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B - semiquantitative manner by Borom and Pask.

I. INTRODUCTION

.- The dissolution of a refractory oxide by a molten slag or glass .=

" at elevated temperatures is a process frequently encountered in ceram-
~ ic systems. The irhportance of understanding the kinetics of such phe-

nomena becomes apparent when one considers the application of this

knowledge to specific- systems and problems--for example, the forma-

" tion and homogenization of a glass from various materials, many of

" which are_solids at the smelting temperature, or the sintering or den-

@

- sification of solid phases in the presence of a liquid phase, The specif-

" ic example covered in this study, the dissolution of the oxides of iron

by a model glass, has its application in the realm of glass-metal seal
a.nd enamel technology. _
The problem of the development of adherence between dissimilar

materials has been one of perennial interest among those engaged in

| - the application of a glass to a metal surface, Numerous theories have
.' been advanced regarding adherence of glass to metal, These range
\ - from a description of a strictly mechanical interlocking of the two
. materials to the theory of the development of a chemical bond at the
‘interface. Some of these theories are covered in a recent review arti- " -
~cle by Eitel.,“l Concurrent studies at the University of California® and .
_ .at the Battelle Memorial Inst:itute3 are responsible for the postulation

-of the theory of chemical bounding occurring at glass-metal interfaces,

In any heterogeneous mixture of nonequilibrium phases, reac-

tions occur if the thermodynamics are favorable, a.hd, if the kinetics

~are favorable, equilibrium compositions are immediately established °

_at the interfaces and the entire system tends toward these equilibrium

compositions through diffusional processes, This reasoning has been

the basis of a recent article by Pask and Borom4 on the physical chem-

..istry of glass-n‘let'al interfaces, The complexity of the phenomena in- '

volved in attaining and maintaining these equilibrium compositions at

. the interface of a commercial enamel and iron has been treated in a

5

quantitative® ?nkture with a model system6 describes chemical reactions °
involving the uphill diffusion of sodium ions and the precipitation of

metallic phases from the bulk glass

Similar work of a more R

) i e :
1




l .part in an earlier study,

- . chemical equilibrium studies, has been reported by Johnston,

. the system CaO-Al,O -5102 have been conducted by Kingery et al.,

L Kingery.

Tashiro

The fzrmg techmques generally used in the ena.mehng mdustry -

result in the formation of an oxide layer on the base metal pnor to the

-'v'fusmg of the glass coatmg. The dissolution of this oxide layer, 'if
diffusion-controlled, results in the establishment of a composition at -

+ . .the interface which is an equilibrium phase with respect to the bé.s_e

metal itself, This study is concerned only with investigation of the in-“: '

teraction between a glass and. the oxides of iron, The complications in-

volved in the maintenance of equilibrium upon complete solution of the

oxide and contact of the base metal by the glass have been treated in
7 -

Studies of ionic diffusion in glass have been numerous, but they

. have dealt primarily with the determination of the self-diffusion coeffi-

cients of the more commonly occurring ions in glass, Af review article
has been written on this subject by Williams.8 Iron is admittedly not a
normal constituent in glass compositions; however, the lack of informa-
tion on the diffusion of iron in glass is quite surprising when one consid-

ers the wide -spread use of glass as a protective or decorative coating

and an activation.energy for diffusion have been reported by Yang, Chien, ‘-

9

and Derge’ for an iron silicate melt in the temperature range 1250 to
4304°C., A value for the diffusion coefﬁc:.ent of ferrous iron in sodmm

disilicate glass of approximately 4X 10 at 1100°C, calculated from
10

11

a diffusion activation energy of 53 kcal/mole.

~Studies of the dissolution of refractory oxides by their slags in

12,13
273

and the dissolution was found to be diffusion-controlled. Mathematics

. for the interpretation of the concentration distributions resulting from -

dissolution in ternary oxide systems in terms of the self-diffusion coef-

| ficients of thescations have been proposed by Oishi, Cooper, and

14 Ti&ese mathematical relat10nsh1ps have so far been used

only to calculai:e the ratio of diffusivities and have not been applied to a °

‘quantitative ca.lculatmn of the diffusivities of the respective components

. based on their concentration distributions, The mathematical

o
J 3

4

"~ for iron and iron alloys, Values for the self-diffusion coefficient of irbn."{ '

has reported 'diffusion velocities' for FeO in an enamel and -

H
T
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s flux -density equations for ternary diffusion by extending Darken's.

" vations,

-3

- “.relationships referred to here are based on Oishi's description15 of the -

16

analysis for binary diffusion to include three components, Oishi”" has

given the solution of these diffusion equations in closed form, and has
demonstrated the validity of the mathematics through empirical obser-
17 His experiments involved the study of diffusion couples of

glasses in the Ca,O—AlZO3—SiO2 system and a comparison of the ob- -

served concentration distribution with that predicted on the basis of the
"~ derived mathematics and the known values of the self-diffusion coeffi-~

".cients,

The purpose of the study presented here is to determine if the

~dissolution of the oxides of iron by sodium disilicate glass is controlled

by diffusion in the molten glass and, if so, to analyze the diffusion phe-
nomena in terms of the equations for ternary diffusion, 'Even though

the parameters have been reduced here by the choice of a glass with

‘only two oxide components, the results and techniques described should

- have a general application in the technologies of enameling and of glass-

metal sealing, For instance, if one knows or can easily measure the

rate at which an oxide, formed on a base metal, is dissolved by an ap-

‘plie‘d glass coating, a firing cycle can be designed to optimize the con-

" ditions for the formation of a chemical bond at the interface.




' former case the atomic motion is that which occurs in a homogeneous
~ material by a purely random-walk process, Here the motion can be
. followed only by the use of some suitable tracer-atom technique. The

- latter case actually involves concentration or, more exactly, chemical

* diffusion coefficient or the d1ffus1v1ty, and generally has the units of
. as an interdiffusivity and requires further description in order to be
_expressed in terms of the diffusivities of the individual species, - S

- seconds, and any convenient concentration unit just as long as 1t T

- 'is expressed per unit of volume, Weight percent is often an accept- . 3 .

4~

1I. THEORY

D1ffus1on is a-process by which chem1ca1 units d1str1bute them-

| -selves in order-to esta.bhsh and maintain homogenelty or chemical
equilibrium in a system, Diffusion may take place without a resultant . PN

R ‘transfer of mass (self-diffusion), or with a transfer of mass, In the. -

potential gradients within the system as the driving force for the mo-

.tion of the various chemical units, and is the case to be considered in

this study. For these conditions the motion'ma.y be followed by direct
chem1cal analysis of compositions along the diffusion dn‘ectlon.

The bases for all diffusion theory are Fick's f1rst and second

- ‘laws, which, stated ma.thema.tmally, are’

be; o
31_-D—5—x- ‘ . , : (1).
é_nd . _6_c_1_ =D 6 c . . . E (Z) ':
- e éx"

" where Ji is the flux of species i passing a plane of unit area per unit

of time, c; is the concentration of species i per unit volume of mate - )

rial, t is the time, and D is a constant of proportionality termed the

.em /sec. If there is no mass transfer, D is the self-diffusion coefﬁ-

C1ent of species i; when mass transfer is 1nvolved D is referred to R b

The units generally used, as indicated above, are centlmeters,

.able concentratwn unit, since ‘the densn:y factor appears in the solution

to the d1ffu81én equatmn in such a fashion that it is self-canceling; how- c o

ever, in systeins in wh1ch the density varies appreciably along the con- '
centration gradient, weight percent figures must be individually cor-
rected for these variations and expressed in terms of weight per unit

volume to be exact, _ . T .
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e (a) the process is diffusion-controlled, i.e., Xeme, = Kt =

poe
v

\{. ‘ 7:_ ; . . » -5-
v

. Numerous texts are available that dxscuss dxffusxon theory
tlin detaﬂ and give solutions to the differential equations for diffusion for - . .
< specific initial and boundary conditions, For example, for binary dif-

fusion of speoies i into a semi-infinite medium in which the concentra-

" tion of species i is maintained constant at the surface at which it is in-
18 ’

: L troduced, a solution of the diffusion equations is given by Crank o ,

M, = 2C_(Dt/m /2, | ‘('3)

" where M, is the total amount of species i introduced into the host ma-
_ terial in the time t, CS is the surface concentration of species i,' and

< D is the apparent diffusion coefficient or the interdiffusivity. Itis ap-
‘parent that D could be obtained from the slope of a plot of
| /C )2 v t.

