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AGENDA
® Motivation: ubiquity of molecular diffusion, applications
® Kinetic origin of molecular diffusion and Fick’s laws
® Origin and value of diffusivity coefficients in liquids and
silicate melts
® Thermodynamic formalism of diffusion, phase separation
® Multicomponent diffusion in mixtures: couplings between

species
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A first definition: flux of matter in the opposite

direction of the concentration gradient \-
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Consequences and applications of diffusion in silicate melts ()
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Glass melting Refractory corrosion N

Volatile diffusion &
volcanic eruption

Pablo et al »
JNCS 2019. SAINT-GOBAIN
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Typical scientific questions related to diffusion

® How fast is diffusion-driven mass

transport ? Prediction of relevant

scales of mass transport

©) dissolution of refractories

O crystal growth

O

e What is the chemical path of diffusion?

— Prediction of concentration fields / profiles
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Chenu, Sébastien, et al. "Tuneable
nanostructuring of highly
transparent zinc gallogermanate
glasses and glass-ceramics."
Advanced Optical Materials 2.4
(2014): 364-372.
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o Porous single crystals (250-500 nm)
A Densified crystals (100-150 nm)
< Flutfy amorphous material
o Highly faulted large crystals (500nm)
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Kinetic origin of diffusion
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Microscopic origin of diffusion: thermal fluctuations A
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Molecular diffusion at microscopic level = thermal motion of particles at finite temperature

Disordered media (liquids, gases) Crystals

Ideal gas
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In this lecture: only silicate liquids (melts and metastable liquids)

https://en.wikipedia.org/wiki/Brownian_motion#/media/File:Bro https://en.wikipedia.org/wiki/Thermal_fluctuations#/media/File:

wnianmotion5particles150frame.gif SAINT-GOBAIN RESEARCH Chemical_surface_diffusion_slow.gif
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Solutions of the diffusion equation //“\
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C(z,t =0) = Cpo(x) n(m,t)znoerfc( - )
C, > 2v/Dt
C(x,t) = ——=¢ 1 solutions can be rescaled using a &
AVE D rescaled coordinate \/_
— a way to check that transport is due to Dt
diffusion only
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Fick’s laws of diffusion

First law

Ingredients : random walk + mass conservation

(A’ (Cx+AY) - C(x)) _ 5 0C(x)

J =g =
21 Ax ox
j=-DVC
X  X+AX
v v
D: diffusivity or
e / diffusion coeffcient
LR
°p b o
«“ i » ..... # b o
X ®g o° [ °®
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https://www.doitpoms.ac.uk/tlplib/diffusion/fick1_derivation.php
http://web.mit.edu/biophysics/sbio/PDFEs/L 15 notes.pdf
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Second law \—/

Ingredients : mass conservation

X  X+AX

I i oC
E—V-(DVC‘)

J(x) J(x+Ax)
I ¢ _ pac
ot

AX

Fick 1855

https://en.wikipedia.org/wiki/Fick%27s_laws_of_diffusion
Zhang, Youxue. "Diffusion in minerals and melts: theoretical background."

SAINT-GOBAIN REsarcREVIEWS in mineralogy and geochemistry 72.1 (2010): 5-59. A0 Dl e
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Measuring experimental values of diffusion coefficients A
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From concentration profiles in diffusion experiments
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Self-diffusion: no gradient of species concentration. Can be a gradient of isotope

concentration.

Tracer diffusion: (very) small concentration and gradient of minor element. Diffusion-couple

experiment, but very small difference between endmembers.

Chemical diffusion: concentration gradient of major elements (and minor elements if any).
o Binary diffusion: specific case of chemical diffusion, where the initial gradient is only for

2 species. ' ;
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Zhang, Youxue. "Diffusion in minerals and melts: E ‘g .
theoretical background." Reviews in mineralogy and .3 | el X

geochemistry 72.1 (2010): 5-59. NS : 2 :
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Measuring experimental values of diffusion coefficients -\
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mean square

displacement
600_""I"“I""I"“I""

500 =— pentane
[ = water

Molecular dynamics (lecture of M. Salanne):

access to individual trajectories < ‘3‘22 ;
= 300] i

3 1 5 2 200 -

D; = lim —(|dr, (2) |°) 100/ :

t—oo 6t

0
0 10 20 30 40 50

NMR technique: PFG with propagation (lecture of M. tps)

Deschamps) Rollet, A. L., Sarou-Kanian, V., & Bessada, C. (2009).

Measuring self-diffusion coefficients up to 1500 K: a powerful tool to
investigate the dynamics and the local structure of inorganic melts.

