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A STUDY OF THiL MIGRATION OF IONS IN GLASS

I. Introduction

The study of migration of ions in glass is directly asso-
ciated with that of diffusion sinee migration of any type will not
occur unless_forees promoting diffuslon are present. 1In general,
diffusion under proper conditions of constant temperature 1s the
tendency on the part of any material -- in the form of ions, atons,
molecules or colloidal particles -- to disseminate and %o establish
& uniform distribution or concentration in some medium such ag gas,
liguid or sclid.

It would be expected that in the study of diffusion in
glass, laws analagous to those proposed by varlious investigators for
liguids should apply. According to the theorles of Tammann 1) and
Zachariasen 2) glass is a liquid at high tempersatures and a super-
c¢ooled 1iqulid or amorphous solid wlth a random network structure at
temperatures below the séftening point.

The study of diffusion is not only of theoretical interest
but its practicsl importance 1is easy to roint out in numerous famil-
lar examples which are readlly recognized in many branches of the
ceramic industry. The application of diffusion lawsg, however, ls
ususlly ignored because they are not understood. Some of the cheml-
cal-physieal processes in which diffusion plays a leading role are:-

a.} Velocity of solution of a solid
b.) Veloeity of crystallization
¢.) Reaoction velocitles
d.)} Homogeneitiy
In {(a) the rate of solution is proportional to the rate of

diffusion of the substance from the saturated layer in contact with
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the crystal to the surrounding solution. In (b) the erystal growth
oecure at the expense of the molecules in the adsorption layer, znd
the adsorpition layer is replenished by molecules from the surrocund-~
ing solutlon by means of diffusion. Johnston 3) promoted the growth
of large cryetals of gparingly soluble substances by allowing each
of the reacting sclutions to diffuse separately into a large volume
of liquid within which they came together slowly. In (e) the resc-
tion veloclty may be determined by measuring the diffuslon of the
products found at the interface. In (4) homogeneity of a glass 1is
dependent upon the diffusion of 1its constituents. Thils, however, ls
2 very slow process ahd experimental batches are or should be ground,
mixed, and remelted several times in order to insure satigsfactory
uniformity.

A Tew speciflic examples related to problems of ceramics
are!~ the diffusion of iron oxlde from the hot end to the eold end
of a silica brick used in the crown of an open hearth furnace; pos-~
gible cccurrence of halos about crystals which may be present in col-
ored glazes; growth of crystals at devitrification temperatures of
glass; and sintering in portland cement depending uveon the diffusion
of the components below the melting temperature.

Of gtill greater practical importance is the possible ap-
plication of such studies to new methods of éaﬁaratian; especlally
in cases where a discoloration sets in with the migration of the
substance into the glass surface.

The research reported in this thesis 1s of an exploratory
nature. A serles of fundamentsl experiments were made to study the
nature of and the rates of diffusion from certain compounds for a

number of time and temperature intervals. In all cases diffusion
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took place from a salt into a commercial flint glass, i.e. a lime-
goda-gllica glass. Une or more salts of Cu, V,'ﬂh, Pb, Au, Or, Pt,
Co, Fe and Ag were trled. However, sllver was used for most of the
experiments becsuse of its rate of migration and its pronounced ten-
dency for coloration, tﬁus allowing use of relatively simple methods

for measurenment of the diffusgion.

II. Review of Literature

Literaturs on the general subject of diffusion 12 relative-
ly meager. Articles discussing diffusion in glasses or silicate fu-
sions are especlally few in number and most of these have origlnated
in Germany.

Nernst in one of his writings points out that the force
behind diffusion is essentially the same force as the osmotic pres-
sure. The gas laws of Boyle, Gay-Lussac and Avogadro are found to
apprly in general to osmotlc pressures, providing the solute 1s &
non-electrolyte.

The principle of Soret which becomes important in a number
of ceramic operations 1s based on diffusion. It steates that 2 dis-
sblva& substance will diffuse from the warmer intc the colder part
of the soclution.

A compilation from literature of some of the determined

diffusion coefficlents are:-

Most salts in aqueous solution = 0,26 cm.Zper day
Holten metals in molten metals = 2.52 "
Diopside in liquld mixture at 1500°C.= 0.14-0.2 *
Common salt in water at 15°C. = 1.00

Gold in molten lead at 492°C. = 3.00 -3
Solid gold in so0lid lead at 150°C. = 4,3 x 1077
Silver into glase at 354°C. = 2,20 x 1075
Agueous N. Hp804 in water at 8eC. = 1,


Avogad.ro

b~

A. Equations Relating to Diffusion

1. Fick's Law

Filck's law has been the fundamental basis for the study of
diffusion in liqulds on a quantitative basis. The original law as
stated by Fick in 1855 reads, "The dissemination of a dissolved sub~
stance through a solvent, as far as it Lakes place undlsturbed under
the influence of molecular forces alone, obeys the game laws which
Fourier established for the dissemination of heat in =z conduetor,
and which Ohm sannounced for the conduction ofleleetricity. In the

Fourlier law 1t is only necessary to replace the words Qusntity of

neat with the words Quantity of dissolved substance, and the word

temperature with density of golution.®

Specifically, the law states that the driving foree which
inpells a dissolved substance to move from the place in the solution
of higher concentration to one of lower concentration, and which al-
80 determines the rapidity of the movement of the partiecle, is pro-
portional to the drop in concentration. A mathematicsal representa-

tion of sn eguation to fit this law is as follows:i-

Q0 de-— 4D

where C 1 the concentration, T the time, 4 the cross-section in
square centimetera, X the distance of polint in the interlor of the
sample from the surface, and D the diffusion cocefficient. D ezn be
expressed as the number of grams which diffuse past one sgaure cen-
timeter of any plene in unit time when the eoncentration gradient
normal to the plane is unity.

With the sssumption that D is independent of the concen-

tration and is a constant, one then obtalns the following general
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de
Thus, the space between A and B has a net gsaln of D dx;A{At .

