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E COURSE OBJECTIVES

Give students and young researchers in nuclear waste
vitrification:
= Basics on statistical modeling in formulation

o Design of experiments, mixture designs

= Brief description of possible approaches for glass property
modeling

= Statistical approach applied to waste with high variability of
composition

= Knowledge on database and Machine Learning for property
prediction

o Application examples using Neural Nets in glass science

= Information on where to find glass property data
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NUCLEAR GLASS FORMULATION CHALLENGES
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NUCLEAR GLASS FORMULATION CHALLENGES

Composition of the reference Fission Product

solution (R7T7, France)
Teneur des éléments (en g/L) pour 711 L/tU (1)

Finding the appropriate glass formulation
is very challenging:

» number of different radioelements in the
waste

> low solubility of some of these elements in
sodium borosilicate glass

Na 14,09

Al 3,52

P 0,51

Cr, Fe, Ni 11,22
Rb 0,50

Sr 1,18

Y 0,65

Zr 6,48

Mo 4,70

Tc 1,16

Ru, Rh, Pd 5,48
Ag, Cd, Sn, Sh, Se 0,38
Te 0,67

Cs 3,72

Ba 2,21

La 1,70

Ce 3,30

Pr 1,56

Nd 5,63

Pm 0,10

Sm 1,12

Eu 0,18

Gd 0,11

u 0,11

Pu 0,00
Am, Cm, Np 1,08
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E STATISTICS FOR GLASS FORMULATION

Problematic

Chemical composition range of R7T7 glasses
produced in the AREVA - La Hague plant workshops

Oxides Specified Average
interval for composition
the industry of industrial
(wt%) glasses (wt%)

min max

Si0, 424 51.7 45.6

B,0, 124 16.5 14.1

Al,04 36 6.6 4.7

Na,0 81 11.0 9.9

Ca0 356 48 4.0

F3203 <45 1.1

NiO <05 0.1

Cr203 <06 0.1

ons <1.0 0.2

Li,0 16 24 2.0

Zn0 22 28 25

Oxides

(PF + Zr + actinides) - 7.5 18.5 17.0

Fines suspension

Actinide oxides 06
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GLASS PROPERTY MODELING

* Glass homogeneity

* Physical properties: viscosity, density,
Tg, electrical conductivity,...

e Optical properties

*  Chemical durability

Oxides Composition (wt. (%))Si0,
Sio, 59.39
ALO, 1357
Zi0, 1561
Li,0 8.64
K0 031
Na,0 0.70
TiO, 009
Fe,0, 022
Ca0 0.62
P,0, 0.82
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E GLASS PROPERTY MODELING

Three approaches to model a property

= Theoretical, cognitive approach

Based on our intrinsic knowledge of the phenomenon, on the fundamental laws of physics
and chemistry (conservation of energy, momentum, equations of diffusion,
thermodynamics,...)

= Empirical approach

Based on a set of experimental data (data-driven models). Mathematical, statistical
approach, which ignores any physicochemical knowledge of the phenomenon

= Mixed approach

Combination of the two previous approaches

= For these three classes of models, there are different
types: linear or non-linear, static or dynamic,
deterministic or stochastic, continuous or discrete,...
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PRINCIPLE OF ADDIVITY

Theoretical Principle of Additivity

M.B. Volf, “Mathematical Approach to Glass”, Elsevier Science Publishing company, 1988

a If glass were a simple mixture of the individual oxides, the additive equation
would be generally valid:

G is the property of the glass
G = Z ) (@) i Xi g(G), is the additive factor for oxide i and property G
x; is the amount of oxide i

Q But glass is not a mixture of oxides... Errors in additive calculation could be due
to the degree of cross-linking, anomalies in the cross-linked structure, phase
separation, interaction between ions,...

Q However, on investigating a suitably narrow composition range, where the more
complex interactions can be neglected, one can express the effect of the
individual components on a certain property by the additive equation.
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Statistics for glass formulation:
The design of experiments methodology




E DESIGN OF EXPERIMENTS - General information

= Scientific experiments involve three stages:
o Stage 1 - Planning of the experiment
o Stage 2 - Achievement of the experiment
o Stage 3 - Analysis and interpretation of the data

= When statistical principles are applied during this
process, the methodology is called « Design of
Experiments (DOE) » or « Experimental designs »

= DOE involves factors and response(s)
o Response(s) = f (factor levels)
Where f is a mathematical function of the levels of a factor
(f can be the equation of Additivity for example)

= A “mixture design” is a DOE for mixture (= formulation)
studies
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E DESIGN OF EXPERIMENTS

Stage 1: Planning of the experiments

= Precisely define the objectives of the study

o Either: identify factors influencing a response
(screening design)

o Or: make prediction or optimization (response surface
methodology)

Commissariat a I'énergie atomique et aux énergies alternatives 23/09/2019



DESIGN OF EXPERIMENTS

Stage 1: Planning of the experiments

= Define the experimental domain
o Factors
o Boundaries
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E DESIGN OF EXPERIMENTS

Stage 1: Planning of the experiments

= Build the DOE (= define experiments to be achieved)
o Optimality criteria (D-opt, I-opt,...)
o Commercial software for DOE construction s, esign expert, Minitab, ..

