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Diffusion of Ag* and K* ions from AgNO; and KNO; melts into SIMAX
glass was studied at 335 °C (AgNO;) and 400—500 °C (KNOQs) using a 6-hour

posure. The tration profile of silver was determined by the method of
gradual etching of layers, and the silver concentration was measured by an
tonically selective electrode. The diffusions profiles of potassium were deter-
mined by the JXA-5 electron microanalyzer. The diffusion profiles of silver
and potassium were used for calculating the interdiffusion coefficients, and the
temperature dependence of DNa+/R+ was established.

INTRODUCTION

Diffusions layers formed on the surface of glasses may considerably affect optical,
thermal, chemical, electrical, mechanical and other properties of glasses. In practice,
the properties of glasses are adjusted by means of diffusion layers particularly with
sheet and container glass. The diffusion layer process has not so far been com-
mercially pursued on glasses designated as type 3.3 according to ISO/TC 48 (Simax,
Pyrex, etc.).

The diffusion processes in the Simax glass were dealt with by Novotny [6] who
followed gravimetrically the diffusion of K+ ions from KNO3 melt at 450 —500 °C
for periods of 3 to 16 hours. The interdiffusion coefficient values measured on Simax
glass can be compared with data from the literature obtained with type 3.3 glasses
(cf. eg. [3, 4, 5, 8]). The present study had the aim to determine the interdiffusion
coefficients in the interacticn of Simax glass with melts of AgNO; and KNO
at 335 °C (AgNO;) and 400—500 °C (KNO;).

EXPERIMENTAL

The experiments were carried out on tubes of Simax glass supplied by the Kava-
lier C. C. glassworks. According to [6], the chemical composition of Simax glass in
wt. 9% is as follows: 80.4 SiO,, 13 B;0;, 2.4 Al,03, 3.6 Na,0, 0.4 K,0, 0.06 CaO,
0.04 MgO. The tubes had an outside diameter of 12 mm and a wall thickness of
1 mm. Before exposure, they were washed with a dilute detergent soluticn, then
with ethyl alcohol, and dried.

Experiments in AgNO; melt

The specimen about 140 mm in length, treated as described above, was placed
for 6 hours in the AgNOj; melt at 335 4 5 °C. The tempera ture was chosen to permit
comparison with data from the literature [3, 4]. Following the exposure, the spe-
cimen was removed, cooled freely in air and rinsed with water. The concentration
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profile of Ag*™ was determined by gradual etching of the glass surface and by deter-
mining the silver content in the solution with an ionically selective electrode.

The pretreated specimen was suspended from a-platinum holder and immersed
in the etching bath (30 ml 6 9, HF + 0.7 ml HNOj conc.). The bath was agitated
by rotating the vessel. After removal from the etching bath, the specimen surface
was rinsed with distilled water and dried. Thickness of the etched-off layer was
measured with a dial gauge to an accuracy of 4-0.5 pm. The solution of etching
products was neutralized with a small excess of CaCO; A.R., transferred into a 50 ml
measuring flask and made up to its precise volume. For qualitative determination
of silver, the ionic selective silver electrode was connected by a salt bridge with
saturated calomel electrode and a standard diagram was employed for evaluation.
The concentration of silver expressed in mg Ag per 1 cm? of glass was calculated
from the known specimen diameter and length, the thickness of the etched-off
layer and from the silver concentration [7].

Experiments in KNO; melt

The diffusion of K+ jons from the KNO; melt was effected at 400, 425, 450, 475
and 500 °C £+ 2 °C for a period of 6 hours. The specimens for the individual measu-
rements were prepared in the same way as described above for diffusion from the
AgNO; melt. Following the time exposure at the given temperature, the specimen
was removed from the melt, cooled freely in air and washed with water. Then
a cylindrical section about 20 mm in length was cut from the middle part of the
specimen, rinsed with water, dried and used for evaluating the concentration profile
of potassium by means of the JXA-5 JEOL electron microanalyzer {11, 12].
For this purpose, the cylindrical section of the specimen was cast in epoxy resin;
the specimen was then ground with a solid abrasive (22, 10, 5 pm) and polished
with cerium dioxide. After vacuum deposition of an electrically conductive carbon
layer the specimen was analyzed by 2 pm steps. As this was a polished section through
a cylindrical specimen, the actual step amounted to about 0.5 um. A precise calcu-
lation of the step was carried our separately for each specimen.