Since the volume enclosed is AX, the change of concentration 1is

de
_Ddx‘ or the rate of change 1is gt D ah(L

The equation in thig form ig not valid for all cages, for
it hae shown small deviations from the experimental results because
of the agsumption that D was & constant. Aetually, 1% has been
found to be a constant only for nonelectrolytes at low concentrations,
for some solid substances, and in silicate melts for small masses of
dissolved substasnces. Otherwlse, it changes wlth concentration.
However, a solution of the equation with a variable D would be a most
difficdlt one and would be integrated by a glven process of Boltz-
mann, whereas with z constant Da gsimple intezral can be stated. One
must also consider the fact that Flck's equation 1s only vzlid for a
single homogeneous phase, and with polyphase systems a correspondlng
equation would have to be established ‘for each phase. 4#lso, s con-
sideration of the interfaces in & polyphase syetem would have to be

taken into scoount.

2. _Solving for D from Fick's Law

Integration of Fick's equation sccording to Stefan 2%) and
also by Warburg 6) gives
2
- _l\_/\_) LI
®) »=(&) v
where N 1s the saturation concentration per cublc centimeter and N

the amount of material immigrating per square centlmeter. Since D

is a congtant, the following equation can be obtalned

; M _
4 oA
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This form has been used quite extenslvely by investigators to study
experimental dats,
If the limiting assumption that D is a constant is relin-

quighed, Jost arrives at the known Einsteln relation:i:-

(5) D= .3%9-

B is the particle mobility and the reciprocal of the frictional re-
glatance working on the psriicle. Taylor 7 presents another solu-
tion of thigs relation. Assuming the independent motion of the sev-~
eral constituents of a mixture, the relationship between molecular
motion and diffusion is given by means of the equation

AL
© D= 2t

where K‘ is the mean scguare of the displacement which takes place in

& given direction in time t. If one further assumes that the partl-
oles possese the same mean kinetle energy as a gas mclecule at the

same temperature, then the Eineteln eguation '2§ = 2:&1 Rt  holads.

By combining these equations the relatlon presented by Jost le again
derived. Now, if Stoke's law for frictional resistance 1s substi-

tuted, then the Stokes-Eilnstein relation is obtalned

RY
) D= AN

where R 1s the gas constant, | the absolute temperature, Y| the via-
cosity, and N the true particle radius. Thls form may be rewritten
to solve for n if Dis known or derived experimentally. This equa~
tion had been prepared especially for molecules that are large in
comparison to those of the solvent or collolids. Direct proof of the

applicability of this equation to diffusing molecules is not possible
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and it can bs tested by one of the following alternaiive methods:
(8) D A= constant
where the solvent is the same, the temperature is cgnstant and a va-
riety of diffusing substances 1g used. On the other hand, 1f a given
gubstance 1s used in & variety of colvents, the following relation
is possible
9) D' n = censtant

For salts dlssociated in solutlien into lons the problem 1is
a little more complex. Nernst developed a diffusion equatlion where-~

by the diffusion coefficient, D, is expressed by the equation
- 2VV
(10) D=giv RY
where U and \/are mobilities of two ione. This equatlion has been
found to sgree with experimsntal results providing that for the cho-

sen concentrations of the solutions the dissocistion 1= spproximately

complete.

3. Solving for Concentration from Fick's Law

Another method of determining the validity of Fick's law 1is
to compare the actual measured concentrations in 2 mass undergoling
dirfusien with the csleculated values obtalned from the law., Warburg

derives the follewing expression for this purposel-

W
(ll). Q:Co{-—%—/ e-ﬂ 48

assuming that Dis a constant and integrating with the limitatlons
x=0, Nj=N 3y X=QyN,=0 and 't-'—O, N,=0. Nis the molar concen-
tration of replaceable lons; Pilis the molar concentratlion of gilver

lons replaeing the sodium ions. For specific applicatlon to hig ex-
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perimental set-up Bowen &) uses the followlng form of this egquation:

Lx 2-Qm)
" 2Y¥pt P 5 2YDt ,81
(12) 2c=cl & e df+ = e’ dp +etc
—R-x —£-(2m-x)
2Vot 2.ybt

where the term in the brackets in the limits 1s successively X,Am-x,
LmaXs4m-x ;4maX, ete., ¢ 1s the volume concentration at any point
at distance X from base of column, A the thicknese of bottom layer
of original uniform cecncentration Co, m the total length of column.

However, these ecustlons are not as formldsble as they may sppear

t -
gince _EL_ -
m_,[oe dp

is the probability integral whose vslue, for various values of %in

l1imits, can be found in prover tables.

4., Temperature Coefficient of Diffusion Procegses

An equation is set up, accordlng to Taylor 7), to determine
the temperature coefficient employlilng two measurements of the diffu-
slon coefficient at two tempsratures:

(1) % =14 L(H-T)

\
In liquids it hes been Ffound that the greater the lonie

mobility the less is the temperature coefficlent, and high diffusion

rate 1s generally accompanisd by a low temperature coefficlent.

5. Diffusion in Solids

Dorn a2nd Harder 9) diacuss an equation for application to
diffusion in solids as originally presented by Dushman and Langmuir.
On the basls of the theory, it is assumed that the probability thet -

an atom will Jjump from one atomie plane to a second is preclsely
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analagous Lo the probability for a unimolecular chemical reactlion to

gecur. The resultingz eguation becomes
2 E - “T%'f
(14) D=K & = |n Se
where Kis the probabillty zn atom will jump, S the Jump distance,
E the energy of activation per mole, N the avogairo number, h the

Planck constant, € the base of natural logarithas, R the gas constant,

and | the absolute temperature. The eguation may be simplified by

letting T
E S

A="Nnw

then <

(15) D= Ae &

In this form numerous experimental tests of the equation have Jdemon-
strated its validity and usefulness. This ecuation has been usel as
a basis for derivatlon of other similzr equations which bring ian the

factor of time.

B. Diffusion of Silver in Glass

The firet cuantitative investigations on the diffusion of
silver into glass were conducted by Glinther Schulze 0} ip 1913, His
work was prompted by that of Heydwelller and Xopfermann 11} who found
that silver introduced from molten silver nitrate is not only readily
elestrolytic but also migrates without any difference of electrical
potential merely by diffusing in the glass.