Temperature
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E DESIGN OF EXPERIMENTS

Stage 1: Planning of the experiments

Example of experimental constrained domain

Chemical composition range of R7T7 glasses
produced in the AREVA - La Hague plant workshops

Oxides Specified Average
interval for composition
the industry of industrial
(wt%) glasses (wt%)
min max
I'sio, 424 517 | 456
I 8,0, 124 165 _ 14.1
| ALO, 36 66 47
| Na;0 g1 110 | 9.9
| Ca0 35 48 | 4.0 5
" Fe,0, <45 | 1.1
I nio <05 g e
I cry0, <08 0.1 .
P20 Y I E— \ individual
[ Li:0 16 24 | 2.0 :
y R | 25 constraints
| Oxides | )
(PF +2r+ actinides) - 75 185 | 17.0 relational
| Fines suspension I > )
“Actinide oxides 06 constraints
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DESIGN OF EXPERIMENTS

Stage 2: Make the experiments

E)(D. No. SiOZ B20s Na20 Lizo A1203 Ca0o Las04

G-1 42.0 233 4.0 0.0 20.0 2.7 8.0
G-2 42.0 14.9 5.0 21 200 8.0 8.0
G-3 55.0 14.0 4.0 0.0 13.1 5.9 8.0
G-4 48.7 14.0 4.0 1.7 20.0 8.0 3.6
G-5 55.0 21.0 7.1 0.0 12.0 2.0 29
G-6 42.0 174 12.0 0.0 18.6 2.0 8.0
G-7 42.0 19.6 12.0 0.0 20.0 3.1 3.3
G-8 479 14.0 9.9 3.0 200 2.0 3.2
G-9 55.0 23.0 4.0 0.0 12.0 2.0 4.0
G-10 55.0 14.0 5.5 24 13.1 2.0 8.0
G-11 42.0 30.0 42 1.8 12.0 2.0 8.0
G-12 42.0 30.0 6.0 26 141 2.0 33
G-13 49.0 16.3 4.0 0.7 20.0 2.0 8.0
G-14 42.0 26.8 4.0 0.0 15.9 8.0 3.3
G-15 46.8 19.7 6.0 1.0 16.8 3.8 5.8
GV-1 55.0 14.0 7.9 0.0 13.1 2.0 8.0
GV-2 42.0 233 8.8 0.0 152 2.7 8.0
GV-3 42.0 27.0 4.0 0.0 13.1 5.9 8.0
GV-4 42.0 19.6 4.0 0.0 20.0 6.4 8.0
GV-5 42.0 26.8 4.0 0.0 159 33 8.0
GV-6 45.0 20.2 4.0 1.7 17.5 4.6 7.0

V. Piovesan et al. ; J. of Nuclear Materials ; 483 (2017) 90-101
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DESIGN OF EXPERIMENTS

Stage 3: Statistical analysis of the results

= Response distribution and variance

= Comparison with the experimental error

Response

F===n
Exp.No.  Si0,  B03  NaO L0  ALO;  CaO  La03 | 1
G-1 420 233 40 00 200 27 80 ! :
G2 420 149 50 21 200 80 80 !
G3 550 140 40 00 13.1 59 80 1 !
G4 487 140 40 17 200 80 36 1 !
G5 550 210 7.1 00 120 20 29 1 !
G6 420 174 120 00 186 20 80 1 1
G7 420 196 120 00 200 31 33 1 1
G8 479 140 99 30 200 20 32 1 1
69 550 230 40 00 120 20 40 1 1
G-10 550 140 55 24 131 20 80 | 1
G-11 420 300 42 18 120 20 80 | 1
G-12 420 300 60 26 141 20 33 | 1
G-13 490 163 40 07 200 20 80 | |
G-14 420 268 40 00 159 80 33 . |
G-15 468 197 60 10 168 38 58 . \
GV-1 550 140 79 00 13.1 20 80 . .
Gv-2 420 233 88 00 15.2 27 80 . .
Gv-3 420 270 40 00 13.1 59 80 . .
Gv-4 420 196 40 00 200 64 80 . M dp t
GV-5 420 268 40 00 159 33 8.0 : . €asured rroperty
GV-6 450 202 40 17 175 46 70 Lo Distribution
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E DESIGN OF EXPERIMENTS

