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Interaction of float glass with AgNQ; melt involves a process whose rate
18 affected by the exchange of silver and sodium ions at the phase boundary,
by diffusion of Ag+ in the glass and by its reduction to AgO by tin in the surface
layer of the float glass. The experimental data on silver distribution in thin
glass surface layer are best described by a mathematical model of diffusion
concomitant by a chemical reaction. The rate of the chemical reaction is
somewhat lower than would correspond to laminar diffusion. The equilibrium
of the exidation-reduction reaction can be considered to be completely shifted
in favour of the reduction of silver. The resulting concentration profile of
silver is influenced by the relative content of various oxidation states of tin
in the glass.

INTRODUCTION

Exchange of ions from glass for Ag+ is sometimes used in the colouring of glasses.
This exchange occurs whenever the glass is exposed to the effect of a melt, paste or
atmosphere containing the given cation. The exchange cannot always be described
by Fick’s diffusion laws alone, because the diffusion can proceed together with further
processes, e.g. reduction of Ag+ to Ag® and the formation of nucleation centres.
The reduction is caused by the presence of polyvalent elements in glass (Fe, Sb, As,
Sn). These are mostly present in smaller amounts, either as residual refining agents
or impurities from raw materials. An exception is the float glass, the bottom surface
layer of which contains tin mostly in a lower oxidation state [1]. This is why the
effect of reduction is more distinct in this glass.

The present study is based on the experimental data by Ko&irek [2] which were
obtained by submitting a float glass for 2, 4 and 8 hours to the effect of melt containing
AgNO; at 350 °C. The concentration profiles of silver on both sides of the glass were
measured by an electron microprobe. The present paper had the aim to describe
the measuring results by a system of equations, the solution of which would give
the concentration of silver as a function of depth in glass () and of the time of
exchange (¢).

wag = Wag(z, f).

KINETIC PROCESSES DURING THE EXCHANGE

The exchange can formally be described by the equation

Ag+ (melt) + Na+ (glass) = Agt (glass) + Nat (melt). (1)
The silver cations in glass may be further reduced according to the equation
mAg* + Snn+ = mAg® - Snin+m)+, 2)

For the sake of simplicity, the only exchange considered is Ag+—Na+, because the
mobility of Na* is much higher than that of K+, which is the only further alkali
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ion contained in distinct amounts in the float glass. For the same reason, just tin
was regarded as a reduction agent, its content in the surface layer of the float glass
is higher 10 to 100 times than that of the other reducing agents.

The entire process can be divided into the following five partial processes:

1. Diffusion of Ag* in melt and that of Na* in glass towards the phase boundary
2. The actual exchange at the boundary according to (1)

3. Diffusion of Ag* in glass and that of Nat in the melt from the boundary

4. Reduction of Ag* according to [2]

5. Formation of the nucleation centres of Ag®.

The processes ad 3) and 4) are simultaneous, the others being sequential. The rate
of the formation of the centres is therefore controlled by the slowest of the sequential
processes. The mobilities of ions in the melt are higher by roughly two orders of
magnitude than those in glass, and the mobility of Nat exceeds that of Ag* in the
corresponding medium [3]. For this reason, process 1) and the second part of process
3) need not be considered.

Tin in glass will reduce just part of the silver that has diffused inside, while the
rest can be reduced only after concluded exchange by the effect of reducing atmosph-
ere. With respect to the colouring of glass it is therefore more important to know the
total concentration distribution of silver after the exchange than the distribution
of Ag®. For this reason process 5) has been neglected in further considerations, because
silver is capable of diffusion in its ionic form only. The model should therefore include
exchange at the boundary, diffusion of Ag+ in the glass and the reduction of Ag+.