In Schulze's work the test glese tubes were immersed in a
bath of silver nitrate. The depth of penetration and change of con-
centration were obtained by firet clesning the tubes after the téét,
eating away a layer of glass with dilute hydrofluoric acid, deter-

mining the silver content of each corrosion analytically as silver


Avogad.ro
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distance and is represented by a straight line. Curve S in Figure 2
represents this condition. Of Ainterest are the theoretically ecalcu-
lated curves of Warburg which follow the experimental results fairly
well except at the lower concentrations. A slngle curve cannot be
calculated (Equation 11) since D is not strictly s constant and
changes with silver migration. However, curves can be determined for
either limiting caae:ni)ﬂa, diffuslon constant in unchanging glass,
and th%’ diffusion constant with full replacement of sodium by sil-
ver. Curve W, 1s obtained using the value for Df\s as 2,09 x 1075
em.2 per day and curve W, using Dy, as 3.14 x 1075 cn.2 per day.

Curves E, and E, are included to show the general effect
of electrolysls in addition to diffusion. The former 1s for electro-
lysis acting in the direction opposite to that of diffusion, and the
latter in coincidence with diffusion.

Halberstadt 122 twenty years laster, also worked on the
problem of diffusion of silver into glass. A silver foll wrapped
tightly around a glass rod was the source of gilver. The diffusien
tests were run within a narrow temperature interval limited by the
softening polnt and the region of appreciable softening. For the
glass tested thls range was 565 to 615°C. A serles of tests at each
of these temperatures were also found to agree with Equation 4, Hal-
berstadt, however, suggests that silver atoms diffuse into the glass
instead of silver lons. He supports this assumption with the know-
ledge of an atomic dispersed condition of metals in glass based on
the Nernst distribution law. It was found for instance that the ra-
tio of concentration of Au in Ag to Au in glass is a constant. There-

fore; since gold dissolves monatomically in silver, gold must also be

atomically dispersed in the glass.
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The diffusion coefficient wae not found to have a2 relation-
ship with the viscoslty as suggested for agqueous solutions by Equa-
tion 9§ since the inerease of D in the temperature interval 1s smaller
than the decrease 1n viscosity. The use of Stokes-Einstein law
(Equation 7} for calculation of particle size indicated a particle
radius redius below the atomic order of magnitude. This meant that
the diffusion coefficlient was abnormally high. Since the value of
the coefficient is somewhat dependent on the magnitude of the parti-
cles, then solvolysis of the atoms must have occurred. M

Since the two lnvestilgators reporting on the subject pre-
gsented differing viewpoints as to the nature of the sllver particles
diffueing into the glass, Kubaschewski 13) made & serles of tests to
prove that the silver 1n both cases migrated as silver ions. In his
experiments the source of silver was from z dense, solidly fixed
coating of siiver which was deposited on test platelets by evapora-
tlen 1n a vacuum; and the range of test temperatures wse firom 466 to
568°C.

Equation 4 was again found to hold at the test temperature
of 540°C. In order to caleculate the coefficient of diffusion accord-
ing to Equation 3 the saturation concentration must be known. Also,
from this experimentally obtained value it was calculated that about
every 25th sodium ion 1s replaced by = silver lon. An increase of
temperature through the softening point was accompanied by a quick
rigse in values of the inerease of weight on diffusion.

The argument get forth by Kubaschewski to prove that sllver
diffused intoc glass as lons was based on the formation of an inter-
mediate oxlde. If atome diffuse into the glsse, then the process

must be independent of the oxygen pressure of the surroundings. On
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the other hand the suggested mechanlsm of reaction stating that pri- :
mary Ags0 first forme on the surface of the glass and then upon its
decomrosition silver lonsg diffuse into the glass, while the godium
iong function &s oxygen-mcceptors, would be dependent upon oxygen
presgure. The validity of this reasonling was substantiated by the
setual experimental results. Below a pressure of 40 mm. of Hg of
oxygen the diffusion was strongly dependent upon the oxygen content.

Alexander 14)

mentioned the work of R, Zsigmondy with re-
gpeet to silver-glasses., Hils experiments showed that silver first
goes into solution in the glass as oxide, but is reduced to the met-
al, and is finally found in the chilled glass as a colloidal disper-
sion.

Summarizing, it is shown that Equation 4 has been found to
hold experimentally in all cases. Three pgssible theorles were re-
ported for diffusion of silver into glass -- as lons, as atoms or
aggregated particles, and as the oxlde.

Table I
Diffusion Coefficlents of Ag into Glags

Temperature D (em.2/day) Author

3549C. .22 x 107} @. SYohulze

540%*C. .95 x 107 Kubaschewskl
5659C. 9.%5 x 10~% Halberstadt
590°C. 11.32 x 103} Halberstadt
615°C, 13.65 x 10 Halberstadt

Pable I is a compilation of the diffuslon coefficlents as
détermined by the indicated workers. The values, however, are juat
an indication of the trend and magnitudes since all three investiga-
tors used glasses of different compositions. Thls fact and the prob-

abillty that the softening temperature lles betwsen 540 and 565°C.
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account for the rapid rise of ccefficlents between these two temper-

aturesg.

C. Other Diffusion Experiments

Though some geologlieal phenomena are explsined on the basls
of diffusglion, actual relasted experimental work on this problem has
been mesger. Endell 15) hae demonstrated the interdiffuslon of lime
and microcline glasses. He algo showed that at temperatures above
1300%C,. Ti0z, FegOs, MnO, CoD and NiO diffuse in a melt of mieroceline
forming a colored halo around the corresponding oxide, The oxldes
are here arranged in the order of 1ncreasing range of the hsalos.

The most important work in this fileld is that of Bowen's 8)
vho made quantitative experiments on the dilffusion of diopside, a
heavy liquid, into a plagloclase, a light liguid, at temperatures a-
bove the fusion point of both, about 1500°C. The test cylinders were
" arranged so that the diopside was on the bottom. The extent of dif-
fusion was measured by determining indices of refraction of the coocled
glass cylinders slong their vertical axis with a goneometer. The in-
dices vary'pregrssaivaly with change of composition. Consequently,
after developling a calibration eurve the indlces were used for deter-
mining compositions which were then plotted against distance from
the bottom.

Using Equation 12 theoretical curves for concentration dis-
tribution were ealculated assuming various values of the diffusion
coefficient untll the closest match to the experimental curve was ob-
tained. However, none of the curves coinclded completely. Since the
equation wag derived from Fick's law on the basis of a constant coef-

flolent, it was then concluded that the coefflicient varied with the
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composition. DBowen accordingly derived a number of *average diffusi-
vities"® for the mixtures he studled. From hls research, he also de-
termined that the rate of eooling was faster than the rate of diffu-
sion in large molten lgneous masses. There consequently would not
occur a great deal of differentiation due to diffusion. However, re-
action rims around foreign crystals in a fusion have sufficient time
to develop.

