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Diffusion: a little bit of history

1-“Thelaw ” - A. Fick - 1855 _ ] _ ]
2 - “ Solids diffuse in solids ”

Salt in water (Phil. Mag. 10 (1855) 30)
W. C. Roberts-Austen - 1889

“ It was quite natural to suppose that this law for _ _ _
Fe can be carburized by diamond in vacuum at

the diffusion of salt in its solvent must be identical
low temp. (Nature 41 (1899) 14)

with that according to which the diffusion of heat _
“and | can measure it

in a conducting body takes place; upon this law _ _
Au in Pb Phil. Trans. Roy. Soc. A187 (1896) 383

Fourier founded his celebrated theory of heat, and _ _ _
“ The following experiment constitutes so far as |

it is the same which Ohm applied with such _
am aware the first attempt to actually measure

extraordinary success to the diffusion of electricity

the diffusivity of one solid metal in another”
kaconductor ” / \\ /
3 - “Radioactive tracers ” G. Hevesy - 1921

210Pb in Pb J. Groh and G. v Hevesy Ann. Phys. 65 (1921) 216




Fick’s first law of diffusion

Fick proposed a relationship of diffusion of matter
similar to Fourier's equation for heat. He proposed
that the flux of particles is proportional to the gradient

In concentration of particles. In one dimension this is
written: /
Gradient
i~ _D dc T | | dcrdx
? /
The flux density j of particles has units e.g. #/(cm?s)

or mol/(cm?s) X —
The concentration is given in e.g. #/cm? or mol/cm3

The diffusion coefficient (or diffusion constant) then
has units cm?/s

The minus sign states that the flux goes down the
concentration gradient. The negative of the
concentration gradient may be taken as the driving
force.




Fick’s first law of diffusion - comments

j=—D
dx

» Fick’s first law is a phenomenological — or empirical — expression; It
describes a flux in terms of a concentration gradient and a
proportionality coefficient — the diffusion constant, or diffusivity.

 However, Fick’s first law applies strictly only to neutral non-interacting
particles. Examples comprise dilute solutions of interstitial atoms, e.g.
atomic H in metals.

 For other situations, the coefficient in Fick’s first law is not a constant.

* D in Fick’s first law has not been given any physical meaning up to now.
In the next, we will give it more content.

* Fick’s law is useful because, in experiments, it is easier to determine the
composition




Diffusion: how atoms can move in a cristal ?

Because of point defects
(lattice perturbation with a size in the order of the atomic volume)

@ns oscillate around a given I@
site of minimum energy (mean vibration

energy ~ 3KT) but their movement is
limited by their neighbors except if a
vacant site exist in their vicinity

The diffusion rate depends on the jump

frequency and the vacancy
concentration

Imen

If the solute atoms are smallerg

the atoms of the matrix, they can use
interstitial sites

ciess

Diffusion rate depends only on the

w frequency /




Point defects: examples
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O O O Arrows show the local stress introduced by
@e point defects /
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Diffusion — Thermally Activated Process (I)

In order for atom to jump into a vacancy site. it needs to
posses enough energy (thermal energy) to to break the
bonds and squeeze through its neighbors. The energy
necessary for motion. E_. is called the activation energy
for vacancy motion.

A N
/

Energy

Atom

Schematic representation of the diffusion of an atom from
its original position into a vacant lattice site. At activation
energy E_ has to be supplied to the atom so that it could
break inter-atomic bonds and to move into the new

position. 10

D, = BTa’ = fa’v,exp| — Ak?_’“

oxg] - En.
KT

D, = fa’v, exp Aim

D, =D, exp _En
KT
LS. geometrical factor
a: jump distance
1,. attempt frequency (~1013s)
AG,: free enthalpy of migration
E,,: migration energy

Dy~ 102cm? st

Diffusion assisted by defect
D= Pq Dd
n, E,

=4 =C, =exp| ——
Pa =~y =Ca =&Xp — =

E. +E_

pg=probability of defect

D =D, exp| -




Variation with temperature

/ D=nTIa’ \
AH

AH = AH; + AH_, (= Q activation energy)
AH. = enthalpy of formation of the defect

AH_ = enthalpy of migration of the defect

pure Interstitial: AH = AH_,

\ Vacancy: AH = AH_, + AH; /

[ AG = AH - TAS
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Arrhenius plot

D, Diffusion coefficient of the defect




Correlation

ﬂ\uto diffusion: D = C,Dy \

Tracer diffusion: D*=fD =fC,D,

f = correlation factor

P2

O
)
O
O

e.n'
-]
O
O
O

—r

~

= f=1 for interstitial mechanism . ;

O
)

fad

= f<1 if diffusion vehicle: vacancy,

divacancy, self-interstitiel Q

= f. complex function of T and C for alloys

- Nastar et al , Phil. Mag. 2000 O O
Table 7.2. Correlation factors of self-diffusion in several lattices .O Q
Lattice

O
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Mechanism Correlation factor f
1d chain vacancy 0 (&)
honeycomb vacancy 1/3 . . L . .
2d-square vacancy 0.467 F.'lﬁ. 3.7 Schemanc depicting correlation effect for dif-
2d hexagonal  vacancy 0-56006 fusion in a 2-D hexagonal lattice. Afier the atom ar 1
diamond vacancy 1/2 . . -
simplo cubic  vacancy 06531 cxchanges with the vacancy at 7, there is a finite prob-
bee cubic vacancy 0.7272, (0.72149) ability that the next jump will return the atom to its ongi-
f bi racancy 0.7815 o - : FR T .
o one vacaney o nal position. If the atom is chemically indistinguish-
fee cubic divacancy 0.4579 . .
bee cubic divacancy 0.335 to 0469 dble from the host lattice atoms, as for a tracer atom,
fee cubic (100) dumb-bell interstitial 0.4395 this pnmhﬂhlli!}-‘ is 1/6 1n this lattice.
any lattice direct interstital 1
diamond colinear interstitialcy 0.727
Cal2(F) non-colinear interstitialcy 0.9855
CalFs(Ca) colinear interstitialcy 4/5

CaFs(Ca) non-colinear interstitialcy 1




Diffusion: atomistic approach

4 N

p: probability to find a defect

D = pyla?

a: jump distance

I': jump rate

Everything which affects

\\ I" and p will affect D /

The mass transport is
characterized by the flux

Quantity of atoms which pass
a surface unit in unit of time

Nernst Einstein relation:

1=k
N /

kT

-

(a)




Diffusion flux, mobility, Onsager

J (at s71): particle flux = number of particles that are going through a surface unit

(section) per time unit

J=CMF = LF Jproportional to the number of particles (C) and to their
mobility (M) or J proportional to L (Onsager coefficient)

CD
J = ﬁ F C: particle concentration in the matrix, F: driving force
D= |\/|kBT M: mobility of uncharged particles in a given matrix,
1/M: friction coefficient, v=MxF = particles’ velocity (m s72)
_ LkeT
C D (m? s71): diffusion coefficient

If several mechanisms and/or diffusion
paths with different mobility:

,Ji — ZCK M y Fk k: mechanisms,
K paths

If several components (elements,
vacancy...), Onsager equations:

J. = Z L;F; i components
j




Driving force: an example

1

Hg

Driving force =

difference of chemical potential
0
F__Ou
OX
2
Mg
B Nernst Einstein equation
j= CD ou
T #B™ By \ KT ox /
A-rich  B-rich A-rich  B-rich
Down hill “classical” Up-hill diffusion
diffusion (spinodal decomposition)

Chemical diffusion in binary system

N




Diffusion flux and diffusion equation

. . . ) d i
Driving force = minimum chemical potential = F = —d—’{
X

“—” = atoms diffuse in the direction of decreasing chemical potential

J=— CD du Nernst-Einstein equation
F{'BT dx Thermodynamics

CD o0 oC oln oC
J=-==2 (KT In()C))=-D(= 1+ ——L)) =-Dd ==

KT oOx OX oInC ! OX

@ is called the thermodynamic factor solution Kinetics

D,=®D is the intrinsic diffusion coefficient

Assuming D = constant and an ideal solution (or non-ideal diluted solution)
= y=1, u=kgT In(C)

= 2 —
dC _ d-C Fick’s equation = random motion
(i - n’ﬁ‘l diffusion depends only on concentration

If the composition is constant = y=1, = kgT In(C)




Defects in oxides: Kroger-Vink notation

Schottky and Frenkel Defects:

Schottky defect : vacancies on both cation and anion sub-
lattices. Because mass, site, and charge numbers remain
balanced, these vacancies are always in stoichiometric ratio.
Loss of ions within crystal lattice: density of the solid decreases.
Frenkel defect : vacancy on either cation or anion sub-lattice
along with an interstitial site. Frenkel defect pairs maintain a )
balanced mass, site, and charge stoichiometric ratio. Since ions B

remain withinin the lattice, the density remains the same. Anti-site in CuAu
Y X

Aup, +Cuc, = Aug, +Cupy,

C
Kroger-Vink Notation: Ms

M corresponds to the species, which can be ions (Na, Ag, O,
Cl...), vacancies V, electrons e and electron holes h.

S indicates the lattice site that the species occupies. For
instance, Au might occupy a Cu site. The site may also be a

lattice interstice, in this case the symbol « | » is used. Schottky disorder in NaCl

C corresponds to the charge of the species relative to the N i
occupied site. To indicate zero charge, x is sometimes used. ¢
indicates a positive charge, while ’ signifies a negative charge.
AgAg :VAg + Ag|.
Defect reactions: imperative to keep mass, site, and
charge balance in each reaction (mass conservation and electro- w
neutrality). Ag  or

Frenkel disorder in AgCl



Nernst-Einstein equation for charged particules

General transport equation:
linear relation between flux J and driving force, gradient of electrochemical potential n,
both chemical (y) and electrical (¢) potentials can act as driving forces (L: Onsager coefficient):

J=-LVp=-LVu-LE V¢

Uncharged species: only chemical potential term relevant, process reduced to pure diffusion:

J=-LVu-= —EVC
C Dc

Comparison with Fick's first law permits to identify: L= ﬁ

Conversely, if no noticeable chemical potential variation: electrical field remains only driving force.
Fulfilled for solids with high charge carrier concentrations:

metals, fast ion conductors, highly doped systems! J= _LFaV¢
Converting the particle flux into a current density: i=FJ=-LF,°V¢
2 2 DC
Ohm’s law: LF,? corresponds to electrical conductivity o=LF"=F ﬁ
Electrical conductivity o: F, Faraday constant (96500 C/mol), u mobility, c concentration
o =F,uc
F.D
Nernst-Einstein equation between diffusion coefficient and mobility (in cm2.s-1v-1); | U = RT




Definition of various diffusion coefficients

GComposition IS constant \
Self-diffusion coefficient: D,
Tracer diffusion coefficient: D,* D,=1-D,
2
Correlation coefficient: f (Z: coordination number) f zl—f

\Defect diffusion coefficient: D4 ([d]: molar fraction of defects) D, = Z D,[d] /
d

2. Composition changes (chemical diffusion)
Intrinsic diffusion coefficient: D ag D, »s = D, @

Chemical diffusion (interdiffusion) coefficient: D [) = x,.Dg a5 + Xg.D g
Darken equation: | |

Integrated diffusion coefficient (Wagner, Van Loo) — j DdN ,

3. lonic systems (ceramics)
Ambipolar diffusion: transport limited by the slower component (electroneutrality)

In oxides with predominant electronic conduction (transference number: t,,>>>t,):
D=t,D,.®
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Fabrication of a glass

Glass = metastable phase

Enthalpy or volume

1
]FSJOW 7;-!65!
Temperature ——

Volume (or enthalpy) versus temperature diagram of

a glass-forming liquid

B—

Temperature

Melt

under- Start and
cooled end of

melt /crystallisalion

Glass transition

log (Time) ——

Schematic time-temperature-transformation

diagram (TTT diagram) for the

crystallisation of an undercooled melt




Different types of glasses [Mehrer 2007]

Vitreous silica (S = SiO,)
Soda-Lime Silicate Glasses (NCS = Na,O-

CaO-Sio,).

Borosilicate Glasses (BS = SiO, -
Lead Silicate Glasses (PbO - SiO,)

Aluminosilicate Glasses (AS = SIO, - Al,O,)
Non-Silica-Based Glasses (B,0;- and P,0O;-)
Amorphous Semiconductors (Si, Ge, P, As,

tetrahedral glasses).

Metallic glasses (Pdg,Si,, NigyP,o, and

Fe 40N 0P 14Be)

Bulk metallic glasses (Zr-Ti-Cu-Ni-Be,

Pd,;5Cuy7NiygPy0)
Bulk amorphous steels
Organic Glasses

Natural Glasses (obsidian, fulgarites,

Impactites)

) ‘: ) a[ :__ ) . .'-:-/:_-_- y .
../' ™~/ A B ‘AKL'
k f}’i’/ A"‘/ ‘;\%\fi\r

\—'—\Q \//\‘\\!

Structure of a binary
metallic glass
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Structure of a soda-lime
silicate glass



Different types of glasses [Mehrer 2007]

Vitreous silica (S = SiO,)
Soda-Lime Silicate Glasses (NCS = Na,O-

CaO-Sio,).

Borosilicate Glasses (BS = SiO, -
Lead Silicate Glasses (PbO - SiO,)

Aluminosilicate Glasses (AS = SIO, - Al,O,)
Non-Silica-Based Glasses (B,0;- and P,0O:-)
Amorphous Semiconductors (Si, Ge, P, As,

tetrahedral glasses).