MATHEMATICAL MODEL

On considering the Ag*—Na* interdiffusion in glass just in the direction perpendi-
cular to the phase boundary, the balance of Ag+ weight provides the following equa-

tion:

6@Ag+ o a aQAg+
o _Ex_(D ps )*’AB” (3)

which holds only under the assumption of neglecting the stresses arising during
exchange in the glass surface, and the effect of the other components on the diffusion
[4]. On describing the rate at which Ag* is produced by the chemical reaction by
means of the equation known from the kinetics theory of chemical processes, equation
(3) can be expressed in the form

aQAc*___a_ D Opag+ ) __ Ooae®
o — 0x Oz o’

Oese® _ K(0age)t 2 K1 13 )f4
5 = Kleag)’ (gsn=e) (04g%)7® (gsn(msm=)7s. (4)
The data on the basis of which the interdiffusion coefficient D was determined
and which could be compared with the solution of the model are given in literature
[2] in weight percent in the form wag = Wag(z, t), wsn = Wsa(z, t). The system [4]
has therefore to be adjusted. On the assumption of a constant density of the glass
one can write
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Owagr 0 (D Owag+ ) . Owago

o oz 0 at
Owago Pa M 12 (3474 [ Mgp \f*
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wag = wagt + wag,

where
4 = Kpln1+12-1), (6)

For Al holds an equation similar to that for 4.
The initial and the boundary conditions necessary for the resolving of system (5)
are as follows:

t=0 z=0 wpg+ = CP wago = 0
27)0 wAg¢=O Wag® :O
i>0 z=0 wag+ = CP wage = 0
x>0 wagr =0 wage = 0

No data on exchange reaction [1] were found, so that the surface concentration
of Ag+ (CP) has to be regarded as a function of time. No data on the reduction of
silver with tin are likewise available. According to the mutual relationship between
the diffusion rate of Ag+ and its reduction, the following three cases can be distin-
guished:

a) The reduction is very slow. There will be virtually no reduction during the
time the glass is exposed to the effect of the melt. The entire process can then be
described by means of Fick’s laws.

b) The rates of the two processes are comparable.

¢) The reduction is very fast, taking place virtually in the front of the concentra-
tion profile of the diffusing silver. It is therefore a phenomenon similar to skin diffu-
sion, which, in view of the planar symmetry of glass, should perhaps be better called
laminar diffusion.

In the cases ad b) and c) the process has to be described by system (5) which can
be resolved with values unknown from experimental measurement (4, 41, f1, f2,
3,74, m, CP) in the function of parameters. The solution of the model of the indi-
vidual values of these parameters was then compared with the experimental values
[2]). The model did not include the diffusion of tin, since according to [5, 6, 7] the
diffusion coefficient of all forms of tin in multicomponent glasses at 350 °C is lower
by several orders of magnitude than the Ag+—Na+ interdiffusion coefficient.

NUMERICAL SOLUTION OF THE MODEL

The system (5) was solved by the numerical lattice method [8]. The values unknown
from the experimental measurements were substituted from the following sets:
A4 €{10-5, 10-4,..., 104} &1, A/A1 € {1073, 1072, ..., 104}, f1, f2, /3, f4 €{ 0, 1, 2, 3},
CP €{16.5, 19.6, (—0.855¢ + 20.475), [exp (—0.0517¢ + 3.034)]} wt. %. The first
CP value is the mean of Ag+ concentrations measured on the glass surface after 2,
4, 8 hours, the second is the value after 2 hours, the time dependences were obtained
by plotting the experimental values after 2, 4, 8 hours.

The tin was considered to be in oxidation state +2, i.e. m = » = 2. To determine
the effect of the presence of the individual oxidation degrees of tin, several calculations
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were carried out on the assumption that just one of the degrees 0, +2, -4, is present
over a certain range (Fig. 4). The diffusion coefficient, which depends on the con-
centration of Ag*, was determined by the Boltzmann—Matan procedure from the
experimentally established concentration profile of silver on the non-tinned side of
the glass, where the effect of reduction can be neglected. The relationship has the
form

Dsserc = 10.157 + 0.362wpge22  [pm? h-1]. )

RESULTS OF NUMERICAL SOLUTION
The effect of 4, f1, f2 on the solution of system (5)