In the foregoing discussion, D has been treated as being a con-

' stant independent of concentration, when in actuality this is seldom true

‘over more than a limited composition range. For the more general
"‘.’,;Jcase Fick's second law must be written as .
Oc - c ' '
| be . b (Dg; . | 4
" A solution for this general case is given by Boltzmann's approach’?‘1 a

. c=c4q .
Z o — xdc, (S)A'

] ‘provided that the following conditions are met: _ . .
C=C0 . : : . :
(b) x =0 is defined by Of “x dc =0; ‘ , : h
(c) at t =0', <5 =0 for x>0, ' o ‘
' ¢, =c, for x<0, i
i 70

For ternary dissolution in which a solid comi)onent is dissolved
by a liquid composed of the other two components, and the process is "’

" controlled bygchffusmn in the liquid phase, Oishi et a.l 14 have deve10ped

PR A y
L e o NI PP
R

- . for the flux densu:y of the dissolving or solute specie s, the relat1onsh1p o

N | [ w+N; | dey, ;
Sk Jy=- ND N,D ) (N1D2D3+N2D3D +N3D1D2) _—, (6) o

FERA 172 1 Tk
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where the subscripts 4 and ‘2 refer to the solvent species and subscript - = ..
-3 refers to the solute species, and J, N, D, ¢, and x are-resﬁectively ‘ SRR
" the flux density, the mole fraction, the self-diffusion coefficient, the o "
._:mole concentration, and the diffusion distance. The mole concentration tw'
. .gradient is related to the weight percent gradient by the relation o u)
dc dlpW/M : S
ax : dx L, o (N o
.where M is the molecular weight, p the density, and W the weight -
- percent".' Equation (6) is merely a statement of Fick's first law in
. terms of the particular case in which the portion in brackets, which is
,:;concentration-depen&ent, is the apparent diffusion coefficient or the in-
. 1", terdiffusion coefficient for the solute species, This bracketed term o _~/
: " then should be determinable by means of Eq. (5). ' A more detailed in-" ;
- / terpretation of this term depends on what additional data may be gained - ’ :
\ ._'regarding the relative magnitudes of the individual diffusivities,
O The temperature dependence of the diffusivity is usually given
‘by the relation ' ' J
.1 .:.' ; ) . D = Dy e-AH/RT . (8) .'
b ‘l where R is the gas constant, T the absolute temperature, AH the en-
T _ ‘-",ji} f thalpy of a.cﬁivation, and D0 the pre-exponential constant, which con- - - I ”
L - ©:+ tains the entropy of activation as A8/ R The enthalpy of activation =~ . -
E ) ‘  can be obtained from the slope of a plot of log D vs 1/T, and an insight a
\ can be gained into the mechanism of the diffusion process from the ob- o
a B tained value of AH,




. II. EXPERIMENTAL WORK

B A, Preparation of Diffusion Couple -

1' Glass ' : _
Degassed sodium disilicate glass rod apprommately 5/ 8 i in, in

;"ldxameter wasg prepared by Corning Glass Works at their research labo- :

- ratories in Corning, New York, The glass was vacuum-smelted in-a .

';;pla.tinum container at 1480°C and held at 0.045 torr for 2h before the '
B cane was drawn under an argon atmosphere. The glass contained EREPRN
.- 0,005% Cu as the only reported impurity. The composition of the glass" SR
as determined in the laboratories at the University of California is by .
i weight 67.5% SiO,, 32.5% Na,
" from the rod to serve as diffusion specimens, The ends of the glass

O. Three-quarter-inch lengths were cut

_h ~ specimens were polished through a set of dry polishing paperé and
- given a light polish on a diamond lap wheel, Just prior ’to a diffusion

i . anneal the glass cylinders were washed in acetone and dried.

- 2. Substrate Material | B
The preparation of polycrystaili_ne disks of wiistite was accom- '

: plished as follows: Chemically pure (reagent grade) Fe,04 Baker & ",\: .

'~ Adamson powder was heated in vacuum in an alumina crucible for 4h

_ _ i| . at temperatures between 1100 and 1200°C to permit decomposition to

‘Q;‘__- I _ Fe304 The success of the decomposition was verified by x-ray dif- h )
¥ e fraction, Powdered iron was mixed with the powdered Fe304 in an IR
- amount to produce stoichiometric FeO on reaction.. Since wiistite (fer-

U rous oxide) is nonstoichiometric, this procedure assured an excess of :

7 iron for the reaction and set the nonstoichiometry on the iron-rich side |

i . of wiistite, The powdered iron-magnetite mixture w.as mechanically o

o mixed and placed in a 5/8-in, 0.d. by 5-in, -high cylinder made from

25 -gauge Armco iron, The loaded cylinder was placed inside a porous '

i . ) .
U e

alumina crucible which was then inserted into a graphite susceptor. N

oLy

s

This unit was placed in an induction-heated vacuum furnace, which was

evacuated to ;1X ‘.10-4 torr, The powdered mixture was heated to

1410°C ovei & period of approximately 30 min with the pressure main- ' i
‘" tained at 40 4;rxtorr. At 1410°C melting was obviously occurring, The . . .. :
" . melting point of iron-rich wiistite is given by Darken and C.'vurry‘?'2 as- ... . !

4374°C, The sample was held for 30 min at 1410°C, allowed to solidify -

Toiden

e



. .. convert to wiistite on heating in the case of the iron-rich composition,

. for 10 rhlin_;.a.t' 1350°, and then cooled rapidly to room temperature by A RS
iz, shutting off the power and flushing with helium after the susceptor had _ ,
=" dropped below .red heat, Sections approximately 1/16 in, thick were . o H {
t." cut from the cylinder, giving a polycrystalline iron oxide disk surround-
] the oxide served as markers of the original interface in the diffusion o e

"anneals, The oxide crystals were large and radially oriénted. - X-ray

77wt % Fe, which corresponds to the iron-rich composition of wiistite,

5 _The advantage of this composition is that it is not subject to the rapid

. - the wiistite substrate would obviously complicate interpretation of the

. papers and given a final high metallurgical polish on a lap wheel with . ‘ -

- *. . were homogeneous and possessed an iron content corresponding to mag- -

" preparation was identical to that of the other substrate materials,

N e

‘8?‘ - ‘. N

1o -
\ .

- edbyanironring, Thisironringalong with the bits of excess iron in

.+ diffraction powder patterns showed the disks to contain wiistite as the - T

- only oxide of iron, Electron microprobe analysis of the disks indicated

+ transformation to wiistite plus magnetite which occurs above 560°C for. '

. - the more iron-deficient compositions, The presence of magnetite in R

diffusion data, Any magnetite which might form as a result of the slug- .

gish transformation to a-iron plus magnetite below 560°Q would simply

The oxide disks . were polished through a set of dry polishing

L 2 -y diamond.

