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» Glass composition(s)
 Glass durability tests
Glass corrosion basics

— Corrosion mechanisms

— Corrosion stages/regimes

Stage lll glass corrosion
— What is stage IlI
— Secondary phases

— Trigger mechanisms — what do
we know?

— Zeolitization model
o ASTM C1174 Road Map
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Glass Composition(s): HLW vs. Basalt

Tholeiite ljolite

(Barth, Theoretical Petrology)

Al,O4 6.5 13.1 3.8 14.4 20.0
CaO + MgO 3.2 3.7 4.0 17.5 16.3
Fe,O, 14.4 14.2 16.8 12.4 4.3
K,O + Na,O
+ (Li,0) 14.5 15.0 19.6 3.3 13.2
Sio, 61.4 54.0 55.9 52.4 46.1




Accelerated Tests Developed from 1980

...........................................................................................................

Waste Form (1980-Pres)

Chemical Durability

MCC-1, 2, 3, 4, 5(Soxhlet)

Aging Effects (thermal and
radiation)

MCC-6, 7, 12, 13

Volatility

MCC-8.9,16

Physical Strength

MCC-10, 11, 15

Canister Container

Corrosion Resistance

MCC-101, 102, 103, 104

Repository Interactions

Canister/container corrosion

MCC-1052

Waste Form Durability

MCC-142

ASTM C1663 i
Vapor Hydration

Test (VHT)

2

PITL Leach

Container

.~ PTEE Specimen
Support

Specimen
Leachant

ASTM C1220

aThe repository interactions tests are divided into site-specific
subcategories, e.g., MCC-105.1 (basalt).
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Valves

pH Buffer

Reservoir

daad

Powdered
Sample

|
o Collection
ven Bottles

ASTM C1662
Single Pass Flow
Through (SPFT)
(MCC- 4)

(MCC-1& 2)
Test Oven
ASTM C1285 ﬂli :
Product Consistency '
Test (PCT) Jp
(MCC- 3) 4!
e ”
z:::n‘lr’l:.:!; I Cons?arature Devic
Glass Powder




Stages of Glass Corrosion

..................................................................................................................................................................

* Three stages: . Stage |
— Stage | - forward rate
— Stage Il - residual rate
— Stage Il — resumption

» Different mechanisms
control rates in different
stages

— Interdiffusion (ion exchange)
— Hydrolysis

— Affinity/Transport L

— Dissolution/Precipitation Time
— Crystallization

Stage |l

Ik - Residual Rate

A) Resumption of alteration to accelerated rate
B) Continued corrosion at residual rate

Gel aging/secondary phase formation
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Hydralysis

A
I
]
I
1
1
1
I
I
1
1
I
I
1
]
1
1
I
1
1
1
1
]
1
I
I
]
I
]
I
I
I
1
1
L

A J

@ Savannah River National Laboratory -

OPERATED BY SAVANNAH RIVER NUCLEAR SOLUTIONS



Corrosion reactions (solution perspective)

------------------------------------------------------------------------------------------------------------------------------------------------------------------

o Interdiffusion/lon exchange |
=95 —-OM+H" < Si—OHAM"
c
=5i—OM+ HyO < Si—OH+M"+0OH" -% Diffusion/affinity
=
- Increasing pH value and OH- concentration in leachate <
o Hydrolysis
Si—0—-S8Si+0H < Si—OH4 Si—0~ >
Si—0 + HyOQ+«+Si —OHAOH™
- Increasing pH value/OH-and Cg;
: : . Basic concept:
e Diffusion/Affinity P
— Two hypOthESES' Dlaye'r < Db’u,lkglass =T l—
_ /B A o (1 [aT:L alteration layer
Thermodynamic: 7 = g (1 — %) = as rl Kinetic:
affinity controlled Lo (1 @) simpiied) ~ transport limited bulk glass
’ K
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Corrosion reactions (solution perspective)

