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Water in Silicate Glasses |

e how is water accommodated?
o most in the form of OH groups, little in the form of water molecules

o OH groups are formed by reaction between water molecules and the
glass network by the reaction

R-Si-O-Si-R’ + H,O = R-Si-OH + HO-Si-R’

e how much water can be accommodated in glasses?
o depends on several parameters:

O

O O O O

O

purity of the raw materials used for making the glass

chemical composition of the glass

thermal history of the glass

annealing conditions, i.e., temperature, total pressure, water vapor pressure
sample geometry

time of annealing

o sample may or may not be completely equilibrated during annealing,
the latter leading to a non-uniform water distribution

o very large water contents are possible

- (CORNELL




Water in Silicate Glasses ||

e processes involved in the incorporation of water into glass?

o transport of H,O molecules within the surrounding atmosphere to the
gas/glass interface; occurs usually very fast and has therefore in most
cases no influence on the overall reaction rate

o reaction at the gas/glass interface, €.9., H,0 ga5) = HyOgjass)

o transformation of H,O into OH groups within the glass, i.e., the reaction
R-Si-O-Si-R’ + H,0O = R-Si-OH + HO-Si-R’

o transport within the glass, i.e., diffusion of H,O molecules and of OH

groups; usually the diffusion of H,O molecules is much faster than that
of OH groups

e kinetics of water uptake during annealing at high
temperatures?

o depend on the rates of the reactions denoted above and on the
diffusivities of water-related species in the glass

o limiting cases: diffusion control and reaction control

- (CORNELL



How to Measure the Water Content of
Glasses?

® Coy » Cy,0; therefore measure only ¢y

e IR absorption due to OH stretching
vibration at a wavenumber of about
3600 cm—t

e intensity of this absorption is related
to the concentration of OH and to the
overall water concentration

e absorption due to OH groups is
described by the Beer-Lambert law:

m
|z|0 'e_GOH'COH%g

| ~1,-10 o Con ‘s —| 107"
e relation between the absorbance A,
and the concentration of OH groups:

o
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O g5y = molar absorption coefficient related
to the overall concentration of OH groups
present in the glass (€/(molg,-cm))

© &, =thickness of glass sample (cm)

O cfl, = molar concentration of OH

© A, = absorbance

O Com Ch,0 = Mass fractions of OH, H,O

© Mo, My,0 = molar masses of OH, H,0O

O p, = density of the glass (g/cm?)

O 1/l, = ratio between transmitted and initial
IR signal

© g0 = molar absorption coefficient
related to the overall concentration of
H,O in the glass (&/(mol,, o-cm) = 2 g4,

Py

Py
=Ch,0 "&n,0 Ly M
H,0 H,0

4
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FTIR Measurement of the OH-Content
of Glasses

from the Beer-Lambert law:
Mi,o 1 Ag .MHZO

Mylass 2 €oH 'gg Py

Ag - IOglO (Lj
IO

reorganization of the equation for

CH20' 1 Ag MHZO
CHZO'SOHZE'g ' o
g g

change in the H,O concentration
after annealing for the time t:

Ac,, o =Cy,0(t)—Ch,o(t =0)

Ch,0 =

with

| |
0.15 I (Ca0-Al203)0.5(2 Si02)0 5 .
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=
.
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O
T
P = 474 mbar
M 0.05 B0 - 21 .
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v/ (cm_l)
O g5y = molar absorption coefficient related
to the overall concentration of OH
groups present in the glass (&/(molg,-cm))

O &, =thickness of glass sample (cm)

© Cy0 = Mass fraction of H,O

O M0 = molar mass of H,0O (= 18 g/mol)
O p, = density of the glass (g/cm?3)

O1/l, = ratio between transmitted and initial
IR signal




Structural Changes Upon the Uptake of
Water — Structural Relaxation

e structural changes due to the uptake of water:
o water molecules accommodated as such may cause local changes in
the spacing between glass components
o the formation of OH-groups by the reaction R-Si-O-Si-R’ + H,O =
R=-Si=-OH + HO=Si-R’ may also lead to local structural changes

o more important: the dynamical nature of the equilibrium reaction
denoted above

o temporary formation of OH-groups and subsequent formation of

H,O molecules enables the glass network to undergo a structural
relaxation

o long range structural changes can take place, leading to changes in
bonding angles and distances

o for silica glass experimentally confirmed by Tomozawa and his
group that such structural changes occur
e expectation:

all structure-sensitive properties of glasses (e.g., viscosities, diffusivities,
etc.) change when structural changes occur due a water uptake
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Opportunity for Generating Functionally
Graded Glass?