Naturally occurring magnetite from the Marble Mountains, San

‘Bernardino, California, was used for the Fe304 substrate material,

Dodecahedral crystals of magnetite up to 5/8 in, across occurred on the

surface of the polycrystalline mass, and sections through these larger ,

- crystals were used in the diffusion studies. The .polycrysta'lline bulk ' : g

contained considerable amounfs of visible impurities, but these regions
were avoided as much as possible, The selected sections were pre-

pared for the diffusion anneals in the same ‘fashion as the wiistite, The
only chemical analysis of this material was conducted with the electron

probe, which indicated that the samples chosen for diffusion studies e

netite, :
Natuiilly oécdrring single-crystal stock of hematite from Rio - . 1ok
Marina, Island of Elba, Italy, was used as the Fe,O, substrate material, -
Previous samples from this source analyzed by the U, S, Bureau of ‘

Mines, Berkeley, California, proved to be of high purity, Sample



v

.. 4, Furnace Construction

.. of alumina crucibles,

-9-

Both the ma.gnet1te and the hematite specunens were obta.zned

_‘__from Mmera.ls Unhnuted of Berkeley, California,

.'»3. Construction of the Diffusion Cell

The diffusion couple, consisting of a 1/2 to 3/4-in, section of

‘the degassed sodium disilicate glass rod and the appropriate substrate

y - material, was placed substrate first into a recrystallized alumina cru--

cible approximately 1 in, high and 5/8 in, i.d. (Coors catalog No, CN-5),

" The alumina crucible was placed in a sample bucket made of either

" graphite {wiistite diffusion anneals) or platinum mesh (magnetite and

hematite diffusion anneals) fitted with a Pt/Pt-10% Rh thermocouple to

monitor the sample temperature., A schematic diagram of the graphite

_ sample bucket is shown in Fig. 1.

Platinum has been shown by several authorsio’z? to be an unsat- .

A

isfactory container material for quantitative studies of iron silicate

“melts because of reduction of the iron and formation of an alloy with the

platinum, Contamination of these melts was also expected with the use

10 but it was assumed not to be‘extensive in the

. temperature range of these experiments., Edge effects on the diffusion

profile due to contamination by the crucible material were eliminated,

- however, by the selection of an appropriate crucible diameter,

B. Diffusion Anneals

A vertical resgistance ~wound furnace was utilized which was

. capa.ble of operating under conditions of either vacuum or controlled

atmosphere. The diffusion cell could be raised or lowéred in the fur-

#¥ 'nace without affecting the furnace atmosphere by means of a refractory

porcelain fo{;_r -hole thermocouple tube which moved freely through a

Wilson-type vacuum seal, The porcelain tube served both as a support s
rod for the diffusion cell and as a conduit for the thermocouple leads, |
. The vertical temperature gradient in the furnace was adjusted to less, .
" than + 4°C ovér the length of the diffusion cell by means of external taps {

xah

and rheostatsh A schematic diagram of the furnace is shown in Fig, 2,

and typical furnace temperature and power gradients are shown in Fig, 3,
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Z. Expenmenta,l Procedure o o ' . S :'. - - PR

-‘.’ _ For the wiistite diffusion anneals the d1ffusmn cell was outgassed e
“ . .vin the cold zone of the furnace for up to 24h to a pressure of 10~ 5 torr . o

YT e

::j_.,'-" or less before being lowered into the hot zone. The sample temperature . -

R 1;;.‘3.-’!»wa.s monitored by the Pt/Pt-10% Rh thermocouple mounted in the sample i

‘bucket, and the temperature was automatically recorded on a Leeds & : f

' Northrup Adjustable Span Adjustable Range (ASAR) Speedomax record- R
“ "er, This technique permitted further outgassing of the cell below 400°C, - |
From this point the cell was completely lowered into the furnace, pass- - .'
ing through the softening point of the glass (598°C) and reaching the test - o

;. = . temperature within 5 min, The firnace pressures as the sample ap-

4 t0 1072 torr, A flowing -

proached the test temperature ranged from 40
atmosphere of dried and purified argon was introduced into the furnace

! .
as the sample temperature reached within 50°C of the test temperature,

B o 7 "It was assumed that prior to this point the wiistite had been wet by the . = %

glass and the interface sealed under as low a partial pressure of oxy-

R gen as possible. The diffusion anneal was conducted under 4 atm of e

RIS

flowing argon to minimize (a) the decomposition of the glass through

- the spontaneous loss of sodium, (b) any possible entry of atmospheric

b | oxygen into the furnace, and (c) convection that might arise from the '

evolution of any entrapped gas at the interface or within the bulk mate-

rials, '
Temperature variations of the sample during the-‘_diffusion an-

Nt aV ke am e

‘ _neal were indicated on the Leeds & Northrup ASAR Speedomax strip

chart recorder with the full-scale sensitivity setat 2 mV and adjusted to the .
range of the diffusion temperature. Control was maintained with %1 to =
4°C. The temperature range covered during the experiments was from . .
900 to 41100°C in increments of 50°, This range was bounded by crys-
tallization of the glass between 800 and 900°C and by furnace limita-.
tions above 1100°C, . _ o
. Upon eonclusmn of the diffusion run, the sample was withdrawn -

e

W
s
LN
o
Lo

e

and allowed%iég cool rapidly to just above the annealing point (452°C) of .7 "% .~

e T

" the glass, i&}ﬁbroxirﬁately 15 min was allowed for the sample to pass
i !

through the ahfiealing point, after which the sample was withdrawn to

R T

the cold portion of the furnace and allowed to cool to room temperature. o
o The magnetite diffusion anneals were conducted in a similar ' o ;
- .+ fashion, with the exception that the atmosphere from beginning to end - ' :



Cews e e
B e B

- .containing the diffusion couple was mounted in clear casting resin and RS

' the sample in question as the target material. A finely focused electron

"tinuously changed in either the X or Y direction by,meahs of a manually

static air atmosphere, . ' LT et

- of the diffusion path for analysis, The cross section was polished down

.. through a set of emery papers and finished to a high metallurgical pol- .-~ /-~ |

e chafacteristic radiation from the particular element being analyzed is

-of the sample in relation to the electron beam can be stepwise or con-

-or motor -driven gear mechanism,

.of the three elements in the samples was to take an integrated count

- vance a givenidistance in microns, take another count, and repeat this =~

et T
T S

was 8tat1c a.rgon saturated with water va.por at 25° C R, R EO

"The hematite diffusion anneals were conducted ennrely ina
U‘pon' conclusion of the diffusion anneal, the alumina crucible -
a cross section of the diffusion zone perpendicular to the glass-

‘substrate interface was removed from the center of the crucible., This

cross section was remounted in casting resin so as to expose the length

ish on a lap wheel containing 2-p diamond, After the surface of the o
sample had been coated with vapor-deposited carbon to make it conduc- .

tive, it was subjected to electron microprobe analysis.' T o

C. Electron Microprobe Analysis

The electron rmcroprobe is essentially an x-ray tube that uses

beam bombards the sample and fluorescent x rays are produced. The

PR TR SNPRY
PR 2

resolved by a proper positioning of a diffracting crystal, and the inten~ =

gity of the radiation is measured with a suitable counter, The position

An Applied Research Laboratories electron probe utilized in
these studies is capable of simultaneous analysis of Na, Si, and Fe RN
K -alpha radiation, The individual radiation intensities of these three s
elements as total counts per selected integration time are collected on .
scalers and recorded by an automatic print-out device, The technique'
for the analysis of the diffusion profiles or concentration distributions

for 20 sec atm%, known distance from the glass-substrate interface, ad- . ; T

. procedure until a s_ufficient number of points (between 30 and 40) had - ,.

‘been collected to construct a smooth curve,
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. The fact tha.t a. amall-d1ameter (e g., 2 |.|.) beam of electrons is. " R
; ,?1mp1ng1ng directly on the specimen. subJects ittoa much higher stage .