RESULSTS AND DISCUSSION

The concentration profiles obtained inthe manner described above are shown in
Figs. 1 through 3. The curves passed through the experimental points represent the
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Fig. 1. Concentration profile of silver in Simax glass specimen (335 °C, time 6 hours)
determined experimentally and calculated from the interdiffusion coefficient established.
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theoretical course of relative concentration values, calculated by means of the inter-
diffusion coefficient values established experimentally. The respective interdiffu-
gion coefficients were obtained from the experimentally determined distribution
of K+ and Agt* ions. The diffusion profiles measured were evaluated by means of
the relationship (1)

z
ror erfe (————2 V—ﬁ ) ; (1)

where C is the concentration of the diffusing ion at distance z,
Cs is the surface concentration of the diffusing ion,
C; is the initial concentration of the diffusing ion in glass,
z is the distance from the surface,
D is the interdiffusion coefficient,
t is the time of exposure.
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Fig. 2. Concentration profiles of potassium in a Simaz glass specimen after 6-hour exposure
measured experimentally and calculated from the interdiffusion coefficients established;
: e 400°C; o 425°C; a 450 °C.
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Fig. 3. Concentration profiles of potassium tn a Simax glass specimen after 6-hour
exposure measured experimentally and calculated from the interdiffusion coefficients
established,; o 475 °C; o 500 °C.
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In the instance when the initial concentration of the diffusing ion in glass C; = 0
(diffusion from the AgNO; melt) relationship (1) acquires the form '

C z
—— =erfe { —=—]. 2
Co (2 VDt ) @
The relationships are obtained by resolving the 2nd Fick law on the assumption
that:

1. the interdiffusion coefficient is independent of the cencentration of the
diffusing ion;

2. the diffusion involved proceeds from constant source and aeross a planar
interface. This assumption is complied with for tubes with and adequate wall thic-
kness with respect to the diffusion layer thickness, when the latter amounts to
max. 1/10th of the tube diameter [2]. :

An example of the diffusion profile evaluation is given for diffusion from KNO,
melt at 425 °C for a period of 6 hours. The concentration profile was used for

calculating the value of function erfc ( xﬁ ) = erfcZ, and therespective Z value
1

was plotted vs. distance z (cf. Fig. 4). The value of D was then calculated from.
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Fig. 4. Dependence of argument Z on the distance from specimen swrface x
(425 °C, KNO; melt, 6 hours).

the slope of the relationship Z = Z(x). In the case of diffusion from KNQ; melt
at 475 °C and at 500 °C, certain deviations from the linear course of the Z = Z(z)
function were found, and for this reason the concentration dependence of the
interdiffusion coefficient was investigated. The concentration profiles measured
were treated by the Boltzman—Matano method and the relationship determined
by means of the equation

” 1 dz % .
Dowou = g5 4 | 79C. (3)
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where the symbols have the significances defined for the relationships above.
The relationship was computed by numerical methods using the SM-3 computer.
In both instances the interdiffusion coefficient was found to depend on concentra-
tion, as shown in Fig. 5. The mean values of interdiffusion coefficients were used
for plotting the temperature dependence of the interdiffusion coefficients. The
interdiffusion coefficients obtained were plotted in terms of temperature (cf.
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Fig. 5. Dependence of interdiffusion coefficient on concentration of the diffusing ion in Simazx
glass; straight line 1: KNO; melt, 475 °C, 6 hours, atnght line 2:
KNOj; melt, 500 °C, 6 hours.

Fig. 6, hollow rings) and the temperature dependence of the interdiffusion coefficient
was determined by the least squares method according to the equation

D = D, exp (—E/RT), @)

where D, is the frequency factor [m?2 s-1],
E is the activation energy of diffusion [J mole-1],
R is the gas constant [J mole—! K-1],
T is thermodynamic temperature [K].