Stage 3: Statistical analysis of the results

= Determination of the factors having a significant
effect on the response variation

= Create mathematical models using multilinear
regression

Response(s) = f (factor levels)

i q a1 g
Yi :Zaixi "‘Z Zainin
i1

i=1 j=i+l

The model enables to predict the property for any composition
inside the experimental domain
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DESIGN OF EXPERIMENTS

Stage 3: Statistical analysis of the results

= Use the mathematical model to explore the experimental
domain

Component Coding: Actual
Ln visco

5.36129
1.60944
X1=A:Si

X2=C:Na
X3=D: Al

Actual Components
B:B=0.120

E: Ca =0.020
F: Li=0.010
G: Fe = 0.065
H: Ce = 0.027
J: Zr = 0.050

K: Mo =0.010
L: P =0.009

M: ETR = 0.008
N: TRA =0.017

0.233 0.400 0.183
C: Na D: Al

Ln visco
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E DESIGN OF EXPERIMENTS

Stage 3: Statistical analysis of the results

= Use the mathematical model to explore the experimental
domain

50 - : : :
_ 45 - i 3 i
1% : :
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DESIGN OF EXPERIMENTS

Stage 3: Statistical analysis of the results

= Use the mathematical model to explore the experimental
domain
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e | g | gfDs | s |t
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Mean 0.48763 Mean 0.14456 Mean 0.09232 Mean 0.15471 Mean 0.03503
SD  0.01408 SsD 0.009 SD 0.018 SD 0.008 sb 0.0017
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E DESIGN OF EXPERIMENTS

Advice when running a study with a DOE approach

= Define a clear objective

= Make sure to identify all possible effects

= Define appropriate range of variation (min-max) for the effects
= Take into account strong interactions if known

= How many runs?

o In many cases it is better (faster and cheaper) to run two DOEs
instead of one

o Take time to create, evaluate and compare several DOEs

= Validate your models with additional experiments
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E DESIGN OF EXPERIMENTS

Advice when building predictive models

= Beware of overfitting (principle of parsimony)

—— Training score
—— Test score

\/

.o s

'\\NJ\/

Underfitting Desired Overfitting

Error

Underfitting Qverfitting

I —

Model complexity

from K. T. Butler et al. Machine learning for molecular and materials science
Nature, 2018
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E DESIGN OF EXPERIMENTS

Conclusion of the Design of Experiments approach

= DOE methodology is very robust for statistical
property prediction on small domains of composition

= Polynomial models obtained from multilinear
regression are simple and easy to use

= To go further:

2 -
\m

Experimental Design
for Formulation

Experiments
with Mixtures

Designs, Models, and the
Analysis of Mixture Data

OPTIMAL DESIGN
OF EXPERIMENTS

A Case Study Approach

LESPL,
DEXPERIENCES

Optimisation du choix des essais
etde lnterprétation des résultats ¢
$

John Cornell

5*EDITION
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Statistics for glass formulation:
Database and machine learning




E GLASS PROPERTY MODELING

Available resources in glass science and technology

= First attempt for the calculation of glass
properties from their composition proposed by
Winckelmann and Schott at the end of the 19t
century

= Monograph by Volf in 1988 that describes best
known methods [1]

= Since 1988 methods have been proposed for
viscosity calculation (Lakatos, Lyon, Mazurin,
Hrma, Priven, Okhotin, Fluegel,...)

[1] Mathematical approach to glass. by M. B. Volf. Elsevier Science Publishers, Amsterdam (1988)
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GLASS PROPERTY MODELING

Available resources in glass science and technology

Published literature in the
field of glass property
prediction

From Web of Science
«glass » and « prediction » in publication title

1930-60s 1970s 1980s 1990s 2000s

s e e B e e A—
octets Ko \Y/[¢} Go To Po

N~10 N~100
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E GLASS PROPERTY MODELING

Available resources in glass science and technology

= SciGlass and Interglad Information Systems
o Data collected from the published literature
o Embedded property calculation tools

o More than 300 000 glasses

|V\scos|ty jl
Property T
CT—

|Priven-2000 |
Plat.