: i;loadmg (watts/umt area) and consequently a much grea.ter tendency for

[P

-”'surface damage than in the case of ordinary x-ray fluorescent a.nalysm

., This tendency is augmented for intrinsically nonconductmg sodium-
""'-':"q;". o : bearing glasses, An example of the effect that surface damage can =~
""" have on the count rate is shown graphically in Fig, 4, For this illustra- : 0 o
B ‘v tion the electron beam was held on the same spot and counts were ac- , :
';'ﬂ-t_",;_»-cumulated over 2-sec intervals, In the sodium disilicate glass, there - k v
- .is a rapid increasq in the Na count rate and a decrease in the Si count : ;
- rate. The presence of iron in the glass appears to stabilize the speci- L

. men against this severe effect of surface damage, This figure is ad- ‘
. ‘mitted only in evidence of the analytical difficulties encountered, and

. ‘ no attempt will be made at a specific explanation of these phenomena.

e In order to evaluate the effect of surface damage and to cahbra.te C

E the probe for quantitative work, 25 standard compositions were pre-
o pared in each of the two ternary systems, FeO'-NaZO-SiOZ and

, - Fe203 -Na, O S102. -

4 - . .7 powder, prepa.red by K. K. Kelley of the U, S. Bureau of Mines, and . " %

The raw materials consisted of iron-rich wiistite

' reagent-grade hematite, sodium bicarbonate, and silicic acid, One-.
gram batches were mechanically mixed in plastic containers, sintered °
at 800°C for 1h, remixed and sintered two more times, fused above - . -

[

. 'i -4400°C in platinum crucibles, crushed and mixed, and re-fused twice, .

g T

all to insure homogeneity. Heatings were conducted in air for the

‘hematite series and in argon and vacuum for the wistite series, e
Twenty -two of the 50 standards were chemically analyzed in the analyti~ -
.~ . 0 cal laboratories of the Lawrence Radiation Laboratory and of the v
Dl " " Philadelphia Quartz Co. It was found that considerable loss of soda had - - i :
.4 occurred during the preparation of the standard specimens, RSN

The standard specimens were all mounted in four sample holders

2.
Pl

"and prepared for electron m1croprobe analysis, It was found that con- . .- '
‘ sistent results and smooth calibration curves could be obtained only 1f
5 the samples; Were scanned at the fastest speed available (96 u/min) and

' “if the carbon Gt_panng was adequately conductz_ve to minimize surface

- damage, The thickness of the carbon coating was only visually esti~
", mated, but its effectiveness was always checked by compairing the
i . sample current on the critical composition (the undiffused sodium ..  .°. .. ,; .

i LG BT
. - P .




" Relative
- somple’
- current .

x ' be FeO® 1wl
FeO=0w/h. = 559

800
- 600

o - No,0% 32w/ - |
~400r No,0=32.5 w/o s S

200k, NG,0 = 30 w/o -

Csooo- - el
8000F o sigumerws [

- .0 [ Si0p me3w/o

- 4000 R
~ 3000 5102 =67.5 who,

f————Counts / 2.0 sec — -

O 8 16 24 32 O 8 16 24 32 0 8 16 24 32
't (sec) '

ny.36298

Flg. 4 Electron mlcroprobe data showmg the effect : :
:_ ‘of surface damage on the count ra.te for
three glass comp031t1ons.




'.. components were expressed as oxide weight percent, (Probe condi- |

[

","probe conditions dec1ded upon reduced the Na counts to f1gures of only-
'Si analyses justified the determination of Na by difference when the

- " tions:. 15 kV, 0,03 pA, heavy carbon coating, scan parallel to the inter-

‘face,. and integrate count for 20 sec.) The resulting calibration curves

" best known mass-absorption coefficient data
.question, The S1O calibration curve applied to both the hematite and -

‘the wiistite series, and it was found that the Fe calibration curve was

@ . 5 - . . ! .. v L 3 ,

P
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stable. ohvme standa.rd of shghtly hlgher average atomic number The .. : ,f ;,; !

g . sequuanutatwe value; however, an accuracy of =1 to 2% in the Fe and

- agreed with the general trends predicted by ‘calculations based on the

24 for the elements in o ‘:

;.. directly proportional to the weight percent Fe present and could be ad- o

" " atomic number of the compositions, No dead-time correction was _ L

" . justed for analysis of either wistite, magnetite, or hematite composi-

i " tions by the appropriate weight percentage correction factor, These

curves took into account the effects on the count rate due to absorption, |

secondary fluorescence, background, and variations in thé average

necessary.




AR 1V. RESULTS
'A. Definitions

Before ‘the- results are analyzed, the definition of severa.l terms

C 5:-‘13 in order. The data gained from the electron microprobe analysis of
, ‘% the diffusion couples are plotted on coordmates».of concentration units
- .vs distance. Such plots are referred to interchangeably as concentra-

 tion distributions, concentration profiles, or diffusion profiles. All

. the glass compositions shown by a concentration distribution at a par-

.ticular temperature may be transferred to a single smooth curve on a

- . triaxial composition diagram,. This latter curve is referred to as the

. concentration path, Such a plot gives no information regarding the con-

_centration vs distance coordinates within the diffusion couple; however,

.~ perature of its determination,

* the same concentration path applies for all diffusion tinle's at the tem-

16

B. Diffusion Profiles

The times and temperatures of the various diffusion anneals

i a.long with some ca.lculated results are given in Table I. The diffusion '
_ -proﬁles for each of the d1ffus1on anneals as determined by microprobe
) B analysis were plotted as weight percent oxide vs distance. A typical

3 :f. profile is shown in Fig. 5 along with a plot of the changing O/Si ratio ° S
+ _within the diffusjon zone. The O/Si ratio was calculated by converting

the weight percent figures into atomic percent'and making the appro-

~priate division, ‘Plots of the concentration paths determined from the

,. .. diffusion profiles of each of the oxides of iron are given in Fig, 6.

The total amount of oxide introduced into the glass by diffusion,

L Mt’ was calculated by determining the area under the iron oxide diffu-

sion profile by weighing the appropriate area of graph paper. These

figures are given in Table I. The apparent diffusion coefficients for
.. wiistite were determmed from the plots of M2 vs t shown m Fig. 7. :
Since d1ffu816h profiles for the other oxides of iron were determmed at Lo

only one txme @t each temperature, it was necessary to determine the

apparent diffusion coefficients by the above method on the basis of a

| ~ straight line drawn through only one experimental point at each

- g

4
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) ' " Table L. Experimental conditions and some calculated results. 5
S ) Dissolved oxide d
' Sample Temperature Time (sec) (‘S‘t"% Mt (Microns) C:}c;a:aot:ty e
number {°C) x 10-3 Fe Oxide) (wt % cm) (g/cm3). -
. ) . ’ Calc® Measured
Substrate material: wilstite
. 1 9042 1 18,0 1,23 64 - 15 4.8
. . 6% 1 " 36.0 : 2,00 104 125 4.8

2
0 39.0
3 1+ 4 77.4 . 2.43 126 - 150 4.8
4

9+ 3 180.0 3.85 - 200 215 : 5.3

1 949# 1 . 18.0 1.86 96 115 . 4.8
2 50+ 4 36.0 ato 2.23 115 . 430 " 5.4
3. 49%1 81.9 ’ 2,86 148 . 190 - 4.4
4

48z% 1 144.0 : 3,67 . 190 190 ’ 5.7

1 995+ 2 T 18,0 - , 2,24 117
Co-2 . 12005%4 36.0 42,07 - 3,14 165
3 1008+ 3 . 72.0 ‘ 3.99 . 208

:

_ T 1 10452 2 . 18.0 : 3.35 176
L Dpae2. 50+ 2 - 36.0 460 - 4.28 225
: < 3 4943 C123 ' b sT2 302

1. 1052 2 ' i 3 169
; . E,- 2 1097+ 2 . 18.0 53,8 . | 4.03 219
) ) Hg S 3 1102+ 1 36.0 . i s.27 287

Substrate material: magnetite -
A  898s 14 18.0 . 36.0 . 0.380 20
B, . 944+ 1 36.0 . 380 i 0,834 45 -
- . c ¢ 1002+ 1 ~ 18.0 39.0 - 0.772 42
~ 4 .. D 10432 2 180 . 410 0916 . 49

’ Substrate material: hematite .
A T 894%2 18,0 39.0 0,304 16
“B-03 | 94522 36.0 41.0 0,647 35
: c - 4000+ 1 " 18.0° - 42,0 0.63¢ - 34
L Be By use of theoretical dgm;itiea ‘of oxides given in Table II,
SR
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A
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ternpé'ratui'e and the origin. An activation energy for.the diffusion of.