The solution was found not to change if A < 10~2-f14-1, This can be explained
so that the rate of reduction is then so low as to have practically no effect, and the
solution corresponds to the model of plain diffusion. On the other hand, for high 4
(= 10%) &1, the reduction rate approaches that characterizing the laminar diffusion.
A whole series of solutions obtained with various combinations of 4, f1, f2 lie bet ween
these possibilities. A division is provided by the value 4 = 1072-f14-1, A comparison
of the solutions for the various values of 4, f1, f2 is shown in Fig. 1. Over the interval
A €0, 10f2—f1y b1, the gradient of the concentration profile of Ag increases in
a depth over 15 pm, which is understandable when considering that in greater
distances from the boundary the reduction will decrease the driving force of diffusion,
the concentration difference wpg*, the contrary being the case close to the boundary.
It is interesting to note that this gradient again decreases with increasing A over
the interval 4 € (10/2-f1, c0) A~1. This can be explained so that at higher reduction
rates the resulting changes have the time to equalize by diffusion during the time
between the end of reduction and the end of the exchange. The differences in the
distances over 15 pm from the boundary are of course relatively small, because in
these glass layers the tin content and thus also that of Ag®, is already low.
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Fig. 1. The effect of A, f1, f2 values on the solution of CP = 16.5 wt. %, tin as Sn*;
1— A = 10-2-11 h~1 (plain diffusion), 2 — A = 1072=1h1,3 — A = 104h~, f1 = 0,f2 =
(approaches the laminar diffusion), x — values established experimentally.
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The effect of CP on the solution of system (5)

As indicated by Fig. 2, the relationship CP = CP(t) has no significant effect on
the solution. An almost identical course of the concentration profile with the assumed
linear or exponential time dependence of CP, is given by a similar course of these
curves over the time interval of <0, 2> A, for which the model was solved. The absolute
values of the solution are ifluenced rather more by the mean CP value than by its
time dependence. Even at various absolute values, the shape of the concentration
profile is not subject to any great changes.
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Fig. 2. The effect of time dependence of concentration of Ag+ at glass surface (CP = cP ()
on the solution; A = 0.1 h~1, f1 = f2 = 1, tin in the form of Sn*+, I — CP = 16.5 wt. %,
2 —CP =0.855t+ 20,475 wt. %, 3_—cP= exp (—0.0517¢t + 3.034) wt. %,
4 — CP = 19.6 wt. %, x — values established experimentally.

The effect of reverse reaction (2) on the solution of (5)

This reaction, i.e. oxidation of Ag® to Ag*, will become distinct only when the
ratio 4/A1 £ 10. The solution for the individual values is shown in Fig. 3. The
minute effect of the reverse reaction even at a small 4/41 ratio is due to the fact
that during most of the time of reaction, wagr > wagd OF Wpg+ > Wanintm+,
The inclusion of the reverse reaction into the model does not bring about distinctly
different solutions, which could not be achieved on the a.ssumptlon of shifting the
equilibrium of reaction (2) completely to the right. ’

The effect lof the presence of various oxidation states of tin!on the
solution of system (5)

This effect is considerable especially at the higher reduction rates, when virtually
all tin is consumed, as indicated by Fig. 4. This is due to the fact that various amounts
of Ag® correspond to tin oxidation states -2 and 0, as follows from the stoichiometry
of the reduction. No reduction at all takes place when only Sn4+ is present. Fig. 4
also implies that mutual effects occur just between the closest points (z, wag)-
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For example, solution in a region where Sn*+ is the only oxidation state present,
is not affected by the oxidation state of tin in the neighbouring regions. This follows
from the mathematical method chosen for the resolving.
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Fig. 3. The effect of reverse reaction (8a) on the solution. CP = 16.5 wt. %;
f1=f2=f3=f4=1 A = 1.0h1, tin in the form of Sn2+, 1 — A] = 10° h1,
2 — Al =102h1,3—A1 =10h",4—Al1=1h"1,5—A1 = 0.1h}, x — values established

experimentally.
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Fig. 4. The effect of the presence of various oxidation states of tin on the solution,
CP = 16.5 wt. %, A = 1012-11 1
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2, Sn>* | Sn¢* | Sn°

3, Sn® , Sn* | Sn2t
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x — values established experimentally.
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COMPARISON WITH EXPERIMENTAL DATA

This comparison is shown by Figs. 1 through 4. The solution closest to the experi-
mental concentration profile is that for 4 = 10/2-f14-1, 4/41 — 00, CP = 16.5 wt.9%,.
However, even there is a considerably large deviation (Fig. 1). The reason of this
was that the pulses of the electron microprobe were converted to concentration on
the assumption of the same current passing through the sample and the standard.
Different currents should be considered, because of the different composition of
the sample and the standard. A comparison of the model solution with the converted
experimental profile is shown in Fig. 5. The mean CP value for times 2, 4, 8 h was
used in the calculation (CP 20.0 wt. 9%). The new dependence of the interdiffusion
coefficient was as follows:

Dssoec = 16.171 + 0.320(wpg+)? [wm2 h—1]. (8)
Following conversion, the model shows a quite satisfactory fit with the experimental
data. The remaining deviations should be attributed to the simplifications introduced
in the creation of the model. The most significant of these is the assumption of constant
glass density during the exchange and neglection of the formation of a compressive
stress on the glass surface.
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Fig. 5. Comparison of some solutions with experimental values after conversion,
CP = 20.0 wt. % ,tin intheformof Sn2+,1— A = 0.000 1 h~1,f1 = 3,f2 =1,2— A4 = 0. 1n71,
fl=1,f2=2,3—A=001h1,f1=2,f2=2,0rA=0.001h",f1=23.f2=2,
4 — A = 1072-71 -1, x — values established experimentally.

CONCLUSION

A mathematical model was proposed for the exchange of Agt—Nat ions in float
glass, and its solution was verified for various rates of partial processes unknown
from experimental measurements. The results can be summarized as follows:

1. A very rapid establishment of the exchange reaction and thus a constant concentra-
tion of Ag* can be assumed at the glass melt boundary.
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MATEMATHYECHAA MOJEJb OBMEHA Ag+—Na+
B CUCTE ME CTEHRJIO FLOAT—PACIIJIAB AgNOs

Aunem Tene6pant, flosed MaToyurex
kagedpa mexnonoeuu cuauramos, X umuro-mexnososuneckuic uncrmumym, 166 28 Ilpaza

ITpu oxpacke crersa Float oka3mBalOT BIKNsSHEE HA KHHETUKY IIpomecca ¥ Ha OKOHYATeJb-
HBII KOHIEHTPAaNMOHHEIA mpoduib cepebpa B cTekJIe cleAyIOmue Nponecchl: HOHHbIM 0OMeH
Ag+—Na Ha pasaene ¢a3, nupdysusa Ag+ B cTeKIe M ero BOCCTAHOBJIIEHHEe B Ag® 0JIOBOM,
cofiepsKalMuMCs B IIOBEPXHOCTH CTEKJIA.

MaTeMaTHYeCKUM OIIMCAaHMeM Ipolecca ABJIAETCA cHcTeMa (D) NPH CJIeAYIIIMX ynpoma-
IOMUX OPeNoJioKeHNAX: a) IIOCTOAHHAsA INIOTHOCTh CTeKJda, 0) BiMAHMe HanpsKeHHs
B IIOBEDXHOCTHM CTeKJa Ha pacnpefeileHue Ag+ npeHeOGpemumo, B) nuddyaus. mpoTexaer
TOJILKO B NePHeHANKYJIAPHOM HanpaBJeHHM K pasfeiy, r) Ha uHTepauddysmio Ag+—Nat
a He OKa3bIBAIOT BJIMSAHUE TPaJMeHTHl KOHIEHTPAIMHA OCTAJIbHBIX KOMIOHEHTOB CTeKJa.