From the temperature dependence obtained (line 2 in Fig. 6}, which for the tempe-
rature interval of 400500 °C has the form

D = 1.267 X 10~7exp (—115020/RT)  [m2s1), (5)

the interdiffusion coefficients for potassium diffusion were calculated inversely
and used for plotting the theoretical course of concentration profiles (Figs. 2 and 3).
Fig. 2 demonstrates a very satisfactory agreement between the measured and the
calculated concentration profiles for potassium. The deviations arising in Fig. 3
are probably due to a concentration dependence of the interdiffusion coefficient.
In the case of diffusion from AgNO; melt, the plotting of the theoretical con-
centration profile C = C(x) was based on the interdiffusion coefficient obtained
from the relationship Z = Z(x), the value of which for 335°C is 2.4 x 10-15
[m? s-1]. Fig. 1 again shows a very good agreement between the measured and the
computed concentration profiles. The results can be compsared with the values
obtained on Pyrex glass which has a similar chemical composition (Table I).
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Table I
Composition of glasses Simax [6] and Pyrex [5]
. in wt. %
1
Component Simax Pyrex 7740 !
Si0; 80.4 81
B.0; 13 13
Al0, 2.4 2
Na,O 3.6 4
K,0 0.4 0.5
CaO 0.06
MgO 0.04

Diffusion of silver into Pyrex glass from AgNO; melts was studied by Sjéblom
and Anderson [3] and Doremus [4]. The values of interdiffusion coefficients obtained
by these authors, i.e. 2.57 X 10715 [m? s~1] [3] and 3 x 10-15 [m2s-1] [4] are in
a satisfactory agreement with the value 2.4 x 10-15 [m? s-1] determined in the
present. study. Measurement of the diffusion of silver into Simax glass has at the
same time served as a check of the method before further measurements.

Diffusion of potassium from KNO; melt had already been studied earlier both
on Pyrex glass [5, 8] and with Simax glass [6]. The measurements carried out on
Simax glass were of orientation character only and the interdiffusion coefficients
were determined from the difference in the specimen weight before and after the
ion exchange. This method may involve a considerable error and need not always
lead to precise results. The data given in the literature for Pyrex glass are not
quite consistent with those for Simax glass. Studies [6, 8] also involve the time
dependence of interdiffusion coefficients. Whereas according to Novotny [6]
the interdiffusion coefficient increases in terms of time (from 2.7 x 10-16 [m2 s—1]
at 3-hour exposure up to 1.7 x 10-15 [m2s-1] at 16-hour exposure at 450 °C),
according to Morris [8] it decreases with time (from 5.5 x 10-16 [m2? s~1] at 1-hour
exposure down to 1 X 10-16 [m2 s~1] at 2.187-hour exposure, 400 °C). According
to [8] this time dependence decreases with increasing temperature, and none
has been found at 600 °C. For Pyrex glass [5] the temperature dependence of the
interdiffusion coefficient for diffusion for KNO,; melts is described for the 350to
450 °C temperature range by the equation

D =82 x 108 exp (—108 719/RT) [m2 s-1], (6)

where the significance and dimensions of units are the same as in equation (4)-
The data presented in the study indicate that the values of activation energy for
potassium diffusion in Pyrex and Simax glasses are very close. A graphic compa-
rison of equations (5) and (6), the data by Novotny [6] and of the experimentally
established points is shown in Fig. 6. Compared to Pyrex glass (line I) the interdif-
fusion coefficients for Simax glass (line 2) have roughly half the value, which may
be due to deviations in the composition of the two glasses, particularly as regards
the Na,O content which is somehow higher in Pyrex glass. The interdiffusion
coefficients may likewise be considerably affected by the thermal history of the
specimen. Separation leads to the formation of two phases with considerably
differring chemical compcsition; the silicate phase contains 0.4 wt. 9%, Na,0 and
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Fig. 6. Temperature dependence of the logarithm of interdiffusion coefficient,
1 — equation (6) according to [5], Pyrex glass, o — experimental points according to [5),
2 — equatton (5) — the present study, Stmax glass, o — experimental points —
the present study, o — experimental points according to [6].

the boric phase contains 26.1 wt. % Na,0 [8]. Then the ions in the phase enriched
in alkali ions start to move at a higher rate, so that different results may be obtain-
ed. In contrast to this, in the silicate phases the diffusion of ions may proceed
at a substantially lower rate. The values measured therefore depend on the com-
parative content of the two separated phases, and on their distribution. The
concentration dependence of the interdiffusion coefficient at 475 °C and at 500 °C
(Fig. 5) has a linear course, in contrast to glasses with a high content of alkali
ions [10,11]; this linear course if probably due to a low concentration of alkali
ions in glass. At 475 °C the interdiffusion coefficient value changes from 7.5 x
X 10716 ['m2 s~1} to 9.5 X 10716 [m2 s~1] and at 500 °C this change is from 9.5 X
X 10716 [m?2 s~1] to 4.3 X 10-15 [m?2 g~1]. Study [8] describes the concentration
dependence of the interdiffusion coefficient for the K+ — Na+ exchange in Pyrex
glass at 400 °C. This dependence was found to be approximately linear at exposure
times longer than 200 hours; at shorter times of exposure the dependence is
similar to that of glasses with a higher content of alkali ion, but the difference
between the maximum and the minimum value is not so pronounced;
Dpyin = 3.2 X 10716 [m2g-1], Dpax = 5.5 X 10-16 [m2s-1] at 1-hour exposure.
At longer terms of exposure the dependence of D on concentration becomes less
distinct.