Metallic glasses (Pdg,Si,y, NiggP,o, and

Fe4oNi 0P 14Be)

Bulk metallic glasses (Zr-Ti-Cu-Ni-Be,

Pd,;5Cuy;NiygPy0)
Bulk amorphous steels
Organic Glasses

Natural Glasses (obsidian, fulgarites,

Impactites)

) ‘: ) a[ :__ ) . .'-:-/:_-_- y .
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Structure of a binary
metallic glass
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Structure of a soda-lime
silicate glass



Stability of a glass

Diffusion experiment = heat treatment = evolution of glass

$

— exothermic

T T T | T T :I T
/ endothermic

T ['C]

s | :
Et | Z E %
— '9 ﬂ P
k) E 3 =
g E 5 i
ks | i é
| GLASSY F  UNDERCOOLED
. STATE % LIQUID STATE
!
- 'O |
1 | 1 L 1 | L L L L | L |
400 'f"g 500 600 700

Differential Scanning Calorimetry (DSC)
thermogram of a 0.2(0.8Na200.2Rb20)
0.8B203 glass measured at a heating rate of

-

10K/min from [Imre et al 2002]. The glassy and
undercooled liquid state are indicated.

imen

Enthalpy or Volume

Temperature ——»

Schematic illustration of structural

relaxation in the V-T (or H-T) diagram of

a glass-forming material




Questions about diffusion in glasses ?

Different behaviours below and above Tg? ‘*:./g\;,{;f—-g?z’g\ .

Liquid or solid behaviour?

. . Q ) ‘:b \,// {xx
Same behaviour for metallic glasses and I \ /,l \f

oxide glasses ? For all glasses?
J J Structure of a blnary

metallic glass
Same behaviour for the different

constituting elements? 1 30 £ 0% _Soon O
"y o # o ‘v‘ g
. . 4 Q e 2] « @
Arrhenius behaviour? 208 $0.08 00 O
— é g ‘ ° .'
Type of defects? 0980 ¢ N s
7 4 p! "‘.’ .' @ “ &
o si o @ Ne' @ ca”

Structure of a soda-lime
silicate glass



Difficulties in measuring diffusion

4 N )

Difficulties [Chakraborty 1995, Pablo
2017, Claireaux 2014]

Sample preparation: bubles, shape, I
fragility...

Handling
Structural relaxation
Convection

Time

1T (K)

Relationship between thermal

history and glass transition
[Chakraborty 1995]

an




Diffusion in metallic glass : effect of relaxation

l L
0
‘E N
=3
Foll.
[ L
o
il \
= B
= :\
e
u U
T
) 1h
5
2h
15h 8h 4h X
Z25h
15h,R
121h 25hR | ;
0 50 100

Xft (nm?/h) —

Diffusion profiles of 59Fe in as-quenched Fe ,,Ni, B,
metallic glass measured after various annealing times
at 593 K. (R = relaxation annealing before diffusion).

[Horvath et al 1985]
imen

2 -1

<D>[m"s ]

107°

102

Time-averaged diffusion coefficients of 59Fe
in Fe,oNiygB,, for various annealing times at

Time averaged diffusivity:

Instantaneous diffusivity:

\ D(t):D+tH

-21 |,

t[h]
0 10 20 %0
N\ 613K ']
t T — % e 8 g = = . DR (613K)
8
\'\\1_“ o 593 K
T . . b (593K
|
t[h]

593 and 613 K. [Horvath et al 1985]

D(t) = % [l Dty

dD

/

- The diffusivity changes with time = D, ..eq (Dr)




Arrhenius behavior in relaxed glasses

Arrhenius-type temperature
dependence for structurally
relaxed glassy state ?

AH
ksT

- narrow height distribution of
jump barriers in the disordered
structure of an amorphous alloy?

Dr = D%xp <—

- compensation effects between
site and saddle-point disorder?

- Collectivity of the atom-

transport mechanism leading to
an averaging of disorder effects
in the atomic migration process

T[K]
.. 1000 800 600 500
10 ; ' T T T
- = A CoinCoyZr,,
216 | x FeinFey Zr
107 ¢ ¢ Bin Timrgxumg
: + Bein TigNi,,
— -18 [ A FeinFe, Ni, B,
o 107 :
£
Q 10
o0 . Siin Fe40Ni4oBzo
10™ o CoinCoFeNi Si BHE
LO Auin Coang11
’ 0_24 - Tain Co_Fe Ni, Si, B, | | |
0.8 1.0 1.2 1.4 1.6 1.8 2.0
1/T[10°K ]

Arrhenius diagram of self- and impurity diffusion in
relaxed metal-metalloid and metal-metal type
conventional metallic glasses [Faupel et al. 2003]

-> Arrhenius behavior in most cases (up to 8 order of magnitude)

2.2




Diffusion in unrelaxed glasses

« Two different Arrhenius 10
variation below and above a
‘kink temperature’.

10
« Higher activation enthalpies _—
and pre-exponential factors @ 0
in the supercooled liquid E 10
state than below the kink S
temperature. 102

« Higher kink temperatures
separating the glassy and
the supercooled region for 10
faster diffusing elements in
the amorphous state

imen

T[K]
700 650 600 550 500
I | | +  Be 3

e B
Ni

= Co

v Co
Fe
Al

s Hf

- é{ .

14 15 16 17 18 19 20
1/T0° K

Arrhenius diagram of tracer diffusion of Be, B,
Fe, Co, Ni, Hf in the bulk metallic glass
Z1 46 75 T1g 255CU sNijoBe, 5 (Vitreloy4) [Faupel et
al. 2003]




TIK]

Relaxation and diffusion| e, 80 60 s

Difference between as cast and preannealed
samples below Tg

» Sufficiently long annealing times - relaxation
into the supercooled liquid state

» Below the calorimetric glass-transition
temperature the diffusivities obtained after
extended pre-annealing are smaller than

] i T ——
those of the as-cast material 15 16 17 18 19 50
« In the high-temperature region the diffusivities T [10°K™]
of the as-cast and the pre-annealed material Arrhenius diagram of tracer diffusion of B and Fe in

coincide. Zr 4675 g 5CU7 sNijgBey; 5 (Vitreloy4). Open
symbols: as-cast material; filled symbols: pre-annealed

 Furthermore, the diffusivities in the relaxed material [Faupel et al. 2003]
material can be described by one Arrhenius
equation, which also fits the high-temperature
data of the as-cast material.

-> the kink in the temperature dependence of the
diffusivity is not related to a change in the

difftusion mechanism but depends on the thermal
history of the material. It is caused by incomplete
relaxation to the state of the undercooled liquid. e T

Temperature ——»

Schematic illustration of structural relaxation in the V-
I n T (or H-T) diagram of a glass-forming material

I relaxation
|

Enthalpy or Volume ——»




Correlation between D, and AH

1015 ————— Bulk metallic glasses [m ]
- ——— Conventional metallic glasses ,
—— — Crystalline system ,’.’
8
« The experimental values of D, and AH — 10 :
have been found to obey the following Ng :
correlation “Meyer-Neldel rule”: = 10°
£ [
AH :
Dy = Aexp N3 10 |
) ) ) ) ) ) 16 | ,
« Also valid for self- and impurity diffusion in 10 50 1 5 3 4
crystalline metals and alloys involving AH [eV/atom]
both interstitial and substitutional diffusion
. Correlation between D, and AH for amorphous and
* Very d'ﬁerent values for A and B for crystalline metals. Solid line=conventional metallic
crystalline (A= 107" m2s™1, B=0.41 eV) glasses; dotted line=bulk metallic glasses; dashed
and amorphous metals A= 10719 - 1020 line=crystalline metals [Faupel et al. 2003]

m2s~1, B=0.055eV.