e If the uptake of water leads to useful property changes, water
Incorporation can be used to generate glass with properties
changing as a function of the distance from the surface

o low tech approach

o low cost

e by annealing glass in a moist atmosphere at high
temperature the properties of the near-surface region may be
changed while the rest of the glass remains unchanged

e example of interest here:

o modification of the diffusivity of ions by the incorporation of
water

o can be used to generate a diffusion barrier if the diffusivity of
Interest in the water uptake-influenced region is significantly
smaller than in the rest of the sample
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Silicate Glasses of Interest

e Type I silica (Heraeus Infrasil 302)
o fused quartz made by melting of natural quartz crystals

o average concentration of metallic impurities: about 40 ppm by weight
¢ most abundant: Al (about 30 ppmw)
¢ Ti, Fe and Na present at the one ppmw level
¢ OH content less than 8 ppmw

O strain point: 1075 °C

e Corning Code 1737 glass
o alkaline earth boroaluminosilicate glass
o composition (in mol %): SiO, 69.0 %, Al,O; 11.5 %, B,0O45 7.3 % CaO
5.0 %, BaO 4.4 %, MgO 1.4 %, SrO 1.2 % and As,04 0.2 %, Na impurity
level 600 ppma; OH about 500 ppmw

o fusion drawn substrate glass for flat panel display applications
o strain point 666 °C

e model glasses of the type (Ca0O-Al,O,), ,(2 SiO,),
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Topics of Interest

e questions:

o O O O

O

how fast is water taken up?
which type of kinetics determines the water uptake?
how large are the diffusion rates of sodium cations in general?

how are these rates influenced by water taken up during pre-
annealing and/or during diffusion annealing?

can the uptake of water by a glass produce something useful,
e.g., be used to generate barrier layers?

If yes, how effective are such barrier layers?

e experiments:

O

O

- (CORNELL

Infrared absorption studies on the integral rate of the water
uptake

tracer diffusion experiments with Na-22




Water Uptake by
Corning Code 1737 Glass |

e experiments:

o annealing of glass samples for
different times in wet air (air
saturated with water at 80 °C) at
650, 700 and 800 °C

o measurement of the absorbance [T _—— T '
related to OH groups 1 0.48 | 1737 glass in wet air |
e results: ; el R g e _
o analysis of the time dependence &
of the absorbance shows thatit 2 g4l i
Increases with the square root of § ]
the annealing time S 0.42| 5700 C "
o Indicates that the uptake of water . . a800°C
is a diffusion-controlled process  **° % 200 400 500

[(t/(s)]}/?
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Water Uptake by
Corning Code 1737 Glass

e water content:

o absorbance observed att =0
corresponds to an OH concen-
tration of about 500 ppm by weight

o estimated that the OH concentra-
tions at the glass surface could be
about 20 times higher at 650, 700
and 800 °C in wet air

e kinetics:
o time dependence of absorbance:
Ag(t) = Ag(t:O) + (kabs't)l/2
o k,,s obtained from the slopes in the
plot shown before

o T-dependence of k,,.: activation
energy = 139.5 (* 34.5) kd/mol; to
be attributed to the diffusion of H,O

log1o [Kabs/(s™1)]
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Water Uptake by

Type | Silica Glass (Infrasil 302) |

e experiments:

o annealing of glass samples for
different times in wet and
common air (air saturated with
water at 80 °C) at 1000 °C

o measurement of the absorbance
related to OH groups

® results:

o analysis of the time dependence
of the measured absorbance
shows that the absorbance
Increases as function of the
square root of the annealing time

o Indicates that the uptake of water
Is a diffusion-controlled process

absorbance, A

0.00

annealing of Type I silica
(Infrasil 302) at 1000 °C: |

O in common air
O in wet air

eog = 77.5 E/(amol()H‘cm)
p=2.2g/cm _
dg =1.1mm

0

| ] |
400 600 800

[t/(s)]1/

]
200
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e water content:

Water Uptake by
Type | Silica Glass (Infrasil 302) Il

o absorbance observed att =0 corresponds
to an OH concentration of about 2 ppm by

weight

o estimated that the OH concentrations at the

glass surface could be about 160 and 800
ppm by weight in common and in wet air,

respectively

o OH concentration ratio is in good agree-

absorbance, Ag

ment with that expected based on equili-
brium water pressures at 18 and 80 °C

e kinetics:

0.05 —I
0.04 |-
0.08 |
0.02 |

0.01 |

0.00

annealing of Type I silica
(Infrasil 302) at 1000 °C: |

O in common air
O in wet air

gog =775 Z/(3m010H~crn)
p=22g/cm
dg = 1.1 mm

0

| | | |
200 400 600 800

[t/(s)]/?

o time dependence of the absorbance: A(t) = A, (t=0) + (K gps )2
o values for k_, . obtained from the slopes in the plot shown before

o kK, ps(wet air)/k ,.(common air) = 160, i.e., much larger than the
corresponding P, o-ratio; the reason for this is unknown
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Sodium Diffusion Profiles |

e radioactive tracer (Na-22) always applied as a thin film
e in all diffusion experiments residual radioactivity profiles measured

e after diffusion annealing, residual radioactivity profiles determined,
I.e., residual radioactivity measured after the successive removal of
sample material beginning at the surface where tracer was applied

e different types of concentration profiles observed after diffusion-
annealing, different solutions of Fick’s 2"d [aw apply for c,(x,t)

(i = Na-22)
e residual radioactivity after removal of material of the thickness x:
N Je(x)-dx
. (X)o = X = f(x, t)
X =
( ) Je(x)-dx
0

e in the following, discussion of different cases of relevance

—= CORNELL 14—



Sodium Diffusion Profiles Il

e profiles for Case A:

e profiles for Case B:

e profiles for Case C:

1.0 T T | T 1.0 I T T T 1.0 I | | |
o s . Dpy = 1072 em®/s . Dpy = 1072 cm®/s
08| ?bu;ég cm®/s | = 0.8 \ Dy = 10~ em?®/s = 0.8 \ Dy = 1071 em?®/s
(@} = S -6
1 I N kp=10 "cm/s I (=3 um
X 06 T X 06 t = 3600 s y X 06 t = 3600 s T
& ) \ . & L
\ ——-ideal case \ ideal case
04l - 0.4 \ 1 Xoa4 \ .
X ) \ X \
6 o"‘ \\ OH \\
0.2 |- . 0.2 N . 0.2 S -
\\ \\
0.0 L L ! 0.0 1 Lo - 0.0 ! Lot =y
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(S = S o _ 106 =)
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el | x 08 \ t = 3600 s 1 x 0.6 . t = 3600 s y
< < \ . = .
——-ideal case — —- ideal case
X 04l | 0.4 . 0.4 .
X Na) M
0.2} : 0.2 . 0.2 .
0.0 . ‘ ' 0.0 - e TS
0.0
0 20 40 60 80 100 80 100 0 20 50 50 100
x/(um)) x/(um)
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Sodium Diffusion Profiles Il

e if the samples are homogeneous with regard to their chemical
composition and their structure, the thin film solution of Fick’s 2n¢
law applies

Q X
c.(x,t)= ' -exp | —
60 Jm-D; -t P 4p, 1

e residual radioactivity after removal of material of the thickness x:

Tc(x)-dx
AA()—()O = =1—erf( X }
(x =0) IC(X)-dX 2./D. -t

e in the following, this case will be denoted as Case A

—= (CORNELL 16



Sodium Diffusion Profi

e if the samples are inhomogeneous, different
solutions of Fick’s 2"9 law need to be applied

e considered are samples with a near-surface
region, in which the diffusion rate is different
from that in the bulk, i.e., D;(ns) # D;(bu)

e two cases of interest: surface

o Case B: thickness of the near-surface \
region, €, changes with the diffusion-
annealing time, € = (K, gqat30) "

les IV

0 |
s

near-surface :
region !