16)

VWegsels studlied the thermolytlc concentration changes
in glass in relation to the Ludwig-Soret effect. This effect was
first observed in homogeneous solutions by Ludwig in 1856 and then
later by Soret in 1881. The phenomenon is the movement of a dissolwd
material from the hot portlon to the eold ortion of an originslly
homogeneous medlum and is attributed to differences of osmotic pres-
sure., Glasses colored with iron, manganese and chromite showed a
mlgration of their color to the cold end. Cobalt glasses dild not
sgem to show this phenomsnon. Further, thls rule does not apply to
colored glasses of tie colloidsl dispersion type. The experiments
were carrled ocut at a temperature slightly below the softening point
of the glass. The test specimens were glass rods coated with niockel
foll on the end immersed into & furnace having a potash glage tube
for 2 lining. Curves showing relative intensities were drawn by vi-
sual inspection. Figure 3 gives typleal curves for 2 days and 10
days test time for a green glass colored with chromium. The indi-
cated changes in color from the normal seem to oeccur only through the
temperature gradlent portions on either side of the furnaece opening.

Fettke and Stewart 17) discussed the rate of diffusion and

rate of solution with respect to attack of refractories by slag.
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tiesl apprliecatlon of thermel diffusion, was made by Gllard and Du-
brul 16). Thelr method was to note the effect of small concentra-
tions of different materials on the intenslty of transmitted light
through the sample.

Halberstadt measured the diffusion velocity of coppsr into
glass and found D¢ to be 1.79 x 10°% en.2 per day at 650°C. in com-

parison wlth,])AB of 13.65 x 104 cn.2 per day at 615°C,

D. Liesegang Rings

In the study of crystallization processes within gelg Lie-
segang was the first to notice that under certalin conditions thege
resctions lead to the formation of rhythmic bands of precipitates
instead of large crystals. 7The particular experiment which attracted
hig attention was the formation of rhythmie rings of silver chromate
when a drop of silver nitrate was placed on s gelatin film contalining
dilute votasslium chromate.

Since the time of hle discovery many investigators have
repeated the experiment with various kinds of sslts and theorized
sbout the causes for this phenomenon. The following theories have
been suggested:~ (1) the precipitating salt forms s supersaturated
solution which diffuses along with the sdded reactant untlil the meta-
stable 1imit is reached when it preciplitates, and by repetition of
the process, alternate gaps snd bands are introduced; (2) the precip-
1tate which constitutes the bands 1s slightly soluble in the reacticn
produets,'ané hence new bands can form only after a polnt 1g reached
where the concentration of the reaction products is sufficlently
small; (3) one of the reacting solutes lg absorbed by the growlng

precipitate, thus giving zones which are practically free from 1%;
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and (4) conditions affecting the rate of diffusion of the reacting
lons are the conirolling factors. The latter 1s now the moat widely
accepted.

¢f considerable interest is the fact the the rhythmic bands
of agates closely resemble Llesegang rings. Thus, the evidence
points strongly to the genesls of agates as gels.

Endell 15) states that Llesegang has explained the rhythmie
concentration texture of agates by supersaturatlon phenomena of iron
salts diffused 1ia siliea gel. Anotaer explanation is that of rhyth-
mic formation of crystal nuclel, After reaching the metastable limif,
spontaneously formed nuclel separate from the solutioan or become Iin-
effective, thersupon a new supersaturated gzone forms, whereoy with
repetition & rhythmic preparation 1s possible aceording to the prin-
ciple of sepsration of nuclel. The latent heat of orystallization
released affects the degree of gaturstlon of the surrounding zone,
and new nuclel msy form at & certsin dlstance. Thus, lsclation of
nuclel =pprears to be a necessary and perhaps alsgo sufficlent condi-
tion for the formation of rhythmic rings. The relatively high vis-
cosity of the glasses at the devitrification temperature makes the

nuelel insctive.

I1I. Experimental Procedure

The experiments were concerned with the effects of differ-
ent salts as sources of diffusing material and the nature of the 4if-

fusion rather than the effect of the glass composition,

A. Glass Samples

Instead of using a melt of & salt containing the diffusing

ion and submerging the glass sample, as had been dons by previous
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Those used were AgNOs, AgCl, Ag=50y and AgsO.

For the purpose of determination of their diffusibility,
of relative rates of diffusion of their catlons, and of the result-
ing colors other saltis were also tested. Ineluded in thils group were
CuzCla, CusSOy.5Hz0, Vaeg, CrGls, PbCle, T1eS0y, AuCla, PtCly, Coaly

and feCls.

C. Tests

The expreriments were performed in s smell lsboratory fur-
nace wound with Kanthal-wire. In heating the furnace the rate was
about 10°C. per minute, and a potentiometer controller maintained
constancy within % 5eC,

The above furnace was used at a number of test temperatures,
the highest being 900%C. and the longest time interval being 108
hours. The cooling procedure consisted of quickly removing the test
pieces, placing them in snother furnace at 500°C and subseguently
ecoling with the furnace. At temperatures below 500°C the coolling
wag accomplished either in the test furnace itself or after transfer-
ring the pieces to another furnace at the particular test tempera-
ture. The latter procedure allowed the running of several samplea
at varylng time intervals.

& Pt-~wire wound furnace was used for a few experiments at
1100°%C. Also, the tests made in a reducing stmosphere of GO required

a different type of furnace through which the gas could be passed.

D. Measurements

1. Increase of Welght

The amount of material diffusing into the glass cups was

determined by weighings. For calculation the following welghts were
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obtained:

(1) Weight of glass cup

(2) welight of cup plus salt

(3) Welght of ecup plus diffused material.
The difference between (2) and (1) was the weight of salt used. For
purpoges of elimination of as many varilasbles as possible thils weight
always corresponded to 0.0043 equivalents of salt. This amount
fi1lled about half the well,.