" OnTop All Bun | |
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property prediction.
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GLASS PROPERTY MODELING

Available resources for nuclear glass property data
= Published reports from Pacific Northwest National Laboratory (PNNL)

PNNL-14060

PANL226), Re {
ORP.58289 i

et
mmrmum“.m h. §
PNL-10359, VOL. 1
uc-7TE

ELEL
Database and Interim Glass Prof
Models for Hanford HLW and L

Glass Property Models and Glasses PROPERTY,/COMPOSITION RELATIONSHIPS FOR HANFORD
Constraints for Estimating the Development of Models and ] HIGH-LEVEL WASTE GLASSES MELTING AT 1150°C
Glass to be Produced at Hanford Software for Liquidus Temperatures®  yotune 1: chapters 1 - 1
by Implementing Current J Yicni :"‘::;’:;:f HWVP Products:
Advanced Glass Formulation P. Hema
Efforts P. R. Hma P. Wu
J. D. Vienna G. Erik ;‘:‘;. pal vestiga nd_Aut!
N A.D. Peiton S. Degtiarev & F Prepet
Dawe: ignifi ntributors uthor:
py us neraxTiEn? OF March 1996 g \; ﬁt‘:ﬁ'“'
A (Z)ENERGY PNNL-18501 G202 s K‘ll:l
P. E. ‘Iﬁdgate
r o e arv * c J. D. enna
Prepared for the U.S. Department of i
under Contract DE-AC0-76RLO 1830 sy
o2 serarrres or D. K. Peeler
ENERGY . M. H. Langowski
Pacific Northwest National Laboratory
Operated for the U.S. Department of Energy
PN Glass Property Data and Models for by Battello Memorial Institute
Estimating High-Level Waste Glass
Volume December 1994

US. Department of Fncrgy
DE-ACO6-T6RLOIS30

£ Battelle
MASTE! _— MASTER

U.S. Department of Enmergy




E STATISTICAL APPROACH OF GLASS FORMULATION

Principal Component Analysis / Hierarchical clustering
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MACHINE LEARNING FOR PROPERTY PREDICTION

Big Data for glass property prediction

. AN One component
atatime

Isolated data

Design of
experiments

Photo courtesy of www.sciencesetavenir.fr
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E MACHINE LEARNING FOR PROPERTY PREDICTION

= Machine learning has seen growing application in

material property determination

= Artificial Neural Networks (ANN) use interconnected
mathematical nodes, or neurons, to form a network
that can model complex functional relationships

ON
() O,
w3

7N

WA

y1

WA@AGT W/
OO X,
INeN@ X
ﬁ.‘wW’l,‘\"/\\ /\q
\a/Na/

Y
0

y2

y3

N/

= This technique is particularly suited to problems that
involve the manipulation of multiple parameters and

non-linear interpolation
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MACHINE LEARNING FOR PROPERTY PREDICTION

Examples of NN application to glass property prediction

170 800 Ne=B-0 ] I P e D
: s Data @1 @ Training set ]
] X . \ — Prediction B - Test set . |
wol b Liquidus 750 S [~ Uncertainty i s
'] — Mauro (2009) 1
G 1500 temperature 700 |
5 ]
-
5 1400 4 * 1
S . g 650 o
S 1300 < - . .
s iqg EE 800 Dissolution
8 12w+ , FE 85D * rate
E b L
= 10as a.l § 500 R? (training) ~0.985 |
i E + R? (test)=0.982 4
1000 | ! | ! !
o el ) " g " "
T T T T T T T 0 10 20 30 40 -16 -15 -14 -13 -12 -11 -10
L L %Na Measured leaching rate
(a) Li,© molar concentration (log|mol SiO,/cm?/s|)
C. Dreyfus, G. Drevfus I Journal of Non-Crystalline Solids 318 (2003) 63-78 D.R. Cassar et al., Acta Materiala, 159 249-256 (2018) N.M. Anoop Krishnan et al.
Journal of Non-Crystalline Solids 487 (2018) 37-45
jeod— L L1 z . S & ‘
[Si0,) = 60% Electrical A YA y=(0.88+0.03)x I
/e
. ) - / +(0.69 £0.22) ; !
= O Simulations conductivity b R=0.88
o 110 — ~1s 73 30 =0. L
e — LASSO § oo T A
S — RF & LA P ? |
=] — - . "
8 100 ANN Young's £ 4 o S '-y
E i g 3 z .
@ modulus E o L ]
3 g0 = LY o =
2 05 S © Teaching data 10 4 .
v B Optical
] 4 2
° 4 Test data £ property
80 L N I B S | 2 o0 1
-40 -20 ] 20 40 0 05 1 s 2 0 10 20 30 40

[Caq] - [AL,Q,] (mal %) Experimental value (1 +cm)
Heyp (%) Measured haze
Y. Haraguchi et al., ISl International, Vol. 58 (2018), No. 6, pp. 1007-1012

K. Yang et al.., Scientific Reports, 8739, 9 (2019) A. Verney-Caron et al., Atmospheric Environment, 54 141-148 (2012)
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GLASS VISCOSITY PREDICTION

= But NN are unable to predict efficiently glass viscosity on
big database...