, ‘-'-, necessary to determine a new x =0 for each diffusion profile which sans- L
- fied the condition that
‘at the glass -oxide interfaces detected no penetration of the components

., of the glass into the bulk oxide, this condition is met by determining the

point x on the d1stance axis which gives a balance between the amount

"{'.:' of oxide dissolved and the amount of iron oxide present as a component
g ".'1n the glass, The new x =0 should be at the position of the original in-
terface of the diffusion couple, In other words, the amount of iron oxide_',;‘_."_‘ Ta
‘presen.t as a component in the glass to the right of the n’ew x=0 is equal '

» . to the amount of pure iron oxide replaced by the iron-oxide-containing

I . glass to the left of the new x=0. The calculations involved here can be

. tion paths have not been experimentally determined, but they can be cal-.

" position and density given by Morey“> as

"'where p is the density of the glass, d- is the empirically determined

‘'density factor for each oxide component of the glass, ‘and W is the SRR

2.8 g/cm fog. sodium disilicate to approximately 3.3 g/cm for the hxgh
Col whstite -beai‘ﬁ\g glasses.. For the calculation of the original mterfaee
'i:. by Eq. (9), th€ average density for the glass that was used was the den-
R sity for the compomtmn that falls on the vert1ca.1 line that divides the e

~area under the iron oxide diffusion’ proflle into two equal portlons.

PRSP
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the three oxides of iron was then determined from the Arrhenius plot of .

:_- these apparent diffusivities, as shown in Fig, 8, _ -

s

In order to ut1hze the Boltzmann approach of Eq. (5), it was -

c=c T
OI Oy dc =0, Since careful microprobe analysis - .

R T

expressed as ' Lo

[

100 x Poxide = M (wt % cm) pglass . 3 | | (9) S

where p is the den81ty of the respective materials, *
The densities of 'the glasses found along the various concentra-

. - culated from the empirically observed relationship between glass com-

100/p—ZW/d S - (10) -

i+ weight percent of the oxide component in the glass, Table II gives the ' % ‘
| ,l-density and density factors of the oxide t:.ompon'ents that were used in - .
the calculation of the glass densities, | L B w
‘ The dens1ty of the compositions stud1ed'here varied from o '; ' ;‘E";fftt

;:!B(- . SR T
T -
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... Arrhenius plot of the apparent diffusivities of . .
‘}-;-’.1_:h'e oxides of iron calculated from Mt2 vs t, '
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. ‘were convertedto g oxide/cm
»». rections, and the profiles were analyzed by the Boltzmann approé.ch. A

. =25~

7% " Table'll, Oxide densities p and density~factofé d,. ..'

Oxide p A4 T T
Lot si0, 2.2 2.3 Lo
,_"‘ " ‘,z‘;‘, . . . . Nazo . | 2.27 3.2 ‘ B . . ., - “:
I FeO. -  5.70 4,52 o
. v - ~ a
L. Fe0, 58 .40
" Fe,05 5.4 3.87

vt ..;.'\ a. , .
: o ;- Author's estimate,

The calcula.ted values for the location of the ong‘ina.l mterfa.ce of
" the diffusion couple along with the measured values determmed by using’
- -the metalhg iron in the oxide and the iron ring around the oxide disks
.as inert markers are given in Table I. The calculated densify of the
'  wiistite also shown in Table I was determined by 1nsertmg the measured

values for the original interface into Eq. (9).
The weight percent values of dll the iron oxide diffusion profiles

3 of glass by the appropriate density cor-

26

computer program“® was used which determined the necessary areas.
and slopeé'from the profiles and calculated the apparent diffusion coeffi-" -
" cients according to Eq. (5). Plots were constructed showing the varia-
‘tion of the apparent diffusion coefficients of the oxides of iron as a func- -
‘tion of the mole fraction of iron oxide. Such a plot for wiistite (typical
'a.lso of the shape of the ‘magnetite cﬁrves) is shown in Fig, 9, and a plot

o . for hematite is shown in Fig, 10. - An Arrhenius plot of these D values

at constant concentrations of iron oxide is given in Fig, 11.
)

C. Microstructures

The nﬁcrostructure of the diffusion zones is worthy of comment

: ;,v;_here. The d1ffused region of the glass in the wiistite couples was divided -

into two (for the lower-temperature anneals) or three (for the.h1gher- :

temperature anneals) sharply delineated color zones, Where three zones-f;,.;;.,}

i
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were present the first, ad_]acent to the wistite, was a.lmost opaque to

. transmitted light, while the second and third were transparent and

 position of the three oxide components over the length of this zone.

" colored respectively a uniform yellow1sh -brown and a distinct blue

,-gradlng to the colorless undiffused glass, This blue coloration is attri-

buted to the ferrous iron in the orlass The first opaque zone mentioned
here was absent from the microstructure of the lower-temperature '
samples, Exafnples of these microstructures are shown in the thin
sections of Fig. 12.

An interpretation of these zones is made possible through refer-
enoe to the study of the phase relationships in the system ]E‘eO-Na.ZO'-SiO2

by Carter and Ibra.hi'm.z'7 Those glass compositions which lie on or

‘above the FeO liquidus surface indicated by the dotted contour lines

shown in Fig, 13 precipitate wustite as the primary phase on cooling if
the conditions are favorable. Whether the crystallizatio’n or devitrifi-

cation actually occurs depends on such factors as cooling rate, viscosity .

.. of the liquid, and nucleation, If the above -mentioned compositions also

‘lie within the composition triangle F¥1.\ISZ-NFS shown in Fig, 43, the

secondary phase, which separates on cooling, is the equimolar crystal-

line phase FeO- NaZO . sio The crystals of this phase observed by

" .Carter and Ihrahim were feather jlike, transparent, and yellowish-

brown, The appearance of these crystals in the wiistite-glass couples

- is a result of the curved concentratlon path extendmg into the trlangle

. F NS -NFS as shown in Flg 13, 1Itis emphas1zed that this phase sepa-

ratlon is a cooling phenomenon, and is not the- result of reactions occur- s
ring at the test temperature., As the liquidus composition becomes - .
richer in FeO (higher-temperature anneals) it becomes more difficult to E

prevent devitrification and the FeO .prifnary‘ phase 'sepai'ates easily on

‘cooling; for the 1ower'-temperature diffusion anneals the primary phase

'is not observed and the devitrification apparently occurs at lower tem- -

peratures with the separation of the secondary phase,
Extensive phase separatlon, as in the high- temperature anneals,

complicates electron microprobe analy51s of the profiles because of the .

. presence of lérge crystals, which were not present at the anneal tem-
- perature, As a result microprobe analysis of the zone of crystalhza-

‘ition for the 1100°C anneals showed an almost constant equimolar com-

é?ﬂ?i°flfu'-
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., Fig, 31'.2. Microstructures of the interfacial region of the diffusion
| . zones of samples BO-4 ‘and Eo-3'. '
The interfacial region is divided into 3 sections: (A) glass
i)ortion of the diffusion zone, (B) devitrified portion of the dif-

fusion zone, and (C) undissolved wiistite,

(a) Sample Eo~3, showing extensive primary separation of
- wustite adjacent to substrate and secondary-phase separation

| extending further into the diffusion zone.
(b) Detail of photomicrograph (a).