Di(ns)

o0 Case C: thickness of the near-surface
region, €, does not change with the
diffusion-annealing time (but with the time
of pre-annealing at a significantly higher
temperature than that of the diffusion
anneal, i.e., € = (K, t,2)"?)

e different solutions for x <€ and for x > €

bulk
region

Di(bu)

e

17 =
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Sodium Diffusion Profiles V

e solution for Case B: erf(xJ
e for x < @: AX <) 4 2Dns 1
Alx =0) erf 1 kp(ﬂ + Db“-exptkp(da) —kp(da)}-erfc 1 %
2 ns Dns 4Dbu 4Dn5 2 Db”
erfc X
o for x > &: AX > 0) 2Dy, -t
AX =9 oricl T [Kowa |, Dm:.exp{kp(da)—kp(da)j-erf 1. Ko
2 Dbu Dbu 4DnS 4DbU 2 Dns

e solution for Case C:

o forx<e€: Ax<y) _orf X __ $ A1 ert (2n+2)- 0 +x _erf (2n+2)-¢—x
Alx =0) 27Dy (Ns) -t | n=0 2,/Dpa(ns) -t 2,/Dpa(ns) -t

o for x > @: AX >0) _ 2a $n -erfc_(zn +1)-L+at(x—0)
A(X =0) a+1 n=0 | 2 /D*Na(ns).t

where o_ |Pra(bu) and y_1-¢
Dra (NS) L+a

—= (CORNELL 18




Sodium Diffusion Profiles VI

e profiles for Case A:

e profiles for Case B:

e profiles for Case C:
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Diffusion of Nain 1737 Glass |

e diffusion-annealing of as-received LT 1
samples in dry and in common air leads _os8} common air
to type A profiles, i.e., to profiles that Tosl = Go0NCE
can be described by a single diffusion = t=60,340 s
coefficient Ol 1

e type B profiles with kinks are observed ozt I
after diffusion-annealing of as-received 0.0, , | —o
samples in wet air (i.e., air saturated 0 50 o/ 1310) 150
with H,O at 80 °C) ol — —

. . . oX diffusion of Na—22 into

e the location of the kink changes with the 0.6 9" Corning Code 1737 glass

diffusion-annealing time S 18N wet air, 1 atm
: : : : : R - N T = 650 °C i

e the kink displacement with the diffusion- = N t=183960s
annealing time follows a parabolic rate O R
law, as assumed for type B profiles <oz}

e the presence of sharp kinks justifies the 0.0},
assumption that Dy,(ns) is constant 0

- (CORNELL



Na Diffusion in Type | Silica Glass |

1.0 p i

diffusion of Na—=2%2

80.8 B as—received Si0z 1

e type A profiles are observed in Na-22 s T-650°C |

diffusion experiments in common and = ¢ 19500

wet air at lower temperatures with as- 5q 041
received samples of Infrasil 302 sl
e if the samples are pre-annealed at higher ool

temperatures (900 - 1100 °C) in common 0 1000 2000 3000
or wet air, kinks are observed in tracer X/um)
diffusion profiles generated at much

lower temperature (650 °C), i.e., type C 0.8 [
profiles are obtained

>
e the location of the kink, €, as a function N
of the pre-annealing time follows a *
parabolic rate law Y

'g ~ pre—annealed
~ in common air
>~ Tp—a = 1000 °C A

~ t =132.7h

~ —-a
~_P

[ diffusion of Na—22
into Type [ silica glass

OO ] ] ] ] ] ]

0 200 400 600 800 1000

—= (CORNELL x/(um) 2] =




Comparison of Bulk Diffusion Coefficients

e a comparison of sodium tracer T/(°C)
diffusion coefficients obtained from 800 700 600 509 400
Type A profiles is shown at the right — -s} .
e sodium diffusion occurs in Type | >
silica glass much faster than in 5 .l |
Corning Code 1737 glass < O Type I silica glass
. ) x : Infrasil 302
e a simple Arrhenius-type temperature az ; O Corning Code 1737
dependence is found the diffusion of o-10y_ .~ | glass -
Na-22 in Type I silica glass (Infrasil 3 D ss! >
302); E, =101.8 + 2.7 kd/mol —— R
: 10 12 14
e change in temperature dependence 71 /(107% K1)

of the diffusion of Na-22 in 1737
glass at the strain point of this glass; e activation energies for Na

two Arrhenius expressions needed diffusion in 1737 glass:
to describe the temperature o high T: 165.5 % 3.0 kJ/mol
dependence of the sodium diffusion o low T: 129.9 * 1.2 kJ/mol

—= (CORNELL 22




Kink Displacement in Na Diffusion Profiles
In Corning Code 1737 Glass Obtained
After Diffusion-Annealing in Wet Air

e discussed before that the integral water
uptake of 1737 glass during annealing in
wet air follows a parabolic rate law, i.e.,
that it is diffusion-controlled

e E,.=139.4 (x 34.4) kd/mol for the water
uptake; is related to the diffusion of H,O

e kink displacement observed in diffusion
profiles after diffusion-annealing in wet
air follows also a parabolic rate law

e E_=195.6 (x 5.2) kd/mol for the kink

displacement

e the difference between the two
activation energies must be related to
structural changes occurring upon the