) ) Bullerjahn, Jakob Témas, Séren von Bllow,
Inorganic chemistry, 48(23), 10972-10975.

and Gerhard Hummer. "Optimal estimates of
self-diffusion coefficients from molecular
dynamics simulations." The Journal of
Chemical Physics 153.2 (2020): 024116.
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Einstein relations o
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Dz' — ]\J.;J{JCZ-")/Z mobility Mz' — ’U/F
The diffusion of different kinds of species can be 03/ Q \o | Na* modifier
investigated through different physical quantities. | re ‘3”‘” ph orsbiliing

BO | oxygen (NBO)
o N \Q/aj// ’

Charged particles: Nerst-Einstein relation (lecture of N4 Q\ |
Mohamme]STMaIkl) — O BOQQ . "‘_;9

D = qu g: charge of ions ’ ) ; O 4 ey eeenf)

9 %\AP,CN"‘
Viscous liquids: Stokes-Einstein and Eyring relation Na* compensator
(lecture of Daniel Neuville) — 3 J;‘-a\s. —
p_ kT D_ /f_T n: viscosity '
brnr 2nr  r:radius of particle

from USTV website

or bond length D. Neuville
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Fitting experimental diffusion profiles
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Fit known parametric laws through noisy
experimental points.

n(z,t) = ng erfc(z\fm).

Subject of practical session today

Importance of :
e spatial resolution and number of
points
e experimental noise
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Values of diffusivity
coefficients in silicate melts
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Values of diffusion coefficients in silicate glasses and melts -
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Diffusion coefficients have low values in silicate melts compared to less viscous fluids.
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Figure 2. Ar diffusion data in air (gas) (calculated using relations in Cussler 1997), water (liquid) (Wise
and Houghton 1966), basalt melt (Nowak et al. 2004), rhyolite melt (Behrens and Zhang 2001) and the
mineral hornblende (Harrison 1981).
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Values of diffusivities in silicate melts - influence of temperature A
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Origin of diffusion : thermal fluctuations

0 | % LY & 8 % AW W & B —» Temperature-activated process
2L B"i‘- 4 Arrhenian behaviour of trace diffusivities

x ol ]
=
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~Z 28 }|—+-Ab390r61 .
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Self-diffusion of lithium in various silicate melts

Zhang, Y., Ni, H., & Chen, Y. (2010). Diffusion data in silicate melts. Reviews in ] ) ) )
Mineralogy and Geochemistry, 72(1), 311-408. Tilocca, Antonio. The Journal of chemical physics
133.1 (2010): 014701.
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Values of diffusivities in silicate melts

-16

1/T(K")

Serva, Alessandra, et al. "Structural and dynamic properties of
soda—lime—silica in the liquid phase." The Journal of Chemical Physics

153.21 (2020): 214505.
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Activation energy related to chemical
bonds

Larger for network formers (
bonds) than for network modifiers
(more bonds).

Activation energy :
~ 100 kd/mol for alkali species
~ 300 - 400 kJ/mol for network

formers
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Values of diffusivities in silicate melts - influence of species -
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l ' ' ' ' ; I ' I : ! D depends on strength and number of
| | chemical bonds (i.e. on silicate structure)

D(network modifiers) > D(network formers)

- D(monovalent alkali ions) >

oo (O | D(divalent alkali-earth ions)
AASj
= Al
Na Serva, Alessandra, et al. "Structural and dynamic
E B Ca - properties of soda—lime—silica in the liquid phase."
The Journal of Chemical Physics 153.21 (2020):

214505.

3 2 1 L 15 L Il o | L |5
3.2e-04 4.0e-04 4.8e-04 5.6e-4 6.4e-04 7.2e-04

1/T(K")
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Non-linear diffusion equation

(90 D often considered constant, but

=V - (DVC’) sometimes this approximation
Ot cannot be used

smaller D larger D

(E) Si0,

T T T T 1 :
0 50 100 150 200 250 300-2%0 ~-10 0 10 20

Fonné, Jean-Thomas, et al. "Aluminum-enhanced alkali diffusion from float glass
to PVD-sputtered silica thin films." Journal of the American Ceramic Society 101.4
(2018): 1516-1525.
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Ds; = Dy exp(—pCsi)

D;=10""m2.s7}; t=1h
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Asymmetric concentration profile
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Thermodynamic origin of
diffusion
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Thermodynamic formalism of molecular diffusion

Velocity induced by the gradient of a potential

6[1,7;
J; = C;M; — Opti
2 1 1 D C M
ox 'aC,
H: chemical potential
Ideal solutions
pi = pio + k1" log C;y; D; = kKT M;;

1. activity coefficient (1 for ideal solution)
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Application: phase separation /CA
Gibbs free energy dG = Vdp — SdT + Z p; d.N;
i
, > (0 for convex G
- oL C;M; 0°G
Ci V 8202 \ < 0 for concave G
AG,m 7T rc |
Binodale  °° spinodale  uphill diffusion: flux goes “up”
' 2 the gradient
o® °
%, i ®
o ©

X@g Composition \
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Application: phase separation

Gibbs free energy dG =
0,
D; = C;M; ==
0C;
aG,,m7 rc 1

R&D CENTERS

Vdp— SdT + Zp,- dN;
D C M 82G / > 0 for convex G
' V 820 \ < 0 for concave G
Bino@ale Po Spinodale