Tax wak U3 3KCIIepUMEHTAJLHEIX NAHHBIX HeM3BECTHH BedwunmHul A, A1, f1, f2, {3, f4,
m, CP, BuIpakaloline cKOPOCTs BOCCTAHOBJIEHUsA cepefpa (2) u paBHOBecHe II0BEPXHOCTHOTO
oOMeHHOTO B3amMopeicTBuA (1), npuXonuI0Ch cucTeMY (5) pelaTh, MCIOIB3Ys NPHBOJMMELE
BeJIMUAHH B QYHKIMM NapaMeTPOB M ee OT/AeJbHbIe PelleHUd CONOCTABJIAJU C YCTaHOBJIEH-
HBIM JKCIIeDHMEHTAaJbHBIM IyTeM npogmiem cepebpa (pmc. 1—4). Jlyume Bcero TaHHBIM
BeJIMYMHAM OTBevuaeT pelleHHe MOe’IH, Npejnoaraiolnieil OpicTpoe ycTaHOBJEeHHe paBHO-
Becus oOMeHHO# peaxnuu (1), paBHOBecHe BOCCTAaHOBJIeHHA (2), CIBHHYTOe COBCeM HampaBoO
M CKODOCTh BOCCTAHOBJIEHMA Ha HECKOJIBKO MeHBIe, 110 CPaBHEHHIO ¢ IIpejIoJjaraeMbM
BOCCTAHOBJIGHMeM, NPOTEKAloIuM Ha (poHTe KOHIeHTpanuoHHOro npoduis mudyHnupy-
fomero cepebpa (puc. 1, kpuBaa 2). @TK.IOHEHHE OT BKCIEPUMEHTAJLHLIX NAHHLIX BLI3bIBA-
ercd IpejIoJioMeHNeM II0CTOSHHOTO TOKa, NpPOXofsiiero deped ofpasen M cTaHJapT IpH
U3MepeHHMH pacmpefesleHns Ag+ Ha 3JIeKTPOHHOM 30H7e. Eciin yunThBaeTcss pa3HOCTH MEKIY
NPHBOAMMBIMH TOKaMH, TO IIPEIJIOKeHHAad MOJedb OTHOCHUTEJHLHO XOPOIIO OTBEYaeT Ipo-
neccy obmeHa (puc. 5, kpuBas 4).

Puc. 1. Bauanue seauwun A, f1, f2 na pewenue, CP = 16,5 % no secy, onosa 6 ¢ude Sn2+:
1 — A =10-2-f1h~! (npocmaa Juggyaus);
2 — A = 10f*~f1h1,
3 — A = 10%h, f1 = 0, {2 = 3 (6ausko dugppyauu, npomeraioweli no cioim),
T — YCMAHOEAELHHBLE IKCNEPUMEHMAALHIM NYMEM 6EAUNUHDL.
Puc. 2. Bauanue epemennoli zagucumocmu roHyenmpayuu Ag*t na noseprmocmu cmekaa
(CP = CP(t)) Ha pewenue:
A = 0,1h"1, f1 = f2 = 1, onogo ¢ 6ude Snz+,
1 —CP = 16,5 % no secy,
2 —CP =0,855.t + 20,475 %, no eecy,
3 — CP =oskc (—0,0517 .t + 3,034) % no secy,
4 — CP = 19,6 % no secy,
X — YCMAHOBAEHHBIE SECNEPUMERMALLHBLM NYMEM GEAUNUHDL.
Puc. 3. Bauarue o6pamnoii peaxyuu (8a) na pewenue, CP = 16,5 % no secy, f1 = f2 =
=f3 =f4 =1, A = 1,0rh"1, oa060 ¢ eude Sn?+,
1 — A1 = 103h~1,
2 — A1 = 10%h,
3 — Al = 10h—1,
4 — Al = 1h,
5 — A1 = 0,1h.
T — YCMAHOBAEHHDBIE IKCNEPUMEHMARHBIM NYMEM GEAUNUHBL.

Puc. 4. Bausrnue npucymcmeus pazHux cmeneneli oxucAeHUR 02060 Ha pewerue, CP = 16,5%
no secy, A = 10f* f1h-1

1 | Sn2+ Sne+ ! Sn2+
2 1 Sn2+ Sn#+ | Sne
3 i Sno ] Sn4+ | Sn2+
0 6 23 x [Mm]

X — YCMAHOBAEHHDBIE IKCNEPUMEHMAALHBIM NYMEM ECAUUUHDL.
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Puc. 6. Conocmasaenue HeKOmOpHIT DeuteHuU ¢ 9KCNEPUMEHMANLHLLMU BELUNUKAMU NOCAE
nepecuema:
CP = 20,0 % no eecy, o060 6 eude Sn2+,
1— A =0,0001h1, f1 =3, f2 =2,

A=01h1f1=1f2 =2,

— A =0,01h, f1 =2, {2 =2 uau A = 0,001h1, f1 = 3, f2 =2,

A = 10t12-11 1

— YCMAaAHOBAEHHDBIE FIKCNEPUMEHMAABHUIM NYMEM EEAULUHDBL.
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BRODIE M. L, MYLOPOULOS J., SCHMIDTJ. W.: ON CONCEPTUAL MODEL.-
LING (Koncepéni modelovéni). Springer-Verlag, Berlin—Heidelberg—New York—Tokyo
1984, 510 str., cena 33,2 US dol.