- different mechanism for metallic glasses and for the
Interstitial or vacancy mechanisms operating in crystals.

imen



Pressure Dependence

» Pressure dependence of diffusion 2>
activation volumes - diffusion
mechanisms of crystalline solids.

. Intersitial diffusion : V¢t = VF ~ 0.1Q

 Defect-mediated diffusion

e Activation volume = sum of the formation
and migration volumes of the vacancy:

Vact — VF + VM
« Typical values of AV for vacancy between
0.5 Q and 1 Q (=atomic volume)

16
10

5)(10-17
800 K

AV=0760

D (m?/s)

2x16"

%8 au diffusion in Au single crystals

10 a 2000 4000 6000

p (10° Pa)

Pressure dependence of 1°8Au diffusion in Au single crystals at
constant temperature. Q = atomic volume of Au [Mehrer 2007]

et o _p T dlnD
~ —kp —ap

el

AG = Gibbs energy of activation
DO = pre-factor without the entropy term.

AG = AH — TAS = AE + pAV — TAS

AH = activation enthalpy of diffusion,
AS =activation entropy,
AV =activation volume,
AE = activation energy.

V= oAH AH = AE + pAV

—(AE + pAV ))
D=D exp(
0 kT

D, = D° exp(AS/kp)
For single-jump diffusion in a crystalline solid
Y ln(fgazvo)>
T

Y,

dinD
VaCt = AV = —kBT (%) + kBT<




Pressure Dependence in metallic glasses

Two categories for pressure dependence of

diffusion in metallic glasses 20

107
Systems with almost no pressure dependence:
activation volumes close to zero

« for metallic glasses, which mainly contain  gyq0™
late transition elements and for tracers of .—

similar size as the majority component. 2 |

| E, g I S o . ¢

« No vacancy-mediated Q T I T I T
. diffusion mechanism without formation of ~ 2x10™ e

a defect.

Systems with significant pressure

dependence: activation volumes comparable 10
to those of vacancy-mediated diffusion in

crystalline solids

=21

0 200 400 600 800
p [MPa]

» for Zr-rich Co-Zr and Ni-Zr metallic Pressure dependence of Co diffusion in Cog,Zr,q

glasses. at 563K. The dashed line would corresponds to
« formation of diffusion mediating defects an activation volume of one atomic volume
which are delocalized? [Faupel et al. 2003]

* molecular dynamics simulations for Ni-Zr
glasses = diffusion by thermally activated
collective motion of chains of atoms

-> migration volume of chainlike motion with
a significant activation volume? [ N




Isotope effect

Isotope effect measurements - atomic mechanisms of diffusion in crystals

= 1300k

fi1, fiz: correlation factors

Di*l = Awj1 fir kaz = Awjz fiz

k *
fii = % fin = v N Diy =Dy . wi — Wi
l l — Y =
wi; +u wi; +uU D}, ‘ Wiy
M 0
— .0 —G; GM — M — oM Wi1  Vip
wi—viexpﬁ i1 — Yi2 — T .0
B Wiz Vi
0 * * *
' (Di1 — Di3)/Diy

Vi1
Einstein > —g = VMi2/my >
v VM /my — 1

i2
Classical statistical mechanics =

in [c("*Au)c(*®Au)]

DX — D:)/D:
( 11 12)/ 2 =fAK=E

i2 i1

Wiz
O0<EXLI1
2
- 0 X Ty
Experiments - C; =C/'exp " Null effect
4Dt § el
f
Ci1 (D, — D) In [c("*Au
In (—l> = const — ( H - L2 In(C;;) le(™Au)]
Ciz Diz Simultaneous diffusion of the radioisotope
pair 199Au and 195Au in monocrystalline Au

i/Bn E =~ 0.7 = f;y = 0.78 2 mono-vacancy [Mehrer 2007]



Isotope effect

Mechanism with n atoms moving collectively

during one jump event 107

n 245? 83vCu Nl Bem5

A Zr Cu 1GP«IT5

m;; > (n—1)m+my,

vlpl (n—1)m+ m;,

vy (= Dm+my
(Di*1 B Di*z)/D;z

J@—Dmtma) /(= Dm+mg) 1

E =

Isotope Effect Parameter E

Almost vanishing isotope effects for Co diffusion in

. . . -05 . : . . L . . . ) . .
various relaxed, conventional metallic glasses. 600 620 640 660 680 700
- Small isotope effects - strong dilution of the mass TIK]

dependence of diffusion due to the participation of a

large number of atoms in a collective diffusion process. Isotope effect parameter as function of temperature for Co

. diffusion in bulk metallic glasses [Faupel et al. 2003
- Small isotope effect also for the deeply undercooled HSION I B 9 [Faup ]

liquid state of bulk metallic glasses.

E for as-cast metallic glasses ~ E for crystalline

- Collective nature of diffusion processes in metallic metals

glasses
- excess volume quenched-in from the liquid

—~>No change in diffusion mechanism at the calorimetric state

glass transition.

- quenched-in quasi-vacancies in unrelaxed

i/_an glasses = diffusion vehicles during anneal




Atomic Mechanisms &

) - Zr
« Experiments and computer simulations > different - :',Ni
diffusion mechanisms in metallic glasses and in crystals. !
« High temperature = liquid-like viscous flow via atomic (]S
collisions

"~ le—1nm—>|

« Low temperature= thermally activated transport
characteristics of solids.
Chain-like collective motion of atoms in a Co-Zr metallic
glass according to molecular dynamics simulations by

« Simulation and theory - change-over occurs at a critical _
Teichler [Faupel et al. 2003]

temperature T.

+  Well above T.: TIKI
» collective motion of chains and rings of atoms. 900 800 200 600
* Vogel-Fulcher-Tammann type temperature 107 : . > :
+ i
dependence (downward curvature): T o §
B ] P Bt
n = noexp (7 1072} VL I o
. . ™ |
* Below T, but well above Tg (calorimetric glass — 8 -
1 ] !
temperature): N‘g 10 | LE "
» linear Arrhenius behavior: limited temperature = | n
. . T Q ‘ D from viscosity | -h:tth, 2 m
range of the experiment)... Mainly chain-like %P Bartsch of al, : W, °8
displacements of atoms have been observed 107® Fa 57Co Rtzke of 4l T, AL
in molecular dynamics simulations. o *'CoBartsch et al. R s
y
| ?
L _ _ _ _ 10—
- molecular dynamics simulations: Collective atomic motion 10 12 14 16 18
in a chain-like manner leads to total displacements of the 1TM0™* K™Y

order of one nearest-neighbour distance displacement chains - N _ _
typically involve 10 to 20 atoms, where each atom moves only ~ Tracer diffusion coefficients of P and Co in comparison
a small fraction of the nearest-neighbour distance with viscosity diffusion coefficients of the alloy

9 Pd,5CU,;Ni; P, [Mehrer 2007]



Diffusion dans les verres

Rappel de diffusion
Diffusion dans les verres métalliques
Diffusion dans les verres d’oxydes

Diffusion chimique dans les verres d’oxydes.

D. Mangelinck, Atelier thermodynamique des verres, 11 octobre 2019, Marcoule



Different types of glasses [Mehrer 2007]

Vitreous silica (S = SiO,)
Soda-Lime Silicate Glasses (NCS = Na,O-

CaO-Sio,).