Incorporation of water
— CORNELL

T/(°C)

800 750 700 650
T T T T

—70F

-75

log1o [kabs/<s_1)]

—-8.0 |

9.0 9.5 10.0 10.5 11.0
T 1/(107% k™)

T/(°C)

800 750 700 650
| I | I

- displacement of kinks in

residual radioactivity

profiles of Na—22 diffusing into
Corning Code 1737 glass

9.0 9.5 10.0 10.5 11.0
=1 /(107% k1)
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Comparison Between the Diffusion Rate of
Na in the Near-Surface Region and in the
Bulk of 1737 Glass

e reduction of the Na* diffusion T/(°C)
rate near the surface due to
the uptake of water

e D, (ns) 100 to 1000 times
smaller than D\,(bu) (ns = near
the surface, bu = bulk)

e only little scatter in the ratio
DNa(nS)/DNa(bu)

e no time dependence of the
ratio Dy,(ns)/Dy,(bu), i.e.,
structural changes upon the
uptake of water must occur

800 750 700 650

log1o [Dya(ns)/Dya(bu)]

O

relativelv fast 9.0 9.5_ 10.9 _10.5 11.0
y T 1/(10 4'K 1)
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Kinks in Na Diffusion Profiles Observed in Type |
Silica Glass Pre-Annealed at High Temperatures |

e occurrence of kinks can be linked to
an uptake of water by the silica glass
(Infrasil 302) during pre-annealing

e water uptake at high temperatures can
be described by a parabolic rate law

e as stated before, the location of the
Kink in type C profiles changes with
the pre-annealing time following a
parabolic rate law, see the figure at
the right

e activation energies for kink
displacements:

© in wet air; 156.9 + 7.0 kJ/mol
© in common air: 183.4 + 6.3 kJ/mol

- (CORNELL
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Kinks in Na Diffusion Profiles Observed in Type |
Silica Glass Pre-Annealed at High Temperatures Il

e conclusions:
o water is responsible for changes in sodium
tracer diffusion coefficients near the surface

o following ideas by Tomozawa, a structural
relaxation occurs upon the incorporation of
water into silica glass, leading to changes of
structure-sensitive properties, including the
diffusion of Na

e activation energy for the diffusion of water
In silica 76 kJ/mol, i.e., much smaller than
that observed for the kink displacement

e activation energy differences to be attribu-
ted to structural relaxation processes
occurring upon the incorporation of water

e good agreement with data obtained by
Tomozawa for structural relaxation in the
form of a relaxation diffusion coefficient, D

—10.5

1200 1100
!

T/(°C)

1000 950 900

1100 1050
T

I T I T
diffusion of Na—22 at 650 °C  _|
pre—annealing at high T:

O wet air
O common air

—-8.5 kO

displacement of kinks
in residual radioactivity
| profiles of Na—22 diffusing into
Type I silica glass (Inflrasil 302) 1

7.2 7.6 8.0

11074k

T/(°C)

1000 900 800

8.4

T T T T
near—surface layer _|
formation (kp):

— wet air

— — common air

--= HgO diffusion > N .

in SiOg (wet air) N

—-- relaxation diffusion ™
(wet air) N, M
!

|
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| | |
"5 80 85 9.0 95
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Comparison Between the Diffusion Rate of Na In
the Near-Surface Region and in the Bulk of Type |

Silica Glass
T/(°C)
e D,,(ns)/D,,(bu) about 1/300 to 1/100 150 10%0 1000 9%0 900

e values for the ratio D,,(ns)/Dy,(bu) scatter
very strongly

e the amount of water incorporated seems not
to have any significant influence

e surprise when plotting the ratios obtained
for different pre-annealing temperatures as a
function of the pre-annealing time: the ratio R =
seems to increase as a function of the T .
annealing time f >

in wet air
e reasons behind not yet understood; may be
related to different processes involved in
structural changes occurring upon the
uptake of water during pre-annealing

e need additional data for shorter and longer

pre-annealing times 10 13 15 18 20
log [tp—a / (h)]
— CORNELL 27 -
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Mechanism of the Diffusion of Na
In Infrasil 302 Type | Silica Glass

e majority impurity: Al (about 30 ppma);
expected to be located to a very large
extent on Si sites