Koncepéni modelovani se tyka vSech oblasti nauky o poéitaéich. Predevsim jde o umélou
inteligenci, datové soubory a programovaci jyzaky. Kniha piina8i prvni soubor vysledku
vyzkumnych praci vénovanych koncepénimu modelovani. Je sloZena z devatenacti prispévku,
které byly predneseny na konferencich nebo byly publikovdany v odbornych éasopisech.

V kapitole o perspektivach umélé inteligence jsou jednotlivé prispévky vénovany popisu
a programové specifikaci metodologického zékladu koncepéniho modelovéni. Tato metodo-
logie je v prevazné mife uzite¢ns pro informaéni systémy. Zajimavy v této kapitole je prispévek
C. Hewitta a P. de Jonga (Massachusetts Institute of Technology), ktery je vénovéan tzv.
otevienym systémum. Popis problému spojenych s otevienymi systémy uzce souvisi s kon-
cepénim modelovanim a tyto systémy je mozno vyuzivat pii predvidani vyvoje v prirodé.

Druh4 &¢ast knihy je vénovéana perspektivam databazi. Ve tfech prispé&veich jsou popisovany
pojmy, néastroje a techniky pro navrh a specifikaci chovéni databazovych prenosu. Tyto
pojmy, néastroje a techniky vyplyvaji ze souhrnu programovacich jazyku a databazovych
technologii.

Treti éast knihy je vénovana perspektivam v programovacich jazycich. Znaéné cast je
vénovéna novym programovacim jazykum. Jde o nadmnoziny jiz pouzivanych jazyku Pascal
a Algol jako Pascal/R a PS-Algol. Velky prostor je zde vénovan novému programovacimu
jazyku ADA.

Posledni kapitola je vénovéana zavéreénym poznamkam o jiz dfive zminénych trech oblas-
tech nauky o poéitaéich. V8echny ptispévky jsou zaméreny na porovnani vysledku vyzkumu
se soudasnym stavem a predevsim je ukazan vyhled do dalsich let. Zretelné je to zvlasté
u programovacich jazyku, kde nové vyvijené nebo jiz vyvinuté jazyky davaji zcela jiné moz-
nosti ziskani vétdiho mnozstvi informaci, co dosud pouzivané jazyky (PL/1, Cobol aj.) nemohou
poskytnout. Tyto nové jazyky jsou vyvijeny zvlas8té z diuvodu moznosti predvidani stava
v lidské &innosti.

Kniha je doplnéna velkym mnozstvim literarnich odkazu (cca 300) a véenym rejstiikem.
Z duvodu néaroénosti popisované tématiky je nutné k jejimu studiu mit jiz dobré teoretické
zaklady z nauky o poéitaéich, a proto je mozné knihu doporuéit okruhu specializovanych
pracovniku v oblasti vyvoje technického i programového zabezpeéeni poéitacu.

Kasa

SCHOTT FORSCHUNGSBERICHTE 1981—1983 (Schott — vyzkumné zpravy
za 1éta 1981—1983). SCHOTT GLASWERKE, Mainz 1984. 416 str.

Prehled vyzkumnych praci firmy Schott v poradi jiz sedmy, vydany pri prilezitosti
100. vyroéi zalozeni firmy, obsahuje zpravy o vysledcich védeckého a technického vyzku-
mu za obdobilet 1981—1983.

Z predlozenych praci je ziejmy znaény tematicky rozsah vyzkumu a vyvoje, kterému se
védedti a techniéti pracovnici firmy vénuji, zejména v oblasti skel specidlnich (11 praci)
a skelné krystalickych materialu (3 prace).

Teézistém vyzkumné &innosti je v poslednim desetileti optimalizace uréitych slozeni skel
pro dané uéely pouziti a nové moznosti zulechtovani specidlnich skel. Napf. vrstvy na skle
nabizi fadu zajimavych moznosti pouziti (4 prace). Soucasné bylo tfeba vyvinout odpovidajiei
metody analyzy povrchu (3 prace), za uéelem charakterizace jednotlivych vrstev a jejich
kombinaci.
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