Borosilicate Glasses (BS = SiO, -
Lead Silicate Glasses (PbO - SiO,)

Aluminosilicate Glasses (AS = SIO, - Al,O,)
Non-Silica-Based Glasses (B,0;- and P,0O:-)
Amorphous Semiconductors (Si, Ge, P, As,

tetrahedral glasses).

Metallic glasses (Pdg,Si,, NigyP,o, and

Fe 40N 0P 14Be)

Bulk metallic glasses (Zr-Ti-Cu-Ni-Be,

Pd,;5Cuy7NiygPy0)
Bulk amorphous steels
Organic Glasses

Natural Glasses (obsidian, fulgarites,

Impactites)

) ‘: ) a[ :__ ) . ' -_:/:_'_' y .
I./ -\-\\_Il \I ’ -\\‘AT;;L'
f--\bw{ &L

g’;\j\ \—'—\Q \//\&\i

Structure of a binary
metallic glass
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Structure of a soda-lime
silicate glass



Diffusion In vitreous silica

« Experiments: 10
* 22Na (170 - 1200°C) by residual activity.
« 30Sj (1110 to 1410°C) by SIMS.
« 180 by gas phase isotope exchange
reaction
« interdiffusion in Sit0, — Si®0, thin-film 107
structure by SIMS
* Network former (Si):
- Ea(Si)=6eV
« =4x1/2x 2.9 eV. (2.9 eV = energy of a N 3
Si-O bond) e 10716
* Network modifiers (Na): Q
« Vitreous SiO, : different Na diffusivities
parallel and perpendicular to the c axis of
low- and high-quartz
» Quartz: effect of the transition for Na
diffusion between high- and low-quartz 10
(575°C):
« Quartz: lower activation enthalpy for
hexagonal structure (high-quartz =
higher symmetry) than the trigonal (low- :
guartz= lower symmetry) 10724 L

—> 16 orders of magnitude !!!

T{K]
1200 800 600 400

300 200

-8

-20

22
Na, llc
-, quantz

\""\
\
45 5 "
Ca, llc\ oo

quartz Na, Lc
guantz

180. gas exchange
vitreous Si':l}2

85 1% interdiffusion,
vitreous SiO,

3DSi, vitreous Si{l‘:2

ENa,

vitreous SiO )

1.0 1.5
T 0% K"

2.0

i/Bn Diffusion in vitreous silica and in quartz [Mehrer 2007]




Diffusion in oxyde:

overview

Diffusion coefficients:
13 orders of magnitude

Activation energy:
0.5-8 eV

Different structures,
Different defects,
different mechanisms

10

Temperature ("C)

-8 2900 2000 1600 1400 1200 1000 900 800 700
— » o —*I— e S SEEEE e _——— - ——— T —
!
Com CoD |
{ar) — » =K » }bALO,
| 50 OmUag 42r5 400 00 "l
E m ) ('u-l('u;‘)
."‘.““ PO, = 1 4 x 107" stm)
2l |
3 lr i Ca0 2r0);
NalUs Y n Y0,
= ’ ' |
C Cm SIC
(single) ‘
E Al n ALO,
[ poy) -
E OmCel)
[ (ag. =02) ¥ !
16 | _
- |
" Sin SiC
= (single)
| 0w ALO,
E ™ (single) ‘
[ C i graphite ( O n tused SO |
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E O n NIO OmnTi0. NinNO
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singie)
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Diffusion in oxide glasses

Five behaviors [Chakraborty 1995]:

» Alkali ions
» Fastest diffusion
« Simplest behavior.
* Weak dependence on composition at high T.
« Mixed alkali effect > decrease of D for intermediate
composition of alkali

* Network modifiers other than alkalies :
« D similar for different cations
« D decreases with increasing silica content
* Mixed cation effect

» Network forming cations (Si):
« Slowest diffusion
« Scale with viscosity
« Strong effect of impurities

* Anions (O):
« Bridging oxygen, non-bridging oxygen, dissolved
molecular oxygen - different behavior

» Chemical diffusion :
« Uphill diffusion (effective-birary-D)
« depend on composition (more strongly than tracers)
» Modification of network - D of network former

T[K]
g 1200 800 600 400 300 200
10 E T T T I T T T T
*Na, Il
“-. quartz
107 F 3
\‘\ 22 a,
456&1, e\ o vitreous SiO,
Ng 100 [ quartz 1
5
180. gas exchange
[ vitreous SiO,
10
I 205 150 interdiffusion, ]
vitreous Si{Z)2
304 . .
: Si, vitreous SiO,
10'24 L L L L L | L L L L | L L L L 1 L
1.0 1.5 2.0
T 10° K"

Diffusion in vitreous silica and in quartz [Mehrer 2007]

Network-former ions Network-modifier ions

Intermediate ions

Si, Ge, B, P, Sb Li, Na, K, Rb, Cs
I n As, In, Tl Ca. Ba, Pb, Sn

Al Bi, Mo, S
Se, Te, V. W




Diffusion of network former and viscosity

« Relation between viscosity and diffusion D (cm?/sec
_ 103 10°° 1077 10°* 107° 10"
« Eyring model 2r—rr—=f—F b !/_ o
i A
kT kT oL oo kT &
= — = — n °
D77 P D77 2 1\ 5kb/?\'.‘ »
: ! : 7 JADEITE MELT //.‘,Eégtb
* N= VISCOSIty 8 shear {(b -
- /@ . 4 s
« A\ =distance between two O or two Si / 1535°C 10

viscosity ®15kb

=

Inm
o

/c

v \/ o OTU-2 .
\/o AN i @ CZ\%EE - 102
AN \ 4 \ 7
| longitudinal

A/ \\m/ - O“J'I 4
i > /{ kb . . ,
N A 2 }— G } viscosity —j— 10
7 /910K IOPSIDE MELT
A s / b - N e, L . i
N I ii ‘3’ Okb“bunn
-;\’/ \7\< 1 TR S S I | T 1 | 1
N . 10 12 14 16 18 20 22 24
~ )7 -4nD
n ~g o O — —
\ . . .
//\ \ The Eyring relationship
NI for silicate melts: The inverse correlation of viscosity

— i (n) and oxygen dilfusivity (D) for the jadeite and
diopside melts. The dashed line E is the relationship
predicted by the Eyring equation with h = 2.8 A

Diffusion of O in silicates (diameter of oxygen ion). [Shimizu & Kushiro, 1984]
[Charkraborty 1995]

MD simulation of Si . . .
diffusion [Kubicki et al 1993] Mobility of network formers controls the viscosity

N (poise)




lonic conduction

* The dc conductivity oy is related to the T /K
diffusivity of charged particles (also called ) T, 700 600 500 400
charge diffusion coefficient or charge 10 e
diffusivity), D, via the Nernst-Einstein
relation:

-
e
T TTI

O-DCkBT
o 2
Nionq ;,,,
Ni,n = Number density of mobile ions, Eo
« g =charge of ions Q

X O-DCT

T
'

o

)

Na

!

