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Advances in understanding glass corrosion

Glass corrosion is a complex process with coupled interfacial = = =" 0t PUC cap—,
A 3 = ; water ice —p-
‘ altered glass-Y.

reactions and ion transport behaviors.

pristine glass Y.

For nuclear waste glasses, the complexity of composition and £ 500 o
glass structure further complicated the problem. o S

Various experimental techniques have been used to study
glass corrosion: NMR, SIMS, XPS, SEM/TEM, APT, SHG.

Simulations have also been applied to investigate glass
corrosion: MD, MC, AIMD, machine learning approaches.
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What can MD simulations contribute to understand glass corrosion?

Obtain accurate atomic structural models of
multicomponent nuclear waste glasses

Calculate diffusion rate and energy barriers: cations, anions
and water molecules

Determine energ?/ barriers for particular reactions (ion
exchange, hydrolysis etc.)

|ldentifying reaction mechanisms: ion exchange, hydrolysis,
water transport etc.

Gel layer formation and water/ion transport
Glass surface morphology evolutions

ML and MD based QSPR analysis of corrosion rate

Monte Carlo simulations with glass structure model from
MD simulations
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Computer simulation methods
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Fundamental Understanding of Glass Corrosion

Glass structure models
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from atomistic simulations
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Gel structure and
water diffusion

Interfacial structure
and evolution
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Multicomponent glass dissolution mechanism & rate predictions




MD simulation of glass formation

Melt at 5000 K Glass at 300 K

ssssss

Red: O

Yellow: Si

Green: Na

Pink: Ca

Blue polyhedral: [ZrOg]

MD simulation of a ZrO,

containing soda lime silicate
glass. (Lu et al., JNCS 2018)
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Potential development for multicomponent borosilicate glasses
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ISG Structures from MD: experimental validations

10
. {(b
#1156 (®
— -
t_‘< 1
—_ E 4 4
S i,
1% = 24
.‘}E 1
u-{ R,=5.5% —-—Exp
24
T T T 1 _4 T Ll L] L
0 5 10 15 20 o 2 4 e 8 10
Q (A—1) r (A)
I 5G (MD)
—— ISG (Bouty et al.}
—— Z4C4 (Jollivet et al.)_—
o] 50, L0, 0 - o0 |0 i
DEET 602 16.0 12.6 R A
3 Y y 0 1 =2 3 4.5 ¢
5 10 15 20
* A ,
| Gin et al. Materials Today, 16(2013)243 M. Collin et al., npj Materials Degradation. 2018;2:4.
SR UNT X. Lu, L. Deng, S. Kerisit, J. Du, npj Materials Degradation, 2018; 2:19
JJIE X. Lu, L. Deng, C. Benmore, J. Du, J. Nuclear Mater. 515(2019)284
=n RS
'::"."' M SumGlass 2023, Nimes France, du@unt.edu 8
] ;:______ EST. 1890



T(r)

ISG glass general structure features

Coordination Number (CN) (%)
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MD simulations of iron redox ratio effect
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Phase separation in glasses from MD simulations
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* MD simulations of fluorosilicate glasses with CaO/Na,O substitution lead
to more Ca-F bonds that helps of F retention in waste glasses
* Barium aluminosilicate oxyfluoride glass show phase separation in certain
fluoride concentration
bt i ' (i * La3* were studied in oxyfluoride glasses and found to preferentially exist in
_J ‘JAL___ . - the fluoride region Zhao, Nienhuis, McCloy, Du, JNCS 2020
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Potentials can handle reactions: Reactive Force Field

Bond order calculations:
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Diffuse Charge Reactive Potential (DCRP)

2-body interactions
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Choice ofn )
DFT: configurations | Classical MD:
’ . N calculations
1 calculation
Wave functions Forces
optimization—» calculation
Forces (MD : 1step)

1.

X
) acceptable?

J' yes

Setof
parameters

(a)

Dissociable water potential obtained by force
matching of AIMD results.