After the experiment the residue in the well was &1ssolved
in 3 sultable solvent, such as Jllute hydrochloric acid, the sample
cup was washed and dried, and the third welght (3) was obtalned.
Then, the difference between {3) and (1) was the incresse in weight
due to the material diffused into the zlass. However, this was not
the true welght since there was simultzneously a diffusion of sodium
from the glass into the salt. This exchange was shown to be true by
the works ¢of Schulze and Kubaschewski. Therefore, in the case of
s8ilver, the true welght of the material diffused into the glsss can
be calculated sccording to the followlng egquation:-

(1)  oM-ME = G

where Mig the amount of silver entering into the glass, (a1s the in-
creass of welght of the sample cup, and Nq and A3 represent the cor-
respondlng molecular weights., 8Stated in words, the equation readsg --
the welght of incoming silver minus an equlvalent weight of outgoing

80dlium ls equal to the actual ilncrease of weight. Substituting known

which gives the weight of silver diffused into the test glass sample,
Thege values are recalculated on the basis of grams per unit area of

diffusion interface and grems per unit volume of diffuslon.
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2. Extent of Diffusion

After welghing, the sample cups were cut in half verticslly
vith a dlamond wheel, ground and polighed. The polished cut faces
of the sample cups to be used for quantitative measurements and those
showing unusual and significent effecte were photographed at a mag-
nification of 5x with the use of a Mlero-Tesgsar IIb lens. The neo~
essary arithmetical measurements were then made from the photographs.

In order to compensate for the possibility of a non-center
glice through the sample, and thus the measurement of an incorrect
dlameter on the photograph, the method illustrated in Figure % for
determining the true dlameter was derived. HMicrometer calipers were
uged for measuring the Yradius® of the well. The correction ratio
of 1.4/A obtained from the above Figure applied@ to all linear and
areal measurementeg on the particular photograph.

An application of a modifled Simpscnts rule or a graphical
and arithmeticsl integration was used to obtain the area of the dif-
fusion interface and the diffusion volume from the above-mentioned
photographs. Thls method was necessary since 1t wag found that the
vertical cross-sectlon of the bottom of the well dild not correspond
to the trace of any of the simple curves, such as circle, parabols,
or ellipse.

The procedure consisted of first lining out horizontal
#tripe on the photographs, a greater number being present 1n the por-
tlon of greater curvature. The average length of each strip was oal-
culated.and a correction made using the ratio obtained from Figure 5.
The surface area of diffusion for each strip was then calculated from
the formula:- Area of strip =W c\“e‘x the height or thickness of the

strip, since a horizontal cut through the sample shows a circular
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trace. The total area would thus be the arithmetical gummation of
the stripgi-
(\8) A" 2 ™ d«ve‘ K\'\

The calculation of the volume of diffusion is slso performed
with the aid of these strips. However, now the average length of the
strip including the extent of the diffusion (d2) 1e obtained 1n ad-
dition to the length of the well itself (d,). The following formula
is thus evolved:- - L
(1) V= S 3 h(d-d).

In cgses where the salt had flowed over the edges of the
well the increassed area and volume of diffusion wae cslculated with
the use of the proper geometric formulas for circles and cylinders.

Dividing the volume by the area for a given sample glves
the distance of diffusion. Thls value corresponded within experimen-

tal error with the sctusl measured distance from the photographs.

2. Obgservation of Colors

In &1l of the tests the color of the diffused portion of
the sample and 1ts change and appearance for different temperstures
and times was noted.

The samples were alsc exposed to ultraviolet light with a
wavelength of 36S5OA, and the presence and type of fluorescence was

observed.

Y, X-rays
In order to determine the nature of the colloidal particles

Laue X-ray patterns were obtained of several samples into whieh dif-
Tusion from AgNOs had taken place. A thin wedge of the glass was

ground for thls purpose.
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5. Ultramleroscope

A 8lit ultramicroscope wag used for observatlion of a glass
sample into which diffusion from AgNOsz had been maintained for 36
hours at 900%C. Two surfaces were ground at right angles and hlghly
polished. Thils was then used in the setup in place of the ordlanary
cell,

A thin section of the szme sample was also made by petro-

graphic methods znd examined with a cardiold ultramloroscope.

6. Spectrograph

An approximate quantitative concentratlon gradlent was de-
termined for the above-mentioned sample with 2 Bausch & Lomb Medium
Quartz Spectrograph using spark excitation. This method offers ex-
cellent opportunities for further work.

A working or calibration curve was first obtalned by making
a series of glasses wlth known silver concentrations, with AgCl as
the source of silver. ‘8ilicon was used as the internal standard be-
cause of its comparatively high concentratlon with respect to the
gilver content. The intensities of one of the silver and sillicon
lines was measured with s mierophotometer and their ratiocs were then
plotted ageinst silver concentration as shown in Figure 6. For the
determination of an unknown the ratio of the intensities of the same
two lines was located on the calibration ecurve and the silver per-

centage was read off,

1. Spectrophotometer

4 thin slice, about 0.3 millimeters thiek, of the above--

mentioned sample was prepared. A transmittance curve for various
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wavelengths was obtained for each of the distinctive aress of diffu-

sion indicated in Plate IV with a G. E. Recording Spectrophotometer.

IV. Results

A, Diffusion fronm AgNOs as a Source

Of the sllver salts AgNOs was used the most extenslively,
and the most complete results were thus obtained with 1it.

AgNOs melts at 212°C. and decomposes at LU4eC,, which 1s
above the decomposition temperature for Agz0 at 300°C., to form met-
allic silver. This decomposition 1s rapid causing some of the con-
tents to boll over the edge of the well forming a larger area and
volume of diffusion. It 1s noted that above the decomposition tem-
perature the source of silver is no longer AghOs but metallic silver
which is in very close contact with thes glaes.

All of the tests were performed under nonrestricted aiffu-
slon eince the samples were thick enough so that the diffusing mate-

rial at no time reached the outer edges of the cups.

1. General Appearance

Examination of Table 2 shows that color variation is depen-
dent mainly upon the temperature and that extended time has 1little
effect. Below the softening point of the glass the diffusion color
is a dark reddish-brown. Above, bands of different shades of color
and translucency are formed in addition to the brown which ig the
Turthest from the source of diffusion.

With ultraviolet light, however, it is observed that both
temperature and time are important. For inastgnce, for samples ex-
posed to diffusion for 108 hours the brightest fluorescence was pres-

ent at LO0O°C. On the other hand at 500°C. the fluorescence wag good
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for short test time intervals but began to fade in pleces held for
108 hours. At higher temperatures fluorescence is present only in
gome of the rings.