M
M3
TTITTTIT TTIT

Ca
* D, from the Stokes-Einstein relation using the

lonic radius of Si (0.042 nm) andthemeasuredm_zﬁ N S T S R N R R B
viscosity (Vogel-Fulcher-Tammann behavior). 6 8 10 12 14 16 18 20 22 24

T
!

=

« At Tg, Ca diffusion < 6 orders of magnitude of 107 K
Na diffusion - divalent Ca ions = much

stronger linkage to the network than Na ions. Viscosity diffusion coefficient, D,, tracer
. . diffusivities,Dy,, D¢4, @and charge diffusion coefficient
. S.ame_ activation enthalp)_/ for.conductlvny D, of soda-lime silicate glass [Mehrer 2007]
diffusion and Na tracer diffusion

- the electrical conductivity of soda-lime silicate (NCS)

i/_an glasses is due to the motion of Naions.



Conduction and viscosity

* In the supercooled liquid field: 10 T T T L B A
difference in the elementary - 2= 3%10" exp(14500/[T-720)]
transport mechanisms involved by S €= 4x10™ exp(13600/T-360)] |
the viscous and ionic fluxes. The
mobility of sodium is poorly . f
coupled to the viscous flow. - o n y
(3 o
« Inthe liquid, the relaxation times ¢ | PN
of the ionic conductivity and the = [ o 10530°° i
viscosity tend towards a single P T,
value, which tends to show that at 5 Mﬂﬁ"’""" -
very high temperatures all the T
mechanisms adopt the same ¢ T
kinetics. -150.4 UTS D!ﬁ [}!7 DiS DI.9 . 1!0 1?1
100 T (K"

More details - Chakraborty 1995,
Pablo 2017...

imen

Evolution of relaxation times of viscosity (),

conductivity (z,) and NMR (z,.) with temperature.

[Pablo 2017]
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Haven ratio

« Haven ratio based on the assumption that bo o 2F >
only Na ions are mobile: o5l ; IJF ;
D;i, S A ST B
H — 0.4 [
R™ p § L. ¢ : :
g % 0.3 i s 8"
2
« Haven ratios (Hg = 0.45 and 0.33) for the two 02
soda-lime glasses are temperature- - Sadalm glas (tandard glas I
independent - the mechanism of Na I
diffusion does not change with temperature. 415 16 7 18 19 20 21 22
: - : : 10K
* Havenratio <1 <=> mobility of sodium is Haven ratios of soda-lime silicate
correlated with the ones of the other glasses [Mehrer 2007]
elements 1 e 1

- Rb borate (20 mol%)

» Decrease of the Haven ratio with temperature
of Rubidium borate glass = increase of the

05} - A

. . ) £
number of ions that participate in the *
collective jump events of ionic motion. 02}
0'1150 170 190 210
10°/(T/ )

Haven ratios for 0.2Na,O 0.8B,0O; (upper line) and
I n 0.2Rb,0 0.8B,0; (lower line) glasses as
functions of reciprocal temperature [Mehrer et al 2016]



Conductivity and concentration

« DC conductivity of sodium borate glasses (YNa,O(1-
Y)B,0; = NyB,_y) increase with Na concentration:

* Arrhenius behavior

* Increase of several orders of magnitude for
increasing alkali content

« conductivity determined by the number density
of mobile ions and by their mobility.

« At 523K, conductivity increases 5 to 6 orders of
magnitude for alkali content between 0 and 0.3
—> large increase in mobility (supported by Na
tracer diffusion studies).

« The smallest alkali ion = the highest conductivity:
decrease of conductivity in the order of increasing
ionic radii: Li > Na > K > Rb.

I n 2D modified random network showing the
modifiers channel [Claireaux 2014 ]

T [K]
800 700 600 500 400

YNa,0 (1-Y) B,0,

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

T [10° K
Arrhenius diagram of the dc conductivity

(times temperature) for Y
NyB;.y glasses [Mehrer 2007]

-5

10 E T T T T
TV V0 (1-¥B,O, ﬂ

[ . YNa,0(1-Y)B,0, v
107 F0  ¥K,0 (1-nB,0, gV i
i YRb,0.(1-¥)B,0, Y ]
_ : v, \é E
g 107k o I
2 11 a \7.-?)' ;
b% 10- E B E
i . 1

F .‘ CQ

a3 ]
10 £ v . i
i i 523K -
10'15 L I | L | | |7
0 0.1 0.2 0.3

Y=A,0/(A0+B,0)

Electrical dc conductivity of Li, Na, K,
and Rb borate glasses [Mehrer 2007]




Properties

Properties of sodium borate glasses

(YNa,O(1-Y)B,0, = NyB,.,):

21
The molar volume, normalized to the

B content, passes through a shallow < 20 |

minimum and then increases with &
increasing Na content. The changes &
small and do not exceed 10%. n}:s "

In contrast, the ambient pressure dc
conductivity increases by nine 17
orders of magnitude with increasing

Na content (0.02-0.24) - increase 10
of the mobility of Na ions. 08 |

The activation enthalpy of charge o |

diffusion, AH, decreases linearly with
the increasing logarithm of the Na

content. 02

The Haven ratio of Na in Na borate 0
glass decreases from unity at low

Na content to about 0.35 with

increasing Na content

imen

Y Y
002 005 0.1 02 002 005 01 02

- = P Y

180°C

o, [ cm)

AH _[eV]

iv) ] iii)

0.02 005 01 02 002 005 01 02
Y Y
Properties of YNa,O(1-Y)B,0O glasses: i): molar
volume normalized to the B content. ii): dc conductivity

. lii): activation enthalpy of charge diffusion. iv): Haven
ratio H (open circles) [Mehrer et al 2016]



Haven ratio and mechanisms of diffusion

12 -
« Haven ratio depends on the separation parameter (= i | a4
ratio between average Na-Na distance and average '
network distance) atoms 0.8 f
1/3
(dion> . 1-Y ::g 0.6 1
(dnetwork> Y 0.4
- . - -, . . 0‘2
 Hp~1 at low alkali concentrations - interstitial-like
diffusion similar to interstitial diffusion in crystals. 0 0 " . . "
» Higher alkali contents collective - chain-like motions <d.. >/<d >
Na network

of several ions prevail > decrease of the Haven ratio.

Haven ratios as a function of the ratio between the
average Na-Na distance and the average network
distance (separation parameter) for various Na oxide
glasses [Mehrer et al 2016]

« Stronger pressure dependence for tracer diffusivities
than for ionic conductivity - pressure-dependent
Haven ratio - increasing degree of collectivity of the
lonic jump process with increasing pressure.

* Monte Carlo simulations [Voss et al. 2005] : number of —
lons which patrticipate in collective jump events O O . O 0 O
increases with increasing ion content — i.e. with
decreasing average ion-ion distance. For the highest ¢== == == == ===

alkali contents up to four ions can be involved in O ON NO o o

collective motion. - : o : : :
Schematic illustration of a collective jump event in a chain of six

« Similar to diffusion in glassy metals ions. The dark ion represents the tracer, which in a radiotracer
experiment is tagged by its radioactivity. In the lower row of ions
a collective movement of six ions is indicated. In the upper row
the result of a collective jump is illustrated: the tracer moves just

I n one interionic distance, whereas the charge moves six interionic

distances [Mehrer et al 2016]



Diffusion dans les verres

Rappel de diffusion
Diffusion dans les verres métalliques
Diffusion dans les verres d’'oxydes

Diffusion chimique dans les verres d’oxydes.