Training Validation Diagram
14 14
13 13
12 12
11 11
10 10
9 9
g 3 g 3
S g !
5 6 5 6
5 5
4 4
3 3
2 2
1 1
0 0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 01 2 3 4 5 6 7 & 9 10 11 12 13 14
Ln visco Predicted Ln visco Predicted
Training Validation
Ln visco Ln visco
Measures Value Measures Value
RSquare 0.5287260 RSquare 0.8822247
RMSE 0.7518625 RMSE 0.9682362
Mean Abs Dev  0.496624 Mean Abs Dev  0.5912263
-Loglikelihood 64350916 -Loglikelihood  2545.9066
SSE 32086203 SSE 1721.2158
Sum Freq 5676 Sum Freq 1836
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GLASS VISCOSITY PREDICTION

= Range of viscosity values is very wide vs temperature
and vs composition

log, n(poise)

20+
1%k T.de tension
T de transition (T ) _—
13 T.de recuisson
T.de ramolissement
dilatometrique
10r
8 T.delittleton
7 (ramolissement)

T.d’écoulement
T. de travail

2r T, T.de fusion
0 500 1000 1500

Température (°C )
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GLASS VISCOSITY PREDICTION

= Viscosity temperature dependence is highly sensitive
to phase separation and crystallization

Phase separation
Crystallization

2 T

wt%
140 - - : f Si02 25.8

B T -uy 1
) 6 ‘:SUJ"C
£ Oxide AMol0
2 6 mol% batch no. 5052 |
;‘3 8 11503 $i0, 46.5 20
Na,O 11.0 g
i B,0; 144 20
. i 1,0 02 -
9 12505 °C Ca0 79 wol
1o 1027 MoO; 5.1 L
PZOS 1.6 2.0 I Il L L | 1 1 | |
2 %l?gl gj 0.0 100 200 300 400 500  B00 700 800 900  qgp
70, 20 Rate [5-1]
Nd>04 0.2
Minors 0.3

0 Sum 100.0
20 40 60 80 100 -

Shear deformation (s-1)

J. Am. Ceram. Soc., 94 [2] 447-454 (2011) —Schuller et al.
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Statistics for glass formulation:
Waste with high variability of composition




STATISTICAL APPROACH OF GLASS FORMULATION

Waste with high variability of composition

= Probabilistic approach applied to waste from dismantling operations

DEM'N'MELT

IN CAN vitrification for conditioning
HLW /ILW-LL waste from decommissioning operations

OBJECTIVES

The DEM'N'MELT project seeks to develop i
and implement an innovative tool for high-level o
waste (HLW) and intermediate-level long-lived
waste (ILW-LL), which:

¢ is sufficiently flexible to ‘adapt to the
uncertainty of the composition of
waste needing processing, but which
nevertheless produces waste packages
whose composition, structure and radiation
containment performance are properly
managed for disposal;

Waste and Additives

Feed
Pre-loading
Station

is based on a vitrification procedure,

= = = 3 Heating
whereby radioactive waste is contained Station
within glass, a material already known and
used for containing high-level waste;

Cooling
Station
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STATISTICAL APPROACH OF GLASS FORMULATION

Waste with high variability of composition

= Probabilistic approach applied to waste from dismantling operations

Oxide 1 in waste

Oxide 2 in waste

Oxide 3 in waste

Oxide 4 in waste

Oxide 5 in waste

Oxide 6 in waste
Oxide 7 in waste

Oxide 8 in waste

Oxide 9 in waste

Oxide 10 in waste

L' T TR TR TN T TR T T T

Oxide 11 in waste
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STATISTICAL APPROACH OF GLASS FORMULATION

Waste with high variability of composition

Glass domain of
composition

Waste with uncertainties in
composition
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= Probability for an oxide to be presentin
the waste glass at a certain concentration

= Can also be applied to linear combination,
or ratio, involving several oxides
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General conclusion




E GLASS PROPERTY MODELING - CONCLUSION

= When glass composition is too complex, properties can
not be predicted from theoretical models

" |n this case, statistical modeling using empirical data is
an alternative way to predict glass properties

= Excellent predictive models can be obtained by using a
Design of Experiments methodology, on small domains
of composition

= Machine Learning has seen growing application in
material property determination on big data sets

= Several physical and chemical glass properties can be
predicted by using Neural Nets
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