e Na present at a level of 1 ppma

e estimate on the spacing between Al in
[AlO,]~ groups (= “traps™) assuminga  [ai0,] silica [AIO, ]

uniform distribution: 26 nm W
e trapping of Na* at [AlO,]~ groups, q W (\

which carry a negative excess charge,

expected
e migration of Na* then from trap to trap {
through “interstitial sites” in silica

glass at a very high rate

—= (CORNELL 28



Structural Relaxation in Type | Silica Glass

e the reduction in the sodium diffusivity in
near-surface region after pre-annealing in
moist atmospheres is attributed to a
structural relaxation

e reaction between water incorporated into
glass

R-O-R"+H,O&R-O-H+R'-O-H

e equilibrium is dynamic and allows for a
“water-assisted” relaxation processes

e to explain the observed time-dependence of
D\.(ns)/Dy,(bu) two relaxation processes
must be present; speculation:

e fast relaxation around [AIO,]~ units, leading to
a very significant reduction of Dy,(ns)/Dy,(bu)

e slow relaxation in the rest of the glass,
leading to an increase of Dy,(ns)/Dy,(bu)

log [Dna(ns) / Dya(bu)]

0.0

-1.0

—2.0

| | |
assumed for calculation:
71=0.1h
72 =100 h _
1: decrease by 1000

2:increase by 10

- (CORNELL
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Characterization of the Effectiveness of
Diffusion Barrier Layers

e sandwich of two samples with a “barrier
layer” between them used

e first: generation of a tracer diffusion profile
in Sample 1 by diffusion annealing at high
temperature

e then generation of a “barrier layer” at the
surface of Sample 2, e.g., by deposition,
annealing in wet air, etc.

e then diffusion anneal of the sandwich,
leading to a redistribution of the tracer

e after that, analysis of the resulting tracer
distribution, e.g., by measuring a residual
radioactivity profile

e diffusion mathematics needed for the data
analysis worked out for different tracer
distributions in Sample 1 before annealing
the sandwich; the math is relatively complex

sample 1

sample 2

1" barrier "
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Principles of Diffusion Mathematics

e equations governing the diffusion in Sample 1 and in Sample 2
2 2
—801:D1-8 C21 x <0 and aCZ:D;-6 C2
ot o X ot 0 x*
e regions x >0 and x <0 connected by the condition of continuity of flux
atx =0, l.e,
« OC « O0C
Dl._1 =D, - 2 :_ki'(cl‘_—_CZ‘_+)
O X o O X - x=0 x=0

e ki is a rate constant for the transfer of the diffusing species across the
“barrier layer”

e diffusion equations to be solved taking into account the initial tracer
distribution in Sample 1, g(x), e.g., given by the thin film solution of
Fick’s second law, i.e.,

2

q X
X)=c,(Xx<0,t=0) = exp| -———
g(x) =c4( ) ,—"'Di'to p( 4D1_toJ

e {,is the diffusion time of the first anneal with Sample 1 only

x>0

3] =



Equations for Concentration Profile

e equation for the concentration in Sample 1 (x <0) as a function of x and t:

2
EXP| ——
q x° t [ 4D1-(t—r))
c.(x,t) = - -exp(— - J+ - -plt)-d7T
' \/1T-D1-(t+t0) 4D;-(t+t)) o \/"'D1°(t—T) ©
e equation for the concentration in Sample 2 exp(_ *Xz }
(x > 0) as a function of x and t: ¢ (x t)=—} 4D, -(t—1) ole)-de
_ R N e S ()
1 D, K, . t
_ -+ 2|1+ X | ——=—.sin"!
e equation for Ji+tg { Dzj Jm-D; t+to
the function N2 " 2
: ki-q D, | ki-ytg ¢ D, kiz'to L
1) — Jd=11 1. Vo, . 1 1.2 o0 -7
7 o5 o 51 5 Uﬁp{( o)
-erfc{[1+ D—}J-ki-\/t—ﬂ-(i—?j}d?
D2 Dl tO

e numerical solution of integrals of theses functions used for
calculating residual radioactivity profiles and also for data fitting