D. Mangelinck, Atelier thermodynamique des verres, 11 octobre 2019, Marcoule



Diffusion in alloy: Interdiffusion

n

—2n

al

Pelleg, Diffusion in ceramics, 2016
interdiffusion

0008
+> 4

>4

o 2

+* ¢

+ 4

&5 + ¢
.o + ¢
+ ¢

) & 4

Fig. 6.1 A schematic illustration of an intermixing Cu-Ni diffusion couple: a before diffusion;
b after diffusion

(a) | (b) 1
Cu Ni

100% 100% | —_ '
k. / a binary
0% . 0% ~

Concentration profile Concentration profile

concentration

v

Fig. 6.2 Schematic illustration of a concentration profile: a before diffusion; b the intermixing of
the comnonente after diffiicion



Interdiffusion in metallic alloy

Intrinsic flux (crystal lattice frame):

JjBp = —D
(?;r.
vk = —(Vaja + Vaip)

0Cp
dr

vk = V(DL — DY)
I,
Ox

J=—-D!

D = CpVpDL + C,V4DE

g
dx

ji = —B;C; D7

t+togC; 1 =A,B

= B;RT

BD&TF{HEH — (+\TADE + +TBD321) &

_ NiNp d&°G

Jln a;
¢ = RT de

dln N;

ﬂll‘l “¥i

:5‘111 N;

_—

be Tn
P
1 T 0
]
i
|
X | a ' X
]
' |
|
| 1
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I
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”ﬂz _Lf\' destroyed |
it ax !
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FIGURE 2.15
Interdiffusion and vacancy flow. (a ] Compaosition profile after interdiffusion of A and B. (b)

The corresponding fluxes of atoms and vacancies as a function of p sition x. (¢ ,'I Th rate at
which the vacancy concentration \-Luu]d r decrease if vacancies were n eated or
destroyed by dislocation climb.

Porter and Easterling, Phase
transformation in metals and
alloys, 1992

_5 = (;\TADE + ATBD:]L) DS = ﬁDaTﬁcenS




Interdiffusion in metallic alloy

=F

Log idiffusion coefficient, m*s 1)

e =
— i
-1 1 1 1 1
Cu 0.2 0.4 0.6 0.8 M1

Atomic fraction nickel

FIGURE 2.11

The relationship between the various diffusion coefficients in the Cu-Ni system at 1000°C

(After AG. Guy, Introduction to Materials Soience, McGraw-Hill, New York, 1871

Porter and Easterling, Phase
transformation in metals and
alloys, 1992
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FIGURE 2.22

0.2

1.0

0.2 04 06 08 N

o

101

B (observed)

0.2 04 06 0.8 Ni

Interdiffusion in Au-Ni alloys at %00°C (a) Au-Ni phase diagram, (b} the thermodynamic fac-
tor, F, at %00°C, {c} experimentally measured tracer diffusivities at $00°C, (d) experimentally
measured interdiffusion coefficients compared with values calculated from (b) and {c). (From
L.E. Reynolds, B.L. Averbach and Morris Cohen, Acta Metallurgical 5 (1957) 29))



Ambipolar diffusion

Ambipolar diffusion = two diffusing species of different signs

in— —_D*

JA A" Hr knT
9Cp  qCpD%

i — _D* E

JB B oy T kal

Electrical neutrality 74 + 5 = 0

kgT D% —D%  0Cy

E = :
q CaD% +CgpDy 9z
00, 00,
Jja=—D,4 O and jp = —Djp Or
D4 D}
I I y B
Dy =Dp= k

NaD% + NpDjy
Non ideal solution

DY, = Dj; DaDh 4 _p
A—YB = 57 - = LUNernst— Planck
NaD* + NpD,

—> Diffusion controls by the slower species




Diffusion in multicomponent system

Flux of species in multicomponent system (15 law of Fick): J; = — }T‘:lDi,j VC;

Mass conservation: ¥7.,C =1 = X7, V(=0 = VCy =-X11V(;

Flux of : J;= = X721 (D;; — Din) VC; = = X721 DY, VC;  with DI = D;j — Dy

2
Matrix notation (15t and 2" laws of Fick): J = —DN? and 2 =pnv2E

E o 0x?2
N N
D1,1 Dl,n—l
DN =| : - :

N N
Dn—l,l Dn—l,n—l

Onsager relationship for flux in multicomponent system: J;= —Y%Z] L’i‘fka(“’;—;“”)
N N
Matrix notation for Onsager : J = —LaaLx and X = -|p=16

0x 0x PR

/7
Kinetics Thermodynamics




Diffusion in multicomponent system

Diagonalization of the D matrix : D = PAP™!

4 - 0
A=1: 1.0
0 An—l Ll
With € = P~"C and AC = P"*AC =>—==A—= 0.0
at dx osl
~ %0 X ) s
= Ci(x,t) =Cjerf WA =3 ~2-1 0 1 2 3

Concentration du carbone ( a!%)\

x (cm) Fe Si —

grken’s experiment: (a) redistribution of C in a FeC/FeSiC diffusion couply

after 13 days at 1050°C “uphill diffusion” (b) diffusion path




Hélene PABLO « Diffusion chimique dans les

verres borosilicates d’intérét nucléaire », 2017
@ Verres des couples de diffusion

——————————————— Na O CDUple 5203'3i02
'3 couples de diffusion 2
L e e & Bo° % mol.) +—* Couple B,O;-
orientés a
L e e e = = 10 <«— Couple -Sio,
30
X295
1’ \
- ‘\ VY
/N --.._SBNBB-,16

\\. ] (N AN
__ \ q&lﬁr }\g
. )-

SBNGB-ZO —j /\ h— 'SBN70-16| /
/ s/
SBNBP 20— J"——SBNTU 13

B.O, S e NN Sio,

f

(% mol.) 60 65 70 75 80 oo moly |7

X 19




AC (%mass. )

Hélene PABLO « Diffusion chimique dans les

verres borosilicates d’intérét nucléaire », 2017
Profils de concentration a 800 °C (1,5 h)

Couple Si0,-Na,O

Couple SiO,-B,0, Couple Na,0-B,0,

1.0 1.0 =05 0.0 0.5 1.0
. =1
2/VE (. s7F) 2Vt (um. s7)

Quelles sont les informations a extraire des profils de diffusion?

1) Les épaisseurs de diffusion donnent une information sur la cinétique des échanges
diffusifs.
» Valeurs propres (4)

2) La forme des profils de concentration permet de déterminer les couplages diffusifs et
contiennent des informations sur les mécanismes de diffusion.

» Vecteurs propres (V) | PAGE 18



AC (%mass.)