(c) Sample B0-4, showing occurrence of feather-like crystals

which are believed to be FeO-Na,O . Si0,. -
L)
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This is, in pért, a result of having consciously avoided including the .
' visible dendrites of wiistite in the analysis, In these cases the at-
;'temperature profiles were constructed by extrapolation to the appro-
-priate liquidus compositions shown on Fig, 13,

The diffusion zone in the hematite ~glass coupléé was observed
to be reddish-brown grading in intensity to the colorless undiffused
glass. The color generally associated with ferric ions in glass is
yellow.?‘8 It is assumed that the coloration observed here is due to
finely dispersed crystals of Fe203 which have precipitated during the
cooling of the sample. The finely dispersed nature of this phase sepa-
 ration and the small size of the crystals relative to the beam diameter
: does not complicate the microprobe analysis of these couples. This is.
indicated by the fact that the concentration distributions so determined "’
are smooth and the liquidus compositions compare favozy‘ably to compo-

29

" sitions expected on the basis of the known phase diagram.,

The diffusion zones of the magnetite-glass couples were similar

in coloration to those of the hematite series with the exception that the

leading edge of the zone in the glass was greenish in color. The phase

relations in this system have not been previously studied, and no corre- -

lations can be made from the literature..

. -



+ to the hquldus would not be complete,

_ is similarly controlled by diffusion in the liquid phase. If this is the

‘activation enérgy for the process, and give no direct evidence of the

. determining the concentration distribution within the glass, Tashiro"

-34-

V. DISCUSSION OF RESULTS

A, Diffusion-Controlled Dissolution

Ev1dence of the diffusion- controlled nature of the dissolution of -
wiistite is found in several considerations of the experlmental data, ,
The straight-line plots of Fig. 7 and the fact that the square of the pene-" = |

tration distance for a given concentration was found to be a linear func-

tion of the diffusion time confirm the applicability of diffusion mathemat~

| -ics to this process, but they do not conclusively establish that diffusion

in the liquid is rate -controlling. This latter point is clarified by the

fact that the glass composition at the interface remains constant with |

time and is a function only of temperature, If the slow step were the

“rate of transfer of material across the interface (i, e., if diffusion in

the liquid were faster than the dissolution rate) the observed concentra-

~tion of FeO in the glass at the interface would increase with time, and -

"approach but never reach the liquidﬁs composition, The same concen-’

tration paths shown in Fig. 13 would apply, except that their extension

.

Since there is insufficient experlmenta.l evidence here, the as-

sumption was made that the dissolution of both magnetite and hematite

case, the concentration distributions should be unaffected by the choice

‘of either a single crystal or a polycrystalline substrate, This assump-

_ tion is in part justified by the fact that random orientations of single-

crystal stock of magnetite and hematite were employed in these studies .

with no anomalous results attributable to crystal orientation,

" B, Calculations Based On Equations For Binary Diffusion

The plots of Figs. 7 and 8 based on the total amount of oxide dis -

solved give information regarding only the average apparent diffusivity,

_or the interdiffusivity, between the oxide and the glass, and the average |

diffusivities of the individual species, This approach, however, canbe

used as a f1rst approximation and in the absence of a suitable means of
11



| perature, The higher activation energy observed by Tashiro for this

i

-in -1949 studied the dissolution of iron oxide by an enamel by measuring

. _the rate at which the thickness of an oxide layer'diminished with time,

His calculations were based on the differentiation of Eq. (3) with respect

‘to time to give

dM, /at = CS(D/tTr)i/Z . B (11)

-

Assuming a Gaussian solution for a binary system in which the surface

. concentration remains constant, one finds for the penetration distance,

X, :
()gue, =KOOYE. (12)

Substitution of Eq. (12) into (11) yields

t =D . K S , o (13)
dt x1/2 (%) c=cq I :

‘ ~where K/Tri/ is a constant shghtly greater than unity, Equa.t10n(13)

.can be compared with the equation used by Tashiro,

C

iM:sél;.-_- 5, o (14)
at . - dt (e, . :

in which S is the density of ferrous oxide and £ is the diminished

thickness of the oxide layer., Tashiro calculatéd a value for

8

D =6.6X 10" at 885°C where the saturation value of the FeO in the

FeO

- enamel, Cs, was known. This point is shown for comparison on Fig. 14,

' His calculation of an activation elnergy of 53 kcal for diffusion was

based on the relationship .

, C

! ] AHY

haaligpes t) ———— -2

T (const) X)C=C1 exp ( R “ (45)

and the assumption that since both C, and (X)c=c 1 increase exponentially

with temperature, the ratio Cs/(x)c=<:1 is a constant independent of tem-

process could .easily be explazned if C increased more rapidly with

‘'t temperature than (%)= =c -

i
5

Ci Effect of Porosity on the Diffusion Profiles

Some additional observations can be made at this point regarding
the diffusion profiles and the microstructure of the wustite-glass diffu-

sion couples, Table I shows that the measured reduction in thickness qf
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o ‘the wiistite substrate is generally greater than the calculated redﬁction".
" The calculated density of the oxide, based on the measurement of the
‘actual reduction in thickness, indicates a porosity of about 20% in the

substrate, This agrees favorably with the porosity observed under the -

microscope if one also considers the particles of excess iron as con-

. -tributing to the pore volume. This is reasonable, since the glass also
sees this iron as inert ?articles or voids., The thickness of the oxide
.is, therefore, diminished more rapidly in regions of higher porosity or.
excess iron content or both; however, the concentration distribution, . -

o which is controlled by diffusion in the liquid phase, is unaffected by -
;- "'-"the‘se fluctuations in penetration rate.- In addition, large oblate spheroi-
dal pores are observed at the interface. It was observed that these

' pores also'have no effect on the concentration d15tr1but1ons, wh1ch

o extend smoothly from one side of the pore to.-the other Just as if there ‘

. ‘'were glass present instead of a void. This phenomenon is attributed to -

~ surface diffusion rates that are much faster than bulk diffusion rates,

" and therefore able to maintain the necessary supply of material across

the void. The pores themselves are probably the accumulation of the
bypassed true por051ty in the oxide, and their shape is probably due to

- the 1ncrease in viscosity away from the interface.

D. Ternary Diffusion

v ~ Some questions may be raised regarding the applicability of tezv'-.ﬁ
. nary diffusion kinetics to these systems, which have in actuality four
,and in some cases five'diffusing specie.s. This problem can be.resolved
. by considering the following. poss1b111t1es A
(a) If oxygen is the fastest diffusing species in a system conta.nung
.three oxide components, ‘the elimination of any concentration gradients

. i 'is controlled solely by the diffusion of cations. Oxygen can distribute ;

itself in whatever may be necessary in order to maintain electroneutrallty: :

This has been. ;found to be the case in calcium-aluminum-silicate slags
" above 1400+C,14:30,31 |

(b) If oxygenrdlffuses more slowly than the cation of the d1ssolv1ng or -
solute oxide, 1t can be shown that the liquidus comp051t10n will be main-

ta.1ned even tho{xgh the solute cation may be able to exchange w1th other
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o :_'Catibn‘s in the gléss without requiring a coupled mbﬁon-of the: ongen. :

.. 1In this case the dissolution is still controlled by the diffusion of the

-~ is then not unreasonable to assume that the mobility of the oxygen in the

~ -cation species, and the oxygen can be accounted for by associating it |
" . with the cations in such a fashion as to maintain electroneutrality (i.e., .~

- expressing the concentrations in terms of the oxide components).

.{c) If considerations (a) and (b) hold, then the intermediate case,. in
which the oxygen diffuées faster than the solute cation but is not itself -
the fastest diffusing species in the system, should also hold, '

Case (c) above appears to apply to the systems under study.