After the residue had been dissolved, it was noted that
there was some reaction between the salt and the glass surface be-
cause the surface was rough and pltted.

AgNO3 was also tried in a tube made of Corning D172 glass
at temperatures up to 700°C. with no appearance of diffusion or reac-
tion., With Pyrex glass tubes 2 lighter brown color and a smaller >

distance of diffusion was noted with presence of some reaction.

2. Effect of Time on Distance of Diffusion

The curves for AghOs at 500°C and 900°C. are shown in Fig-
ure 7, drawn with data from Table 2. The curvesz do not start at zero
distance since the gamples were heated with the furnhace and gome 4if-
fusion had occurred before the constant test temperature was reached.

’ The time rate of diffusion is not constant for extended
timeg. In the early stages it 1s rapid and close to constaney, fol-
lowed by a decrease.

The photographs in Plate I ghow the actual appearance of

the gamples at 500°C. for varylng test time intervals.

3, Effect of Temperature on Distance of Diffusion

Pigure 8 illustrates the curves for AgNOs at 12 and 108
hours. Both are sesen to approach the tempsrature axis asymptotically
and 4o not have a constant temperature rats.

For 108 hours at 200°C. there was no measurable distance of
diffusion, but a surface discoloratlon was present. At about 500°C.

there is a comparatively rapid increase in diffusion whleh may be due
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to the decomposition of the nitrate. Plate II shows photographs
from which data for this curve was obtalned.

For 12 hours test time there is a rapid incresse in dis-
tance of diffusion at about 700°C. This is due to lesgs resistance
offered to the passage of silver particles. At temperatures above
the softening point a large number of baﬁds in the glass structure
are broken resulting in larger holes. The curve flattens out at
900°C, but probably would again increase rapldly at about 1100°C. due
to accelerated decrease of the viscosity of the glass, Plate IIT
shows the appearance of these samples. Egspecially notlceable is the
presence of a number of layers above 600°C.

At temperatures up to 900°C, convection currents, which are
the most difficult factor to cope with in dlffusion experiments with
agueous solutlions, offer no difficulties since the vigecosity of the
glass is sufficiently high. Above this temperature, however, convec-
tion currents were present and interfered with measurements of dif-

fusion.

4. Varlation of Concentration with Diffusion

Relation of the sllver concentration in the diffused por-
tlon of tke glass at 500°C. and 900°C. to the time of test is shown
in Figure 9. There 1s a considerable drop in concentration at 500°C.
indicating that the migration of new silver lons into the glass is
greatly slower than the diffusion of the ions already in the glags.
At 900°C. the drop is slight, in turn, indiesting that the passage of
the silver particles into the glass is practically as rapid as the
diffusion of the particles into the glass. According to Fick's law

the rate of diffusion within a medium 1s proportional to the conoen-
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resistance of the glass to diffuslon at 500°C. 1s agsain indicated by
the curve in this Figure, The slightly negative slope of the curve
1g doubtful sinece small experimental errors can produce this effect.
However, the indlication of a curve with a flat slope is still pres-

ent, The extent of the straight line portion is thus unknowh.

6. Silver Concentration Gradient
10)

Schul ze showed 1in his work at temperatures of about
400°C. that there was a straight line drop in concentration of silver
from the surface to the interlor of the specimen, At temperatures
above the softening point, or speeifieally 900°C. in thls case, rings
of different colors were obtalned., It was of interest to determine
if there also was a streight line drop in concentration here.

Plate IV is a photograph with 5x magniflcation of a sample
exposed to 900°C. for 36 hours. The areas referred to below are
indicated on the Plate:-

Area 1 -- Clear glass

Aresa 2 -- Clear amber brown

Area 3 -- Opagque bluigh-white, with transmitted
light - brown

Area 4 -~ Clear gray with yellowish tinge

Area 5 -- Opaque yellowish-white

Examination with an ultramicroscope revealed that all of
the colored areas produced a Tyndall cone. However, a continuous
change in the number of particles was not present. A relative ap-
proximation of particles per unit mlerescoplc area showed:- Area i,
none; Ares 2, too concentrated to make a count; Area 3, sbout 475;
Area 4, about 6; and Area 5, about 1300.

A graphical analysls of the colors of the areas is shown
by means of Speectrophotometric curves, as in Figure 12. Areas 2, 3

and 5 show a high transparency in the long wavelengths, thus producing
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{. Diffusion Constant

The diffusion constant as calculated with Equation % can
not be obtained sin08AAs, the sllver saturation value, was not de-
termined. However, with the data availsble in Figure 11 it is inpdi-
cated that D would be a constant only in the comparatively early sta-
ges of diffusion since the curves are not stralght lines for the en-

tire test time interval.

B. Diffusion from Other Silver Salts as s Source

In addltlon to the AgNOs, AgCl, AgsSOy and Age0 were used
for a number of tests. For these salts, the following data 1s listed:

Salt Melting Point Boiling Point
AglCl 455e¢. 1550°C.
Ag=80y 652°C. decomposes
AgaC deceomp,, 300°C., = ~enw-eo

l. General Appearance

Table 3 lists the colers and the fluorescence of the sam~
ples in this group. The colors are, in general, the same as for
AgNOa indicating that regar&less”af the menner of migration of the
partlcles their physical nature is spproximately the same.

Plate V-A pletures the appeszrance of a gample wifh Ag;ﬁﬁu
as a source of diffusion. An area showing a marked cellular struc-
ture is present between the normal diffusion and the outline of the
original well formed by metallie silver from the decomposition of the
sulphate. A reaction or strong effusion of a gas is evi&eﬂtly re-
sponsible,

With Age0 as a source the results both in oxidizing and CO
atmospheres are shown in Plate V-B. Blebs are farmeﬂ with a redusing

&tmogphere which do not appear under oxidizing conditioneg, and alsc
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Table 3.
Diffusion Dote with Regard o Other Silver Salts
Digtance
Salt Temp, Time of DifP, Color Fluorescence
°C. Hrs, Crz,
AgCl 500 12 .020 Clear amb. brown Yellow
¥500R 12 015 4 # " f
600 12 .10 “ Al " Faint yel.br.
900 36 .80 Rings of Faint brown
12 .60 brownish- in certain
6 4o yellow, yellow, portions
3 .32 dark gray
O Qll
AgeSOy TUC iz . 30 Brown, with bands MNone
, : of yel. and blue
900 12 .60 Yellowlsh, also Yellow and
9 .50 blulsh-grsay. orange in gome
6 A5 CGellular react. of the rings
3 « 30 lzyer present
Agz0 300 12 <3 Yallowish Yellowish -~ str,
3 .2 Yel.~-blue gray aound center
*300R 3 .12 Yellowish

* Redueing conditiona.
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the extent of the diffusion 1s not as grest.
Samplez wlth £zCl as a source of zllver do not show any
cellular structure. At 500°C. there was no notlceable ettack on the

glass.