------------------------------------------------------------------------------------------------------------------------------------------------------------------

o Interdiffusion/lon exchange |
=S5i—OM+H"— Si— OHAHM"
c
=S5i—OM+ HyO + St — OH + M+ 4+ OH" -% Diffusion/affinity
o
. o <
- Increasing pH value and OH- concentration in leachate
 Hydrolysis
Si—0—S8i+0H < Si—OHE Si—0~ ’
Si— O + HyQ++Si—OH+OH™
- Increasing pH value/OH-and Cg;
: : .. Basic concept:
o Diffusion/Affinity P
Dlaye'r < Db’u,lkglass =T l—
— Two hypotheses: |
o + alteration layer
| Q Q1 -
Thermodynamic: r=1rg | 1 — I7a = as rl Kinetic:
affinity controlled ~ transport limited bulk glass
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Corrosion reactions (solution perspective)

------------------------------------------------------------------------------------------------------------------------------------------------------------------

* The residual rate (Stage II) $ C oSS T \
: : 0 R o
— Controlling mechanisms debated >
— Pseudo-equilibrium between glass _ Residual rate
surface dissolution and leachate = Diffusion/affinity
—> Slight change in dissolved element %
concentration in leachate
— Release rate several orders of
magnitude less than forward rate
« Resumption of alteration (Stage IlI) '
— Sudden increase in release rate of
certain elements into solution  Two hypotheses regarding increase in
— Marked by the large-scale precipitation release rate: _
of secondary mineral phases (zeolites) 1. Precipitation of minerals leads to
_ disruption of diffusion barrier
— Does not occur with all glass 2. Minerals act as thermodynamic sink for
compositions!! elements in solution causing reduction

in affinity
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Changes in glass surface

..................................................................................................................................................................

» The preceding slides dealt mostly with what occurs in the leachate solution
during corrosion

» What happens to the corroding glass surface during corrosion?
— Stage I silica-rich, hydrated layer starts to form

M* B

Si,Al

pH
increase
bulk glass
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Changes in glass surface

------------------------------------------------------------------------------------------------------------------------------------------------------------------

» The preceding slides dealt mostly with what occurs in the leachate solution
during corrosion

» What happens to the corroding glass surface during corrosion?
— Stage [I:séipatyicierizadiaiedoagenstithioietamorphisis, etc. reactions change gel

structure : :
. _ Reversible reactions as

M HSI®, ~— solution and gel form

SLA “nseudo-equilibrium”

1 relationship
A
pH
increase
bulk glass
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Changes in glass surface

------------------------------------------------------------------------------------------------------------------------------------------------------------------

» The preceding slides dealt mostly with what occurs in the leachate solution
during corrosion

» What happens to the corroding glass surface during corrosion?
— Stage II: repolymerization, condensation, metamorphisis, etc. reactions change gel

structure : :
. _ Reversible reactions as
M H,SIB, ~— solution and gel form
SLAI “pseudo-equilibrium”
I»w relationship

— constant pH

— slight increase in
solution concentration

— structural changes in
gel - densification bulk glass
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Changes in glass surface

..................................................................................................................................................................

» The preceding slides dealt mostly with what occurs in the leachate solution
during corrosion

» What happens to the corroding glass surface during corrosion?

— Stage II: repolymerization, condensation, metamorphisis, etc. reactions change gel
structure

H,SIO,

gel + secondary phas = — leachate solution is

supersatured w.r.t.
— constant pH many phases
— slight increase in

solution concentration
bulk glass
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Changes in glass surface

------------------------------------------------------------------------------------------------------------------------------------------------------------------

» The preceding slides dealt mostly with what occurs in the leachate solution
during corrosion

What happens to the corroding glass surface during corrosion?
— Stage II: repolymerization, condensation, metamorphisis, etc. reactions change gel

structure
H,Si0,
— gel starts aging during gel + secondary phases — leachate solution is
Stage Il T supersatured w.r.t.

— Ostwald ripening
— secondary mineral

phases appear

- C|ays bulk glaSS

— C-S-H (if Ca present)

— C-A-S-H (id.)