Can describe reactions as well as physical
properties of water

Originally for water-silica system and recently
added Na, Ca, Al to the potential sets

It has advantage of speed (~10x faster than
ReaxFF)
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Sodium silicate glass-water reactions

0 %Na;0.5i0; —
10 %Na30.5i03 —— |
30 %Na;0.5i0;
50 %Na30.5i0;

‘ W - Silica and a series xNa,0-(100-x)SiO, (x=10-50) glasses were
modeled using the DCRP potential

» Glass composition has a strong effect on initial glass-water
interaction, or wetting of the glass surface

35 2 Mahadevan and Du, J. Am. Ceram. Soc. 103(2020)3676
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Sodium silicate glass - water reactions from reactive MD simulations
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Sodium silicate glass-water reactions: mechanisms

a)t=0.0ns Silanol b)t=0.1ns Silanol
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* ReaxFF based MD simulations up to 3 ns
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Depth in the alteration layer

=+ \Water react with the glass surface (NBO) through
hydration reactions: Si-ONa + H,O - Si-OH + Na* + OH-

* Further reaction mainly through proton transfer deeper
into the glass (possible ion-exchange).

Deng et al. J. Phys. Chem. 123(2019)21538
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lon-exchange reactions in Na Silicate glasses
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+ ReaxFF based MD simulations with 0.1fs time step

+ 77Si0,-23Na,0 glass _
Deng et al. npj Mater. Degrad. 1(2021)15

A » 300K and 450K simulations
JJ@ UNT + Direct observation of H*/Na* ion-exchange process
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Silica gel structure generation from bulk glass structure

Bulk glass Porous glass Gel structure
+ Two ways to generate gel layer structures: from preferential dissolution of ISG bulk glass structure
* From vacancy defect formation from dense silica
» Effect of formation method on atomic and microstructures evaluated. Water diffusion in the two
structures examined.
A :
I UNT
T e
] ___Eli____ EE: 139L:A5

Rimsza and Du, NPJ Mater. Degrad. 2018
SumGlass 2023, Nimes France, du@unt.edu
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Silica gel structure generation MD from dense silica

0.5

0.4 |

0.1

0.0

* Gel structure from dense silica with different porosity with
ReaxFF based MD

» Si4+ were randomly removed and replaced by H+, e.g.
hydrogarnet defect formation.

+ DSG-600 and RSG (from ISG) show similar ring and pore

size distributions
Rimsza and Du, NPJ Mater. Degrada. 2018
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Water diffusions in porous gel structures

a).
RSG (from ISG) DSG-600 (from bulk silica)
« Similar pore size distribution and porosity but different diffusion
behaviors.
,m UNT Remnant gel structures need further corrosion for water transport.
JJ UNIVERSITY Rimsza and Du, NPJ Mater. Degraga. 2018
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Diffusivity of water in confined geometry
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Water film Silica slab Water film
l. Bourg, JPCC 116 (2012) 11556 0

Pore size determines the diffusivity at the center — larger pores
attain unrestricted water diffusion at the pore center

Diffusion in the hydrogen bonded network at the wall is always
lower (under all confinements)

10 15
Radial Distance (3\)

Colin et al, J Phys Chem C 2018
Gin et. al Nature Comm. 2019
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Properties of CaO-Al,0,-SiO, porous gel structures
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QSPR analysis of glass corrosion rate based on MD

T T . . . r r . r r r . & 0 B B 2 0B B 0 0B |
r If validation not satisfactory
y =i Corrosion
F et rate
BO% ki i Elastic
A e moduli
NC > * Smal. > Fracture
SN toughness
BN, 5 Hardness
" e R CTE/T,
g Linear/non-linear & .-|
regressions e as
ML (ANN,GPR,RF...) a3 _'h_ |
MD simulations Descriptor Methods Property
Structural analysis construction for correlation target
|
/iy :
JJ@ UNT Du et al. J. Am. Ceram. Soc. 104(2021)4445
£ "NORTH TEX SumGlass 2023, Nimes France, du@unt.edu 24
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MD based QSPR analysis of properties of ISG+ZrO, glass
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Two sets of experimental measurements for forward rate (rO) available:
« Cailleteau et al. 90 °C in buffered solution (pH=6.9) without agitation
» Bergeron et al. 90 °C single pass flow through measurement