2. Diffusicn Dats

Distance of diffusion sgainet temperature at 12 hours test
time for AgCl as a source is plotted in Figure &. The curve is sim-
ilar in shape to the others, but rises more rapidly, being diffused
roughly twice as far zs thst for AgllOs at 900°C.

Figure 7 showe the curves for distance against tlme of test.
All of them are sgain similar in shape. At 900°C. and 36 hours dis-
tance is about twice as far with AgCl as wlth AgNOs., The AgeSQOy
ecurve roughly corresponds to that for Agll and Ags0 to that for AghOa.

In the case of AgCl and AgeS3Qy the particles diffusing
therefrom must be smsller. Also, due to the fact thst no reaction
wag present with the use of AgCl, the diffusing particle was likely
a simple lon. In the case of the other silver salts the diffusing
particle was probably a complex one and may have conslested of some

conplex ion or atom.

3, Effect of Reduclng Atmosphere

Plate V-B and data in Table 3 indlcate tha# a reducing at-~
mogphere of GO had a considerable effect on diffuslon from Ags0.
This corresponds with Kubaschewgkl's theory that oxygen plays an im-
portant part. It 1sg possible that ths diffusing particle at some
stage 1s a combination of sllver and oxygen. However, the theory
does not have general application since The digtance of diffusion

from AgCl in both atmospheres 1s wlthin experimental error.
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C. Diffusion from Non-Silver Salts

A number of other salts were selected to determine their
tendency for diffusion and the resulting colors. The properties of

these salts srel-

Salt Melting Point Boiling Point
AuCls 254°C, decomp.

Cogl 2 ?

Cu504 d. 650°C. to Cu0

CuzCle paeg, 1366°C.
Créls ? 1200-15009¢,
FeCla 2g29¢. 3159C,

PbClz 5010, 950°¢.

Ptel% decompoges

T1s30y 6329C. decomposes
VBGB g009%(C. ?

The results with the above salts are listed in Table 4.
Only those of copper, thallium and venadium showed any diffusion.
The copper formed a blue coloration, and the others, colorless. In
all ecases of diffusion fluorescence was also found to be precent,

Figure 8 includes the measured pofnts for these salts. It
is noted that the order of incressing diffusion with the salts as a
source is CuSOy.5H:0, Cuelle, TlQSOg,VAgNOg, AgCl.

Some type of reaction between the copper salts and the
glass occurred since a cellular structure was formed. Tl:S50y as a2
souree showed a eolarlenslbut ensily noticeable diffusion because of
the large difference in indeces of refractien. Thallium remains 1in
solution on cooling rather than segregating at erystallization cen~

ters as the silver.

D. Liesegang Rings

A Liesegang ring development was observed in some of the
specimens with diffusion from all of the sllver salts at temperatures

above the softening point of the glass.
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Table 4.

Diffusion Data with Regard to Non-Silvernr Salts

Liatance
Salt Temp, Tinme of DAfF. Color Fluorescence
oG, firs, Crii, -
LuClg 600 12 None Reduoced to
900 1z None metallic au
0030& 900 12 None
Cusoy 900 12 .05 Blue, sl ight Yellowlsh
. reaction around center
CugCle 600 12 Mone Elue surfrces. Hone
900 12 <11 Vesicles present Bluish & Yel.
CrCly 800 12 None Surface discol.
¥FeCla 900 iz None " W
PbCle 700 12 NoneGla (lass attacked  None
along melt line
PtCl) 600 12 N¥one
T13804 700 12 .12 None, but 4iff, Faint yellow
900 12 ? index nregent Yellow
V305 900 12 ? None Yellow on

surface
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Plate VI shows photographs of a specific case of diffusion from
AgNOs, as the orlginal source, at 900°C. for 12 hours. The magnifi-
cation 1s 9.2 times. A was taken with transmitted light using Wrat-
ten filters D + H and B with ultraviolet illumination. In the latter
the yellowish fluorescent arsas appear as the lighter portions, and
the darker portions represent areag of absorption or non-emlssion.
The Liesegang rings appear in the grayish area, corresponding to
Area 3 in Plate IV.

Though this phenomencn had appeared in several tests for
all the silver salts, 1t wzs not simple to reproduce. Since there
was no introduction of lmpurities, it was theorized that the rings
would appear with variation in either the cooling or heating sche-
dule. Accordingly, samples were prepared and the cooling was varied
as follows -- cooling with the furnace, holding at 600°C. for one
hour ~- with no appearance of strong rings. In one test s heating
eycle wae followed whereby the temperature was held at 600°C. with
better appearance of rings.

However, in the time avallable it was not possible to sat-
1sfactorily reproduce thls condition which had sppreared more or less
accldently. It is thought that at some point during the long con-
stant temperature perlod there was actually a drop in temperature for
& short time. .It ls probable that in the grayish portion of the dif-
fusion the concentration of silver particles is such that conglomera~
tion readlly occcure and any thermal dlsturbance would cause a depar-

ture from uniformity.

V. Discussion

The occurrence and rate of dlffusion is dependent on both .

the glass and the sslt providing the diffusing particles.
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The flint glass used permitted diffuslon, but a few sam-
ples of glass high in silica did not do so under the same conditilons.
Two types of diffuslon are present: replacement of alkall lons with-
in the glases or penetration of particles of some kind into the holes
of the glass.