— zeolite seeds

many phases
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Changes in glass surface

------------------------------------------------------------------------------------------------------------------------------------------------------------------

» The preceding slides dealt mostly with what occurs in the leachate solution
during corrosion

» What happens to the corroding glass surface during corrosion?

— Stage lll: depending on chemistry, nucleation of crystalline secondary phases (zeolites)
occurs

Process of crystal nucleation/growth: ZEOLITIZATION '\

— reaction front Si, B, Al

proceeds into bulk
glass until source is
depleted or re-
passivation occurs

- Cg g+ INCrease

- likely other elements
released and then
consumed by xtals, (e.g.
Al, M*, some of Si)

- possible direct conversion:
glass—gel—crystal

— concentration of
some glass
constituents in
solution increases

@ Savannah River National Laboratory We put science to work.
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What leads to zeolitization?

------------------------------------------------------------------------------------------------------------------------------------------------------------------

 Hydrogel aging [ Il I
l l resumption of
— Systems tend towards lowest energy . | M alteraton
. . 2 l .
state — Ostwald ripening i e || comimed
7 L | I
— Glass is thermodynamically metastable g /7 |
. é‘i | |
= Less stable than crystalline counterpart § |
I L >
— Gel aging decreases the thermodynamic i i
instability of the metastable states _ | | e
g l [
o AGQZG,SS > AGgel > AGcfrystal E : gel aging : 1—1:;:1};@
corroston reaction progress S| /s | |
oy | |
o |
— Gels age via step-wise progression | | ,
. . | |
through intermediate stages o | :
= |
» Restructuring, de-watering 8|\ activated ged
2 complex p oduct
— For some glasses/minerals, final gel E ' b
aging step is zeolitization % | v/
. . | I \_*"
— For compositions that don't zeolitize, gel | AG e
goes to Clay Reaction Progress
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Zeolitization

------------------------------------------------------------------------------------------------------------------------------------------------------------------

e Process of conversion from
aluminosilicate gels to crystalline
zeolites
— Synthetic methods (lab & industrial)

e Linde zeolite A - industrial
» Basaltic and HLW glasses — lab
» Geopolymers

— Natural synthesis (alkaline,
geothermal systems)

* Rhyolitic volcanic glass alteration
Varying nucleation mechanisms
— Autocatalytic
— Heterogeneous
— Homogeneous

FRESH GLASS

TIME

LAYERS FORMING

ZEOLITES




Zeolitization

..................................................................................................................................................................

 Process of conversion from
aluminosilicate gels to crystalline

zeolites
— Synthetic methods (lab & industrial) NON-CRYSTALLINE PRECURSOR PHASE SODIUM “t
e Linde zeolite A - industrial ALUMINOSILICATE GEL (NAS) GEL
_ ()
* Basaltic and HLW glasses — lab d l GEL
* Geopolymers % CRYSTALLINE PRECURSOR PHASE * ¢
— Natural synthesis (alkaline, o E.G., CUBIC ZEOLITE-A < &
geothermal systems) 5 |
» . . m CONTINUED AGING AMORPHOUS
* Rhyolitic volcanic glass alteration é; L PRECIPITATE
» Varying nucleation mechanisms e %
_ CUBIC CRYSTALLINE SODALITE
— Autocatalytlc (HYDROXYSODALITE/NITRATED SODALITE) ‘*
— Heterogeneous l '
\4 CRYSTALLINE
— Homogeneous HEXAGANOL CANCRINITE MINERALS PRECIPITATE
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[SB]-[WA]

------------------------------------------------------------------------------------------------------------------------------------------------------------------

 [SB] is strong base concentration
» [WA] is weak acid concentration

e Both [SB] and [WA] released as
glass/mineral dissolves:
M,0 + SiO, + B,05 + 6H,0
- 2M* + 20H™ + H,Si0, + 2H3;BO0;
~ —

strong base weak acid weak acid

 [SB] from alkali and alkaline earth
— Li,0, K,0, Na,0, Ca0, BaO, etc.
e 1 mol M* — 1 mol OH-
e 1 mol Me?*— 2 mol OH-