1

i

X@g Composition

X, Xs

PARIS

Xs'" Xg@g Composition

SAINT-GOBAIN



TRANSVERSAL

R&D CENTERS
BY SAINT-GOBAIN

Multicomponent diffusion
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Multicomponent diffusion

Diff D(S105)
Couple  (pum’/s)
Si-Ti 19.5 4+ 2.8
Si—Al 15.7+1.5
Si-Mg  30.0+1.7
Si—Ca 28.7+ 2.8
Si-Na rAM_’
Si-K 102.9 4+ 19.5
Ti-Mg

Mg-Ca

Ca—Na

An diss

chemical diffusion:

D value depends
strongly on
endmember

Guo, Chenghuan, and Youxue Zhang.
"Multicomponent diffusion in silicate melts:
Si02-Ti02—-Al203-MgO—-Ca0O-Na20-K20
System." Geochimica et Cosmochimica Acta 195
(2016): 126-141.
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Si0,

2B

CD11, 2/12, 0.7 hours

(b)

-4

0
10%X/Sqrt(t)
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W uphill diffusion

Liang, Yan, Frank M. Richter,
and E. Bruce Watson.
Geochimica et Cosmochimica
Acta 60.24 (1996): 5021-5035.
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Tilocca, Antonio. The Journal of chemical physics
https://www.youtube.com/watch?v=S0UIMspT4jw 133.1(2010): 014701.
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http://www.youtube.com/watch?v=S0UIMspT4jw

Generalization of the diffusion equation to multicomponent diffusion A

&D CENTERS

Flux of one species down its own concentration gradient
j=-DVC

Flux of one species down the concentration gradient of all species

Jz Z D zkvck( )
Example of soda-lime glass
o(X) = =DnanaVCONG(X) = Dnaca VCea(X)—DyasiVCsi(X)
joa(x) = =DcanaVONG(X) — DcacaVCea(X) —Deasi VCsi(%)

e
=
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Diffusion matrix

d | Ceca

)

Saint-Gobain Confidential & Proprietary

CN;\ D Na.Na
D Ca.Na

Dxaca Dxaal Dxasi CNa
Dcaca Dcaar Deasi A Cea
Darca Darar Dasi Ca
Dsica Dsiar Dsisi } \CSi }

SAINT-GOBAIN RESEARCH
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Characteristic of the diffusion matrix: eigenvalues and eigenvectors

Let us define
D=PLP !

with
A1
L= :
/\n—l

the diagonal matrix of eigenvalues \;, and P = (vi,...,v,_1) is
the block matrix of the eigenvectors v; : Lv; = \;v;

With € = P~ 1C and AC = P 1AC,

S,
R&D CENTERS
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Characteristic of the diffusion matrix: eigenvalues and eigenvectors -
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D=PLP !, N
With € = P~1C and AC = P 1AC,

~

oC .
5 —LV°C
~ ~ X
Cilx, I) = ACierf <\/2T,t) :
1.0
0.5F
0.0F
-0.5
-1.0

-4 -3 -2 -1 0 1 2 3 4
----- : o & Propri oas SAINT-GOBAIN




Example: multicomponent diffusion in a quaternary system
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Claireaux, Corinne, et al. "Atomic mobility
a5 08 AL LN af =05 Ph 03 TR &0 =05 07 A 2 in calcium and sodium aluminosilicate
3EM\ \,’ 4 3 % NS ;&bg g gl melts at 1200 C." Geochimica et
31! . 4 gl "‘. o i | Cosmochimica Acta 192 (2016): 235-247.
2F \
_ \o
§ 1+ 1k i ° ¢ |
ok oL® 3
O of i e ©
< N I a o 1
1 i -2t 8 .'\. 4
' ° A
=2r ¢ _Sah -3t 9 9 dp -ﬂ'f + o
WL : ; 3 - _H \ . ° o : %‘b@‘!%e ; : , : 4L ; ‘ ; § y :
" -15 10 -5 0 5 10 15 -15 =10 -5 0 5 10 15 “UTo15 —10 -5 0 5 10 15
z/Vt (pms1?) /Nt (um.sV?) z/Vt (pms1?)
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Dominant eigenvector

CNa.zO 1
A Ccao 1 =l

Cso, ° ) S@ &
1

Other eigenvectors:
involve network formers,
smaller diffusivity value

SAINT-GOBAIN RESEARCH
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Claireaux, Corinne, et al. "Atomic mobility
in calcium and sodium aluminosilicate
melts at 1200 C." Geochimica et
Cosmochimica Acta 192 (2016): 235-247.
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Conclusions

Diffusion is a microscopic phenomenon, with

macroscopic consequences (corrosion of refractories

for example).

The complex structure of silicate melts has strong

consequences about diffusion:

® D(network formers) << D(modifiers)

® Strong multicomponent effects (couplings)

Diffusion is a thermally activated phenomenon.
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