The former type 1s present at sll times providing lons
from the sslt are avallacle and, in general, 1t 1= the predominant
type for cages occuring at temperatures below the softsning temperas-
ture of the glass. The latter type is commonly present, usually in
addition to the former, at temperatures sbove the scftening point.
Here, the expansion of the glase and the breaking of bonds in the
glass structure form openings for passege of larger partleles. In a
pure silica glass, for instance, the latter type of diffusion would
be the only kind present and, congequently, would be slow and would
occur at elevated temperatures.

The source of diffusing particles 1s a controlling factor
in the diffusion process. At temperatures below the softening polnt
of glass the salt must provide simple cations. Complex ions, how-
ever, may alsc penetrate into the surface layers a short distance.
These lons can be provided in one of thne following ways:- a) molten
salt with sufficlently high lonization conetaht at the test tempera-
ture, b) sufficiently high vapor or dissociation pressure, and ¢)
reaction with the glass resulting in the formation of cations. After
thelir formation the iones then must be of euch a size as to be able
to penetrate into the glass Opéninga. Those particles that enter
the glass will have thelr rate of movement controlled by thelir effee-

tive slze -- the smaller ones moving the fastest.
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Above the softening temperature of glass the rate of 4if-
fusion is found to incresse due to easler passage for the cations
and also because larger complex long and perhaps atoms are capable
of venetration. The preseince of complex forms 1s suggested by two
conditions, First, with s salt containing oxygen the oxygen content
or pressure of the atmosphere affected the rate of diffusion. Sec-
ondly, eellular surfaces indicated movement of coumplex ions or mole-
cules with subsegquent decomposition or reactlon in the glaas.

Therefore, it is apparent that 1% 1ls diffleult to commare
different salts at 2 given teunperature az to tnelr ability to provide
diffusing particles since there are so many conditions involved., Al-
so, Jjust B few of the salts tested showed occurrence of dlffusion
under the present experimental methods. However, entlrely different
results may be obtalned if diffusion of & certsin cation is promul-
gated from a different source -- as two glasses in contact, for in-
stance, one already containing the diffusing ion and the other not.

The results indicate that the physicsl nature of the glass
is important and that broadly the type of diffusion changes at crit-
ical temperature ranges, such as the softening point temperature and
probably the temperature at which an appreciable drop in viscosity
pecurs. Below the softening point the glass offers greater resls-
tance to entrance of ione intc the glsss and there isva rapld drop
in concentration in comparison to the movement of lons into the glass.
Whereas, sbove the goftening point the entrance of particles 1s as
great as thelr movement into the glass thus malintaining practically
a uniform concentration with increased distance of diffuslion.

The colors appearing on diffusion are due to different

states of dispersion of the particles as s result of the erystalliza~-
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tion of the material diffused into the glass. It 1s possible that
certain concentrations azre subject to a cefinlte degree of crystal-
lizatlion, Consequently, with the presence of a range of concentra-
tions & serles of colored rings are formed.

Cne of these areas of s given conecentration is probably
more sensitive to thermal effects than the others resulting in 4if-
Terent states of sggregatlon which in turn form bands resembling
l.iiesegsng rings. The theory is then vroposed that the rings in an
experimental condltlon of this type are a result of a combination of
a definlte concentration and the presence of certain therwmal condli-
tiong rather thsn the result of 2 precipitation due to supersatursa-

tion #lone or %o s reaction with the formamtion of a new salt.

VI. Summary

A. Experimentel Work

Instead of having a molten bath of the szlt into whiech the
gample was lummersed, as done by the previous investigators, a sample
was devised which scted as the 2381t container itgelf thus enabling
the extension of the test temperature range up to 1100°C,

Of the followlng salts tested -- AgNOs, AgCl, AgeSOy, Age0,
CusCla, CusOy, VeOg, Or€ls, PbCls, T12S0,, AuCls, P01y, CosOy and
FeCly -- those of silver, thallium and vansdium diffused, The in-
creasiag order of lonic gigzes is vanadium, silver, and thallium whieh
also approximstely corresponded to the rates of diffusion. Copper
8alts showed a resction with the glass wlth s possible diffuslon.

If that were the case, the diffusing partiele probsbly was a complex
one since its apparent diffusion was much less than that for silver

even‘though its cation 1s semaller then the silver catlon.



.,55_,

The rate of diffusgion for AgNOs at a glven temperature is
practically constant up to about 10 hours test time =nd then falls
off. In 36 hours the distance of éiffusilon at 900°G. is 0.42 cm.
and at 500°C. is 0.05 cu. AgCl at 900°C 1s 0.8 om.

The increasge of diffusion for a ziven time with temveraiure
rise is more rapld. A breazX i1s shown at the softening temperature
and gnother is probably present at the temperature of rapld decrease
of vigcosity.

Concentration of gllver from AghOz with distance of diffu-
slon shows a sharp change at the softening tempersture of the glass.

Fick's law as generally given holds for a limited time at
the beginning of the experiment. Consecuently, the so-c¢zlled diffu-
sion constant 1ls not{ constant throughout the entire test period.

The concentratlon gradlient is a straight line aporosching
the distsnce axls sasymptotically. Therefore, the size of the parti-
c¢les in the colored bands An the speclmens above the softenling point
do not vary progressively since the number does not vary continuously.

In the gray diffused portion Liesegang rings were found to

occur under certain experimentsl conditions.

B. Suggestiong for Fature Work

Future experimental work on this subject can make greater
uge of the spectroscope. A more careful eallbration curve can be ob-
tained with the use of an internal standsrd providing a line closer
to the eilver. This, then, in combination with the ultramieroscope
offer posgibilities of determination of the particle sizes and thelr

relation to the sppearsnce of the different silver colors.
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The instrument can undoubtedly also be usged for study of
diffusion of non-coloring msterlial including essentlial constituents
in the glass. This would benefit studies on homogenelty.

Variation of the compositions of the glasses and their
effect on the rats of diffusion would offer suggestlons 28 to the
typee of glasses that are more esslly obtained in 2 homogeneous con-
Giltion. sresence of certaln estalyzers with the diffusing eslts may
have zn sccelerating effect.

Diffusion phenomena should also be gtudied with the dif-
fueing partiele originsting from some other source rather than the
salt 1teelf, such ags the aprnlicatieon of the Ludwig-Soret effect.

AgCl, which showed the apparent diffusion of silver ions
should be studled at more temneratures and more extended times to

verify the theories as suggested with the AgNOs experiaments.
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