- (CORNELL
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Concentration and Residual Radioactivity

top figure

and for D,

Profiles

1.0
. | _1()| o | _ | |

L prOflleS Ca|CU|ated for Dl - D2 - 10_10 D1=1O_1Ocm2/s :t—ostartlngproflle
cm?/s and different values of k; O on [z

e t,=90,000s,t=90,000s Fos ARy

© B e Y i

e top figure: initial profile after diffusion S 04f —-»§1=13—g~gcmgs-

. v ki=10 " cm/s
anneal of Sample 1 only and profiles 0zl |
after annealing sandwiches T
0 . - 0 . OO l ‘: \\\‘L :

e bottom figure: residual radioactivity R0 ‘loox/(fm) 100 =00
profiles corresponding to the 1.0 — .
concentration profiles shown in the ol N\ tarting protie |

\ t = 90,000 s:
TTas -6.5 |

e experiments: measured residual S| N 2218—7‘0011125

. . e s . '--ki=10_7’5cm s
radioactivities and derived data for k; Zoal B ko107 cmys
—_ . < Dy =107 cm?/s ! ——»ki=10:B'5 cm/s
=D, from fits N
02 FD== cm /s location of N

e values of k; give information on the to = 900005 S

efficiency of a barrier %0 %00 —100 o0 100 200
x/ (um)
33 =
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Experimental Observations 23.6 h

. . 1.0 t. = 2.69- —1ocmz/S .
e annealing of Sample 1 at 650 °C in e s n00s
common air for about 1 day for T L0900
generating the initial tracer T OB et contect, :
concentration profile Loal _jmire |
e annealing of Sample 2 in wet air for 23.6 02| O BT\ 1
hours in wet air for modification of the N R T 5
near-surface layer b
e then diffusion anneal of sandwich for 0.020 lx/(“m>l\
about 1 day ~- ideal contect, |
"1' enerate \
e top figure: overall residual radioactivity 0015 by 250 s et i | 1
: o ki=177-10%cm/s \
prOfIIe i0.0lO | — from fit \\
e bottom figure: magnified part of the Z
same figure in the region x >0 0.005 |-
e solid lines: from fit of the equation dis- 0.000 1
cussed before to the experimental data 0
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Experimental Observations Il

e experiments
performed with four
different times for
the water
incorporation times
into Sample 2

e Na-diffusion
coefficients very
consistent

water uptake

log [Dy/(cm?/s)]

log [ki/(cm/s)]

time (h)
11.4 —9.527 + 0.004 -8.568 + 0.097
23.6 —9.571 £ 0.001 -8.752 £ 0.033
50.2 —-9.564 * 0.001 —-8.907 *+ 0.085
86.3 —9.484 * 0.003 -9.094 * 0.228

e values for D, In very good agreement with results from separate

tracer diffusion experiments at 650 °C

e values for k; decrease with increasing water uptake time,

corresponding to an increasing barrier layer thickness

e also experiments with SiO, CVD films as barrier layers and with
(very ineffective) barrier layers generated by RCA-cleaning

- (CORNELL
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Analysis of the Pre-Annealing Time
Dependence of k;

e average sodium tracer diffusion
coefficient in the barrier layer, D, ,:

Dbar — ki 'dbar
d,, = barrier thickness, k; = rate constant for
transfer of Na across the barrier
e flux of Na across barrier layer:
Ac
; _ _ Na
Ina = ki 'AcNa - Dbar ) d
bar
e thickness of barrier layer:
dbar - kp 'tpa

k, = parabolic rate constant for the
near-surface layer generation

e relation between k; and the pre-
annealing time, t;,:

k. = Dbar t-1/2

e

—8.6 -
)
~
g —8.8 -
S
S
=, -9.0 .
o
& slope: —1/2 C)\
S92t -
—94 | | | | | 1
1.0 1.2 1.4 1.6 1.8 2.0

logio [tpa/(h)]

values determined experimentally
for k; are by a factor of about 2
larger than values predicted for k;
by using values for k, and for Dy,
from separate experiments - it is
unknown why this is so

- (CORNELL
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CONCLUSIONS

e silicate glasses (e.g., Infrasil 302 and Corning Code 1737 glass)
may take up water from the environment during high temperature
annealing in air containing some water, i.e., they are “thirsty”

e the water uptake follows a parabolic rate law, i.e., it is to a large
extent diffusion controlled

e water-assisted structural changes are believed to occur as a
result of the water uptake

o leads to a modification of glass properties near the surface

o causes a decrease in the mobility of sodium ions in the near-
surface region

e opens the possibility to make “functionally graded” glass

e example: generation of a sodium diffusion barrier layer on
Corning Code 1737 glass
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