* [SB]-[WA] = [Na+Li+K]om = [B+SH] ot
H_J \ J N J

leachate leachate

» [SB]-[WA]>0 = Stage lll — Zeolitization

leachate

Savannah River National Laboratory -

BY SAVANNAH RIVER NUCLEAR SOLUTIONS

&

[SB]-|WA]

[SB]-[WA]

HLW GLASS EXAMPLES

(c) WVUTh193- Type 11
o [SBIWA] <0
REMAINS IN STAGE Il
CLAY SECONDARY PHASES
8.5 9 1 115 12
Measured pH
(e) WV203-18-Th Type ITIR ﬂ
RET
X
[SB]-[WA] >0 &— .
STAGE Il — STAGE Il .
ZEOLITE SECONDARY PHASES
28.56,119,181,549,1539. 1901 —_
8.5 9 9.5 10 10.5 11 11.5 12
Measured pH

We put science to work.




Excess [OH]

------------------------------------------------------------------------------------------------------------------------------------------------------------------

» Excess OH mineralizing agent =
(OH_)€$ — (OH_)moles — (H+)moles

or 0.4

( O H_)m _ ( O H_)moles B (2 Al Og_)mola'r 2Al:4Si 2A1:3Si (beidellite,mesolite, zeolite X)

merlinoite; 7/ 2Al:28i @eolite A, kaolinite,
0.3 - analcime)/ / halloysite,dickite,nacrite)
' ’

F ’," 2Al:1.3Si (allophane)
S Ny L 2A1:1Si (imogolite)

] y, ’
0.2 {7 /10182025 *°
[ ’ P d
'I 20 ’I ”
] P i

* Drives zeolite stoichiometry
[Si0,]

St/ Al zeolite = 1 b =>
( ?// ) " " ([OH]>solution

1 f P 4
01 m0607
Wy 4 4

 Controls gel solubility

 Determined by total alkali content
and buffering equilibria afforded
by silica, aluminate, and boric
acid species in solution

= [OH™|ex = [SB] = [WA| = [SBles

I”
4
0

¥,
'
[/
F
?I
0

04 02 03 04 05 06 07 08

Dependence of Si in gel on Reaction Progress

Dependence of Al in gel on Reaction Progress

@ Savannah River National Laboratory -

EEEEEEEEE Y SAVANNAH RIVER NUCLEAR SOLUTIONS



Conditions leading to zeolitization

------------------------------------------------------------------------------------------------------------------------------------------------------------------

* Solutions are typically saturated w.r.t. both  « S;j is primary zeolite building block
clay and zeolite minerals o
« AIO, origin of framework charge

Al coordination is important i,
s P * Alkali ions charge balance and/or
— Acidic — ®IAl (octahedral)
guest molecules

— Basic — MAI (tetrahedral)
o [BIAIR* preferentially forms clays
o UWAI(OH), preferentially forms zeolites

Stage Il
pH is buffered

Si(OH), + Al3* exist in solution

Solution is saturated with respect to clay and zeolite
Re;;i':a' A3+ is in octahedral coordination as [€]Al and stabilizes
clays preferentially

444444
vvvvvv
444444
vvvvvv

444444
vvvvvv
444444
oot s e o ot o e et e et g W A
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Conditions leading to zeolitization

------------------------------------------------------------------------------------------------------------------------------------------------------------------

* Solutions are typically saturated w.r.t. both  « S;j is primary zeolite building block
clay and zeolite minerals o
« AIO, origin of framework charge

» Al coordination is important . . .
P « Alkali/alkaline earths ions charge

— Acidic — BIAl hedral
C'd,'c — Al (octahedral) balance and/or guest molecules
— Basic — MAI (tetrahedral) . .
OH- is mineralizer!

