL)

SSHTM, PNL

HTM, PNL

Electrode Corrosion
(mils/day)

Nickel-chrome alloy

2.4-27.3 wt%

Inconel 690 rods

0.50

Inconel 690

0.07-1.51

Inconel 690

0.54

Graphite

Molybdenum
11.34-48.03
nominal-pitting

Inconel 690
0.27-1.50

High purity iron

Inconel 690

0.30, 0.12-0.20(thermo-
well, 3 02 days)

Inconel 690

(6.8%)

Inconel 690
0.12

Inconel 690

4.2-14.6%

Inconel (melt

containment)

SnO, with Monel(70%Ni-
30%Cu) or 70%Ni-15-17%
Cr-Balance Ti) 0.38-0.76
Inconel 690

Molybdenum

Molybdenum
Serious oxidation

Graphite
Graphite

Inconel 690

Refractory oxide .Monofrgx K3

Refractory oxide Monofrax K3

Molybdenum

Refractory Corrosion
(mils/day)
Monofrax E

Monofrax K3
2.76

Monofrax K3
2.70

Monofrax K3
1.81-5.53
Fused cast AZS
0.19
Monofrax K3
0.98

Monofrax K3

0.52 Melt line

0.26 Half-down

Monofrax K3
0.92

Monofrax K3

XAU,1.1-1.5
Bakor-33 ,3.8-5.3
Chamotte,7.6-9.5

Aluminozircon
Bakor-30

Monofrax K3

1.3, Monofrax E 0.3

Monofrax K3

PNL
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Corrosion of Glass-Contact Refractories in

Borosilicate Glass

Test Type

Corrosion in mils/day
Average (Minimum - Maximum)

Refractory Static(S) or Dynamic(D)
"C 621" Type

Deering, Dyko CR9SWA 2.4 (S)

Corhart C1215 0.99(0.43-1.55) (S)
3.1(S)

Corhart 1780 0.78(0.54-1.03) (S)

Carborundum Monofrax E 3.5(S)

Carborundum Monofrax K3 4.3 (S)
6.1 (D)
1.92(1.69-2.15) (S)
5.5(S)
6.1 (s)

XAU-30

SEPR 2161 2.00(1.85-2.15) (S)
3.5 (S)

S216

Dyson, Stannex/SnO2 3.5(S)

SEPR 1711 ~11.4 (S)

Bakor-33

Chamotte

A. P. Green, Iso-Z-265 12.6 (S)

Didier, X13181 13.0 (S)

Dyson, Iso-alumina 33.9 (S)

SEPR Jurgal-M 45.3 (S)

Dyson, Iso-mullite 55.9 (S)

Service Test (Melter)

1.0

0.92
3.97(2.45-6.02)
5.53(3.71-7.52)
1.81(1.69-1.93)
(1.1-1.5)

(1.3-2.6)

(0.4 --0.8)

(3.8-5.3)
7.6-9.4
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