Hélene PABLO « Diffusion chimique dans les

verres borosilicates d’intérét nucléaire », 2017
Profils de concentration a 800 °C (1,5 h)

Couple SiO,-

Couple SiO,-B,0,

-B203

Couple

~05 0.0 0.5

z/VE (m.s7%)

0.0 0.5
z/Vt (um.s77)

-0.5

0.0 0.5 1.0

2/t (um. s7)

-0.5

« Pas de uphill
« SI0, diffuse aussi
vite que

Uphill de SiO,
Uphill de

Uphill de SiO,
Uphill de

~ Si0, accelere en presence d’un gradient de concentration en
» Couplages SiO,/Na,0 et Si10,/B,0,

Comment quantifier ces couplages?

| PAGE 19



Hélene PABLO « Diffusion chimique dans les

verres borosilicates d’intérét nucléaire », 2017
Résultats des ajustements a 800 °C

Mecanisme diffusif principal

Mécanisme diffusif secondaire

Vecteurs propres (mol)

- 0,10 - 0,75
v ﬁ;{;z Vmax 0.90 Vmin 00
Sio, ’ ’
0,10 B,0; + 0,90 Si0, < 0,75 B,0; + o 1 5i0,

Echanges diffusifs

Couplages forts entre SiO, et

Couplages forts entre SiO, et B,O,

Cinétique échange diffusif principal

Cinéetique echange diffusif secondaire

Valeurs propres
(x10-11 cm?/s)

Amax = 85,7 (+ 25, 8)

Amin = 2,60 (+ 0,28)

Les deux échanges diffusifs représentent les mécanismes a I’origine de
I’homogénéisation du bain de verre en I’absence de convection.

Comment ces deux échanges se produisent-ils?

| PAGE 20




ce Helene PABLO « Diffusion chimique dans les

—  verres borosilicates d’interéet nucléaire », 2017

Na,O |
16 .
19 —— Echange Si0O,-B,0,
17 — Echange SiO,-Na,0
18 — Echange Na,0-B,0O,
18 —— Zhabrev et al.

——— Direction du vecteur propre principal

17
19/ \ — + = Direction du vecteur propre secondaire
! % 16

=/ NN\

21/ T=em /. \ -Hﬁi‘ y
/ U\ 1

VATATAVAR) VAVANS

15

'/“

f v : f : I r 4 7 i f ’ i
B0, 65 66 67 68 69 71 72 SI0,




Hélene PABLO « Diffusion chimique dans les

—  verres borosilicates d’intérét nucléaire », 2017
B Meécanismes de diffusion : Echange diffusif principal

0,10 B,03+ 0,90 Si0; <

Si
O- (NBO) o (20)
@ ,.-

1 tétraedre Q3
+

2 tetraedres Q4

1 tetraedres Q5
+

2 tetraedres Q4

2 tétraedres Q4
+

1 tétraedre Q3

Formation hypothétique de silicium en coordinence 5
dans un état intermédiaire

|. Farnan and J_F. Stebbins, The nature of the glass-transition in a silica rich oxide melt, Science (1994) | PAGE 21
H. Pablo et al., Multicomponent diffusion in sodium borosilicate glasses, JNCS (2017)




Hélene PABLO « Diffusion chimique dans les

verres borosilicates d’intérét nucléaire », 2017
B Meécanismes de diffusion : Echange diffusif secondaire

0,75 B,03 + < 15i0,
l X 2 +
1,5B,0;5 + - 2 Si0, +

*
\ Na* 1 O- (NBO) Na*
o Nl

3(B3* + Na') « 2(Si** + Na™)
[ | T J [ Y J Si 0 (BD}
BO; QN1 - ~

-

O (BO) B

- -,

Dépolymérisation

Changement de réle du sodium
(compensateur de charge — modificateur de réseau)

H. Pablo et al_, Multicomponent diffusion in sodium borosilicate glasses, JNCS (2017) | PAGE 22



CQa Helene PABLO « Diffusion chimique dans les

—  verres borosilicates d’interet nucleaire », 2017

Comportement des valeurs propres

proche de celui de la viscosité et

découplé de celui de la conductivité

jonique

» Diffusion chimique et viscosité
pilotées par la fréquence de
rupture des liaisons Si-O-Si et Si-
O-B

» Conductivité ionique a rapprocher
de l'autodiffusion du sodium

Couplages diffusifs :

» Entre le silicium et le sodium : 0,1
0B203+0,90Si02—~1Na20

» Entre le bore et le silicium : 0,75B
203+0,25Na20-1Si02

Pas d’évolution des vecteurs propres

entre 700 °C et 1100 °C

» Unicité des mécanismes de
diffusion

Log(x) x10°® cm?/s

T (°C)
1200 1100 1000 900 800 700 600
LI _T T T T T T T T T T
21 FmTegme - -
1 " T = =~ — a T
4 < - - /
0 -‘-. -~. - m = - -— -
. 8 N2 Amax
14 " ‘\"'185% > Cl(ﬂ 10 B,05 + 0,90 Si0; < ) |
- I Y
5] &//;,,o ,\ .. / ]
-3 _- \'\gf;)“ ﬁ .
47 Amin \‘\ ®
. (0,75 B203 + 0,25 o 15102) N
5 4 ‘<
1 [Faia ] e
a; =Lta, | i i
] LEREE AR
-8 4 \.\ g
] I " 1 " 1 " 1 - I " 1 " 1 v 1 1

o & N & &b b b N 4

065 070 075 080 085 090 095 100 105 110 115
1000/T (K"

)1

Pa.s
Log(c) (2 .cm’)

-Log(n) (

1
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M -
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_nnnlﬁﬂnr; C. Claireauy, E Gouillard et al

SAINT-GOBAIN
[Claireaux et al., 2016] : quaternary system CaO—Na,O—Al,0;—SiO,

Diffusion couples centered on
64.5%Si02, 13.3%Na20, 10.8%CaO, 11 33%A190’%

AlLO, T
)
AN AC ‘

SN SC
10; FOND  HAUT
CN NC
cs o) NS

Na Ca

—

Al

Ca0 Na,O
SA

W1t% éléments

CA NA

Interface

12 different compositions
A+25%

A lot of diffusion experiments!



_,mrﬂm C. Claireauy, E Gouillard et al

SAINT-GOBAIN

eNa,O HECaO ¢Al,0O4

r gmm) r gnnn) 1 , B B T glnm)

1 -2 -1

AC (%)

7730 -20 -10 0 -30 -20 -10
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[Claireaux et al., 2016] GCA, Claireaux JNCS 2018

Python package to fit and simuliiiim ' : Iii i iiii




_m(EIJL C. Claireauy, E Gouillard et al

SAINT-GOBAIN

KAS d3
KAS 17a

Dominant eigenvector, \; ~ 30.10"?m? s~! M, 0 +MO

Loa2t & Nat C;x
R 2

Second eigenvector (52x less frequent)

(e (S
Ca2*t ¢ 0.5A1F 4 0.58i4+ &3*9 8 <P D)

Third eigenvector (155x less frequent) Si0,

ARt < 0.5Ca%t + 0.58i*

- The dominant eigenvector involves the fast diffusing species (Na)



Diffusion in glasses: conclusions and questions

[ Complex materials = complex diffusion
[ Role of collective mechanisms?
4 )

Thermodynamics / kinetics? D = LG

Precipitation

- 2nd école “Diffusion dans les solides” Marseille 2019
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