* Flow through measurements gave corrosion rate an order of magnitude higher for high ZrO, composition
QSPR analysis provide excellent correlation of both sets of data: consistency of experimental data set
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Structures of aluminosilicate and borosilicate glasses from MD
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Correlation of initial dissolution rate with F_;

Fnet: regular definition

Fnet: modified definition

R?=94.4%
- . 0
R?=88.8%
| (Eion T " Equation y=a+b*x
11 3 Intercept 45045 'l 1 i Intercept 235418
° \ix_ Slope 20,08 + 0.04 -. " Slope -0.05 £ 0.004
3 Fesidual Sum of Squares 1334 q LY Residugl Sum of Squares 66.8
E R-Square (COD) 0.8884 &1 N R-Square (COD) T
3 x e Squae Ll 1 \\E\ | Adj. R-Square 0.9386
’ Y\ ¢ 1 \
e’{ = Congruent - g= X
i * Incongruent o - 1 ®  Congruent N W
pe 4 Modified N B WE &1 ® Incongruent e
Linear fit of congruent o 1 & Modified e
3 N1 = o Linear fit of congruent x
LY [ By i .
a* LY 3 iii'
- _ 1: g
E - ﬁ i L 4 ’
& * " i 2 i e 'i * ;i\\ +
. By L E E = = “
: s Pl 1 $ N
; b 4 A
e !.__1. s \‘“!
) ! ! ! ! - 200 I Eéﬂ I S(IJU I 3%0 I 4|:I]'D I 4I50 ' 5»1."?'0 | 5%0 I 600
300 350 400 450 500 250 600 .
. |
F._, SBS (kcalimol) cations F,e: SBS with M, (kcal/mol)

1
Frpet = N Z ny-CNxg - SBSxo - my
X

SumGlass 2023, Nimes France, du@unt.edu

Modifying the descriptor by introducing network connectivity improves the fitting.
Du et al. J. Am. Ceram. Soc. 104(2021)4445
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Using structural features as descripts

BO percentage
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Correlation best the best descriptors

Ring per base Si

Ring Size

Two best descriptors for initial dissolution rates
are average ring size and F are linearly
correlated

Incongruent dissolution samples need to be
modeled based on the modified composition
Residual rate correlation possible by introducing
descriptors with gel characteristics
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Predict dissolution rate from structure features from MD simulations
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Predicting initial dissolution rates using structural features
from molecular dynamics simulations
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Monte Carlos simulations of glass corrosion

MC models rely on regular lattices to
approximate glass structure

o
00000

WIC simulations of leaching of borosilicate glass
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MC simulation based on structure models from MD
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Monte Carlos simulations of sodium borosilicate glass corrosion
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* MC based on glass structure generated from MD

» Effect of repeating unit thickness on dissolution rate investigated

» Dissolution rate and surface roughness studied as a function of
glass composition

» Surface roughness a lot lower than regular lattice models

Keresit & Du, J. Non-Cryst. Solids, 522(2019)119601
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Understand of Glass Corrosion with MD based Simulations

Glass structure
from MD simulations
& characterizations
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Conclusions and outlook

® Atomistic simulations and particularly classical MD simulations are highly valuable
tools to understand nuclear waste glass structures and glass-water interactions.

® Development of interatomic potentials (reactive and non-reactive) are needed to
enable some of these simulations.

® Complex nuclear waste glass structures, including redox effect and phase separation,
can be studied as a function of glass composition.

® Interfacial structures of water/glasses are modeld to understand the corrosion gel
structures. Diffusion and other properties can be investigated in the bulk, the gel and
the interface.

®* MD based QSPR approach valuable for corrosion rate and other property predictions

® Machine learning has been increasing used with the MD data or other structure
features from glasses.
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