o [BIAIR* preferentially forms clays
o UWAI(OH), preferentially forms zeolites

Stage Il Solution is saturated with respect to clay and zeolite
pH Solution OH- becomes excess ([SB]-[WA]>>0)
Si(OH), OH- stabilizes Al in tetrahedral coordination Al — prefer the zeolite structures
Stage | pH is no longer buffered, excess OH- builds up
pH Residual Al*® =Al(OH),
Rate
' Al(OH), + Si(OH), or Si(OH)4 based embryo
gla iclay

@ Savannah River National Laboratory We put science to work.™
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Conditions leading to zeolitization

------------------------------------------------------------------------------------------------------------------------------------------------------------------

* Solutions are typically saturated w.r.t. both  « S;j is primary zeolite building block
clay and zeolite minerals o
AlO, origin of framework charge

Al coordination is important i,
s P Alkali ions charge balance and/or
— Acidic — ®IAl (octahedral)
guest molecules

— Basic — MAI (tetrahedral) o _
o BIAIR* preferentially forms clays OH Is mineralizer!
o [AI(OH), preferentially forms zeolites
Solution is saturated with respect to clay and zeolite

Stage |l Solution OH- becomes excess ([SB]-[WA]>>0)
pH
Stage | Si(OH), pH no longer buffered Al-based embryos become a new

o Al(OH);” + HSIO, hydrogel layer where Al is in tetrahedral coordination
Residual Rate / Al concentration “crashes” out of solution

444444
vvvvvvv

444444
vvvvvv

444444
vvvvvvv

444444
(et e e, e e e e e il
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Conditions leading to zeolitization

------------------------------------------------------------------------------------------------------------------------------------------------------------------

* Solutions are typically saturated w.r.t. both  « S;j is primary zeolite building block
clay and zeolite minerals o
AlO, origin of framework charge

Al coordination is important i,
s P Alkali ions charge balance and/or
— Acidic — ®IAl (octahedral)
guest molecules

— Basic — HIAI (tetrahedral) it
BIAI3* preferentially forms clays OH"Is mineralizer!

o [AI(OH), preferentially forms zeolites
The presence of the gel (in waste glasses the gel + glass)

assures the supersaturation of the system which is
oH needed for the nucleation and growth processes

pH Stage 3 Al(QH) + M*+ HSIO5
AOH), + HSIO,

\

Residual Rate

matures
—_—

vvvvvvvvvvv
444444

vvvvvv
444444

A
vvvvvvv
b it P A A A A A A

Al-BASED EMBRYO Al+Si-BASED PRECURSOR AL
STAGE Il TRIGGER STAGE Il INCUBATION MAISiO, SECONDARY PHASE
' STAGE [lIl GROWTH AND RIPENING
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Conditions leading to zeolitization

------------------------------------------------------------------------------------------------------------------------------------------------------------------

* Solutions are typically saturated w.r.t. both  « S;j is primary zeolite building block
clay and zeolite minerals o
AlO, origin of framework charge

Al coordination is important i,
s P Alkali ions charge balance and/or
— Acidic — ®IAl (octahedral)
guest molecules

— Basic — HIAI (tetrahedral) it
BIAI3* preferentially forms clays OH"Is mineralizer!

o UWAI(OH), preferentially forms zeolites

Solution is saturated with respect to clay and zeolite
Zeolite precipitation uses OH- from solution, each Al uses 20H- during zeolite
pH formation so eventually the [SB]-[WA] equilibrium is restored

pH Stage 3 A|(OH)4' + M+ HSiO3'
AOH); + HSiO;

Residual Rate

matures
—_—

vvvvvvvvvvvvv
444444

vvvvvv

444444

A
vvvvvv
AAAAAA

Al-BASED EMBRYO Al+Si-BASED PRECURSOR SRS AR SRS AR R AR E R
STAGE Il TRIGGER STAGE Il INCUBATION MAISiO, SECONDARY PHASE

tlme— STAGE |ll GROWTH AND RIPENING
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Conditions leading to zeolitization

------------------------------------------------------------------------------------------------------------------------------------------------------------------

* Solutions are typically saturated w.r.t. both  « S;j is primary zeolite building block
clay and zeolite minerals o
AlO, origin of framework charge