30,32 .
are shown in

Da.ta for the self-diffusion of oxygen in two glasses
Fig, 14 The self-diffusion coefficients of oxygen in fused silica é.r'e '
known33 but are, however, too low to be shown on the figure., It ap- -
pears that the mobility .of the oxygen'increa.'ses with an i’ncrease in the

alkali content of the glass. - On the basis of the data shown on Fig, 14 it

systems under study would exceed the mobility of the solute cation,
One might expect that the mobility of the silicon in these systems would

also be higher than the values shown on Fig. 14, but not necessarily s0

- high as that for the solute cation,

The hematite-glass couples represent the only true ternary sys- -

 tem encountered here, The wiistite and magnetite couples are compli-
‘cated respectively by the presence of approximately 8 wt % and 45 wt %

ferric ions, No attempt has been made here to separately determine

the concentration distributions of the two valences of iron in the wiistite

and magnetite coupies. It is b‘elieved, however, on the basis of the

‘color distribution in the wiistite couples and the relative diffusivities of
. the ferric and ferrous ions indicated by Figs. 8 and 14, that the diffu-

- sion of the ferric ions in the wistite couples does not greatly influence

the concentra{ﬁion distribution of the iron, To a first approximation,

" then, these couples may be treated as representing a true ternary sys-
tem, Greatef errors are certainly involved in applying this approxima-
-tion to the magnetlte couples, but the magnitude and nature of this error

-are not knowfh

b
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stituting into the equation derived by Oishi et al.,

which can be rewritten as
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E Calculatmns Based on Equa.tlons for Ternary D1ffus1on '

‘by the Boltzmann method may be interpreted in terms of the self-

* diffusion coefficients of the individual cations by means of Eq. (6). The

equation may be simplified by comparing the self-diffusion data shown

in Fig. 14 for 'sodium34 and silicon, Even considering that the diffusivi-

. ties of silicon in the glasses used in this study are probably higher than

the values shown in Fig. 14, it remains apparent that the diffusivities of

"sodium are orders or magnitude greater than those of either iron or

silicon, This is verified experimentally for silicon by measuring the

concentration gradients of Na.ZO and S102 at x=0 (see Fig. 5) and sub-
14 :

IDNaZO _' wt %o N;a.ZO grad SiO2 | ],v - ' (16)
DSioz wt % 5i0, grad Na,O ' v
" Consider now only the bracke’cedh term of Eq. (6),
| N, +N, - -
Dapp = N1D2 N Di (N1D2D3 +N D3D1+N3D Dz) s (?.7)

(1-Ny)N DiDz :

N1D2 +N2D1

Dapp = (4-N3) D3 +

" Since DN is always an order of magnitude greater than Dg;; Eq. (48)

. .can be 51mp11f1ed to read

(1N )N

D,pp = (1-Np o) Dp + NS' °Dg,
i .

where the subscripts refer to the oxides. Equation (419) applies strictly
only at the interface; however, the data indicate that it can be-used for a '

' qualitative discussion of the apparent diffusivity of iron oxide in the bulk

glass, : : :

l Equatlbn (19) can be compared w1th Darken's equatmn for b1nary'

diffusion,
P app A B B ‘A _

In ideal binar;; diffusion DA and DB are the self-diffusion coefficients of

components A and B in the pure materials, and they do not vary with

composition, 1f, however, the system deviates from ideality Eq.‘(‘ZO)b

must be either multiplied by the appropriate concentré,tion-dependent

As pointed out earher the apparent dlffu51v1t1es ca.lculated here

e

(19)



. slope is less. This indicates that the diffusivities of the iron and the .

. .characteristic of each composition,
-t1a.11y linear functions, and is expressed graphically in Fig, 15. It can

a plot of Da.p vs mole fraction iron oxide should yvield a straight line,

" of DSi greater than this the slope would be posiﬁve. If the glasses

~ deviate from ideality these plots are no longer linear, but have some
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correction factor or expressed in terms of the self-diffusion coefficients

Under ideal conditions D f’P of Eq (19) is the sum of two essen-

‘be seen from Fig. 15 that if the glasses under study are ideal solutions

. the slope of which would depend on the relative diffusivities of iron and

~ silicon, If DFe > D. the slope would be negative and equal to DFe' If

Si

81 =2/3 D the plot would yield a horizontal line, and for any value

" curvature depending on the degree of deviation,

Consider now the variation of the apparent diffusivity of FeO with =
concentration, as shown in Fig. 9. The curve begins fr_gni the origin '

with a considerable negative slope, which implies that DFe>DSi and

that the curve is governed by the function YFe =(1- NFe) DFe' The

change of the slope from negative to positive with an increasing FeO

content is the result, as discussed above, of a deviation from ideality ‘

that brings about an increase in the diffusivity of the iron, This change

“in diffusivity over the range of iron composition appears to be by no

more than a factor of two or three, The diffusivities of the other com-

‘ponents should also be expected to increase with increasing iron con- _
tent, but no measure of that can be gained from these curves, This in~

+ - crease in the self-diffusion coefficients is discussed in relation to a

change in the glass structure in a later section,

The curves of apparent diffusivity vs mole fraction Fe304 are

~  similar to those for FeO with the exception that the initial negative

- silicon are not quite so dissimilar as in the FeO, and a contribution is

- being made by the function containing the diffusivity'of the silicon,

The'éhape of the curve for Fe203 shown in Fig, 10 is, however, : i
quite dlffereﬂ‘t The slope begins positive a.nd becomes increasingly
greater, From the above considerations we know that DS >2/3 DF .
The stralght-ime portion of the curve holds up to about N = % 18. The

intercept of thlS portion with the ordinate gives DF =4%X10 cfnz/sec

Extra.polatmn of this portlon of the curve to N =1,0 permits the

Y
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C L .calculatlon of a value for DS =4.6%X10

" sit 4 then appears to be about four times that for Fe

is also in evidence here. : AT

.examination of the concentration paths shown in Fig, 6, ~ Oishi

- case'in ternary diffusion is realized only when D1 = D2 = D3, but that

. -regardless of the value, D

. linear path also results if either D, =D, or D, =D

of D

42~

"8 The d1ffusmn coeff1c1ent of

*3 at 1000°C, The .

~type of concentration dependence observed for the other oxides of iron

F. Concentration Paths - ‘ o

Some immediate qualitative information can be gained from an

15 has

‘shown mathematically that a linear concentration path for the general

g there are special cases in which only two diffusivities need be equal to

produce a linear concentration path. A special case is given by a dif-
fusion couple whose end members lie along the same straight line E

drawn through a corner of the triaxial composition diagram; these con-

-ditions are found in this dissolution study., Oishi has shown that under

these conditions a linear concentration path will result if the self-
diffusion coefficients of the solvent species are equal (i.e., .D1=D2),
37 of the solute species, It can be shown,
however, by the same mathematical argument for this case that a

3 1 3 20 It follows from - .

these observations that the greatest curvature is to be expected when .

the D values for the three components are most dissimilar, For the

actual case at hand, since Dy, 2lways has the highest value, the great-

.est curvature is found when either DNé,> DFe>DSi or DNa.> DSi > DFe‘. '

It is reasonable to expect that the former sequence applies, since the

. higher charge on the silicon should result in a lower diffusivity, From |

Fig., 6 one may surmise from the curvatures that DNaZO>DFeO> DSiOZ’ :

DNa,0” Pre;04 > Psio, 2nd DNa,0* Dre,05 ® Dsio,-
The general curvature assumed by the concentration paths of