Al coordination is important i,
s P Alkali ions charge balance and/or
— Acidic — ®IAl (octahedral)
guest molecules

— Basic — HIAI (tetrahedral) it
BIAI3* preferentially forms clays OH"Is mineralizer!

o UWAI(OH), preferentially forms zeolites

As long as OH- is in excess, [Si] and [M] continue to
Stage 2  increase and clay can be dissolved and re-precipitated as
pH

SI(OH), oH zeolite nutrients Stage 3 AI(QH), + M* + HSIO,

AOH); + HSi0;

\

Residual Rate

matures
—_—

vvvvvvvvvvv
444444

vvvvvv
444444

A
vvvvvvv
b it P A A A A A A

Al-BASED EMBRYO Al+Si-BASED PRECURSOR AL
STAGE Il TRIGGER STAGE Il INCUBATION MAISiO, SECONDARY PHASE
' STAGE [lIl GROWTH AND RIPENING
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Zeolitization of Hydrogels by [SB]., = OH

------------------------------------------------------------------------------------------------------------------------------------------------------------------

DURING ZEOLITIZATION (a textbook tutorial that address this phenomena)

o Alkalinity is one of the most important parameters for the control of zeolite
crystallization

o Alkalinity determines the zeolite composition and is responsible for the type of
crystallized product produced

o Silicate, aluminate, and aluminosilicate species in the solution are important for
the crystallization mechanism but synthesis usually proceeds in the presence of
an amorphous gel, i.e. a hydrogel.

» The solubility of the gel phase also depends on the alkalinity.

— The presence of the gel (in waste glasses the gel + glass) assures the supersaturation of
the system which is needed for the nucleation and growth processes

 SiO, is considered the primary building unit needed to form the zeolite framework
 AlO, is considered the origin of the framework charge
« Alkali cations are considered the counter ions for the framework charge

» Most importantly, the OH- is considered the mineralizer/catalyst

H. Lechert, in “Verified Syntheses of Zeolitic Materials,” Elsevier, New York, 2001 266pp.
J. C. Jansen, in Introduction to Zeolite Science and Practice, H. van Bekkum, E. M. Flanigen, J. C. Jansen (eds.), Elsevier,
Amsterdam, p. 77-136 (1989).

@ Savannah River National Laboratory ~ We put science to work.

BY SAVANNAH RIVER NUCLEAR SOLUTIONS



How do we predict waste glass performance?

..................................................................................................................................................................

* HLW — need to predict performance for 102 - 10° years.
—Accelerated testing methods were developed (Slide #3)

Tests are easy to develop

= Proving that the tests accelerate the correct mechanism is
difficult

\Writing models is easy
= Proving that the models are correct is hard to demonstrate

« ASTM C1174
— Road Map for using tests and models
— Includes: glass, canister, and cement

— Validation w/ natural analogs

.« We put science to work.™
L

27



Accelerating the Correct Mechanism in Short Term (ST)

Testing to Simulate LT is Very Important

Acceleration
with temperature

Acceleration

ith ti :
with time and time
a w ’
100°C
21 days 14 days 5 min

* As defined at the August, 1999 NAS/NRC Workshop on Test Methods
and Models to Simulate Accelerated Aging of Infrastructure Materials




ASTM C-1174 “The Roadmap to 3redlctlng

................................................................................................................................................................

d ntify Candidate P e Credible | | - PROBLEM DEFINITION
Long-term Behavior” ] e
Title: “Standard Practice for = .
Prediction of the Long-Term Behavior |

of Materials, Including Waste Forms,  —
Used in Engineered Barrier Systems
(EBS) for Geological Disposal of
High-Level Radioactive Waste”

Il - MODELING
A 4
o]
Pi

A roadmap for the steps involved in
predicting long-term behavior:

(1) problem definition

2) testing

) modeling
)

)

4) prediction
5) model confirmation.

Many iterations between testing and
modeling

@ Savannah River National Laboratory -
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End of presentation
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