Na Si

Fe . If 1t were that Ds >DN ,

mirrored aé?oss the join to 100% iron oxide. It is interesting to note

Fig. 6 is due to the fact that D > D_. and does nbt depend on the value A iy

the concentration paths would be

that this relatmnshlp between DN and DSl produces a range of compo-

sitions in the low iron region in which the silica content, and conse-~

quently the O}’Si ratio, is essentially constant, This region is most

A
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ﬁ: -extensive for the FeO series ('sée Figs, 5 and 6) and least exten_sivg for
“'the Fe

‘of iron is least affected by compositicn changes in the glass, This is at=-

,04 series. Itis in this region that the self-diffusion coefficient -

tributed to the fact that the basic silica framework of the glass

+ .. is not changing, and interdiffusion is taking place primarily between

" .iron and sodium,

G. Activation Energies

f_._'An Arrhenius plot of the apparent diffusivitie.s' at constant mole

: fractions of the three oxides is given in Fig, 11."' The best straight-line

fit is obtained for the FeO“data. in which each point represents the

" average of three or four determinations. Fair agreement is obtained

for the Fe203 data (true ternary), and the most scatter is found fqr the -

. Fe,O As has been shown above, the diffusion coefficients for the

374
iron cations are not directly given by this plot; however, a close ap-_

‘proximation to the true self-diffusion coefficient of the iron cations is

given by the lines representing the lowest mole fraction of iron oxide,

It is interesting to note that, if we consider the lines for N=0,06, the .~

values for magnetite are approximately intermediate between those of

wustite _a.nd hematite., It is also interesting to note that the slope of all

_the lines is the same, and give an activation energy for the process of
© ' 30.4 kcal, ' -

. A comparison of the two methods of computing activation ener-
gies for diffusion (see Figs., 8 and 11) shows that they yield values for
the ,é.ctivation energy that are consistent within +40%. The plots of '
Fig. 8 are almost coincident with the plots in Fig. 14 for N=0.30, The

method of Fig, 8 then gives an appa.renf: diffusivity that is characteristic -

“of the high-concentration end of the iron profile. Because of the nature »

of the distribué;ion of the apparent diffusivities, the magnetite and

.. wistite plots are also almost coincident with the lines for N=0,06.

. The A&‘rhemus plot for N =0.06 is shown on Fig. 14 for com-~-

FeO

and FeO repﬁrted by Johnston and Tashiro respectlvely compa.re

- favorably with! the data of this study., The data of Yang et al, for the

+2

self-diffusion df Fe extrapolated from a narrow range of determmatlons

'

REE .parison w1th the available data from the literature. The values for Fe+2‘ a
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- ,

‘ '7-"'fat-higher'temperatures cannot be directly compared because of the com- o

-a potassium. silicate glass were mixed with a sodium silicate glass the

" .cations was depressed, and the smaller cation was more stfongly af- -

’-'position differences.in the glasses; however, it is in the direction to be

35

expected on the basis of the work of Le Clerc. Le Clerc found that if

self-diffusion coefficients of each of the alkali or network-modifyihg

“fected by this mixing. This was the result of self-diffusion of the two

types of ions taking place through equivalent positions in the glass struc-

ture, It is reasonable to expect, then, that the activation energy for the

 diffusion of iron ions in a sodium silicate glass should lie, as observed

. .~ here, between the values reported by Johnson et al, and by Yang et al,,

, molten sﬂm%‘fte glass, the structure within the glass is altered through
-the format1qﬁ of more nonbrldgmg oxygens and consequently more glass-

" modifier posmhons One might suspect, then, that the self diffusion coef-

shown on Fig, 14."

H. Concentration Dependence

- Some insight may be gained into the mechanisms of the diffusion c

o process by analyzing the data in the light of the present concepts of glass ._ ’
'structure. The basic building block of silicate glasses is a tetrahedral

~ unit composed of a silicon atom surrounded by four oxygen atoms,

These tetrahedral units link together to form chains or the glass network

- by sha.ring corners. In fused SlO each oxygen is shared by two silicon - «

atoms; ‘these are- referred to as brldgmg oxygens. The silicon atoms are

.'d1rect1ona11y and covalently bonded to the oxygen atoms, If another oxide, ‘.
L -such as soda, whose cation is more ionic in nature, is added to the glass
"a new type of position is formed in the glass structure, The oxygens sur-

- rounding this new cation are shared by the new cation and silicon rather

than by two silicons; ‘the se. oxygens are referred to as nonbridging, The
O/Si ratio can be taken as a measure of the number of these nonbr1dging
oxygens the.t exist in the glass structure, In fused silica, in which there
are no nonbridging oxygens, the O/Si ratio is 2. If all the oxygens of the
tetrahedral unit were nonbridging the ratio would be four or greater, B

Accord1ng1y, as one adds an oxide of a more ionic nature toa

ficients of the constituents of the glass would be affected by this change in

r_‘l}.f-‘/ : .
5 /¥l ’
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.gtructure, J;)hnson et al, have shown that the self-diffusion coefficient

* of sodium in sodium silicate glasses increases rather strongly with an’

increase in the sodium content {i,e.,, an increase in the O/Si ratio),
even though the activation energy for diffusion remains unchanged,

This is analogous to the cases here for each of the oxides of iron in

" which an entire range of compositions with a change in O/Si ratio is

found within each concentration distribution (see Fig, 5). Not only is
the activation energy independent of composition for the cases studied

here, but it is also independent of the oxide of iron used, The implica-

" tion is that the activation energy for the diffusion of iron is predomi-
nantly characteristic of the exchange of the cations in the glass-

- modifying pos1t10ns, and is independent of the number of these pos1t10ns. )
"The diffusivity 1tse1f, however, can be strongly affecteq by the number

- of these positions, since the preexponential term of Eq. (8) contains the

probabiiity of having an appropriate adjacent site for diffusion, The
lower diffusivity of the ferric ion is probably due to the higher charge
it bears, requiring an exchange with a greater number of lower-

valence cations,




' stuched in-this report: _‘ : S
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VI CONCLUSIONS =~ =~ = i o ok

'I‘he followmg conclusions have been drawn regardmg the systems

4. The dissolution of each of the oxides of iron by sodium disilicate

glass is controlled by diffusion in the molten glass, - : ‘ .

2. An approximate measure of the diffusion kinetics pertaining to

» . these systems can be gained by employing the mathematics for binary

-tion, Cs’ of the iron oxide which saturates the glass and the total amount

 systems., This can be accomplished without any knowledge of the con- o A ,

".centration distributions in the glass; one need only know the concentra-

" of iron oxide,’ Mt', introduced into the glass in a given time,

3. A more exact analysis of the diffusion kinetics can be gained from

_the use of the mathematics for ternary diffusion. The treatment is

' ."-greatly simplified here, since DNa. is much greater than either DFe or

"'D

‘as calculated by ternary diffusion mathematics was found to be the same -
- calculations to be independent of the glass composition,

. mathematlcs Were 27.8 kcal for FeO, 30.4 kcal for Fe304, and 34.5 kca.l’: -
" +for Fe,O but it is not certain whether any s1gn1f1cance can be atta.ched -

. to this var1at1<§n.

Si* | o S
4, The self-diffusion coefficients of iron and silicon can be estimated

from the data, and they are shown to increase with increasing concen-

" .trations of iron (i, e,, increasing O/Si fa.tio) This increase in the self-
" diffusion coefficients is related to changes occurring in the glass struc- . ..

-ture, as indicated by the increase in the 0/51 ratio,

- 5. The relative diffusivities of the cation species are shown to be

PNat ™ Pre+z ” Psita * Press -

Over the range of temperature 900° to 1100°C the self -diffusion coeffi- .

cients of ferrous iron are found to be an order of ma.gmtude greater R S

than those for ferric iron, . o : : . , -

6. The activation energy for the diffusion of each of the oxides of iron

- and eéua.l to 30.4 kcal. The activation energy was also found by these

7. The actNa.tmn energies for diffusion calculated by binary d1ffusmn

273
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