CONCLUSION

Interdiffusion coefficients were measured during interaction of Simax glass
with melts of AgNO; and KNOsj.

In the case of AgNO; the diffusion proceeded at 335 °C, and the interdiffusion
coefficient established, D = 2.4 x 1015 [m2s~1] is in a satisfactory agreement
with the data from the literature for Pyrex glass.
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In the instance of KNO; the diffusion was examined at 400—500 °C and the
interdiffusion coefficient was found to have the following temperature dependence:

D = 1.267 x 10~7exp (—115020/RT)  [m?s-1].

The diffusion activation energy value established is in 8 good agreement with
the value of 108 719 [J mole~1] for Pyrex glass [5].

At 475 and 500 °C, the interdiffusion coefficient was found to be linearly depen-
dent on the concentration of the diffusing ion. The most significant concentration
dependence occurs at 500 °C, where the interdiffusion coefficient values increase
with concentration from approx. 9.5 X 10716 [m2 s-1] up to 4.3 X 10-15 [m?2 g~1},
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OINOOY3UA NOHOB K+ I Agt B CTERJIO SIMAX
U3 PACIIJIABOB COJNEN

Maptun Mapuika, [osed Maroyurer, Banyas I'yianrckn

rsagﬁeapa METHOA0ZUY CUAUKAMO0E8 X UMUKO-METHOA0EUUECKO20 uHcmumyma,

166 28 Illpaea 6

HMccenegopann nrddysnio monor Ag* 1 K+ u3 pacnaapoB AgNOs m KNO; B crerie Simax
npm remoeparypax 335 °C (AgNOs) m 400—500 °C (KNO,) npn Boiepxke 6 yacos. Kom-
OeHTPANUOHHEH Npoduiab cepebpa OmpeneAin IOCTeNeHHNM TPAaBIeEHEM HOBEPXHOCTHOTO
cios m B 06pa3oBaBuIeMcA pacTope YcTaHaBJIMBAJIM. KOHINEHTPAIMIO cepeGpa IpH IOMOIIH
HOHHO-CEJIGKTHBHOIO cepe0pSHOro dIeKTpoja. HoHIeRTpanmuoHHHe HPOPHIM KaJInA yera-
HaBJIHBAJH ¢ MOMONIBI0 3JIEKTPOHHOro Mukpo3onga @ J XA-5.

Ha ocmopamum KOHDEHTpamMOEHEIX mpoQuiIell yCTAHABIMBAJIA COOTBETCTBYIONIUE HHTED-
AuPysmonHLIe KO3YPUIMEATE ¢ NOMONILI0 OTHOMEHHUA (2) B caydae TudPy3un U3 pacnaasa
AgNO; 7 ¢ moMomsio oTHOmeHUA (1) B caydae auddysnu m3 pacamnaBa KNO;z. U3 rakam
obpasoM nodydeHHHX HETePAEPPY3HOHHBHIX KOIPQUIMEHTOB OGPATHO DPACUMTHIBAJIA KOH-
TNeHTPANHOHHLIE NPOQMJIM COOTBETCTBYIOIINX WMOHOB M CONOCTABIIANHM MX C M3MEPCHHEIME
(cm. pme. 1—3).

B cayuae guddysnn n3 pacnraBa KNOs npu remneparypax 475 °C m 500 °C ycraHaBia-
BaJIH OTHJIOHEHHMA MEKAY PAcUATAEHHMA ¥ M3MePeHHHMH KOHNEHTPAUHOHEHEHME HPOQPUIAMEA
H [03TOMY KOHIEHTPAallHOHHYIO 3aBHCHMOCTS HHTEPINPPY3HOHHOTO Kos(AMUeHTa HCCIOA0-
BaJlE ¢ IIOMOWIbI0 MeTona DonpnMama—Martana. IlonyveHHbIe 3aBECHEMOCTH HPUBOXATCA
ma pmuc. 5. Hua nnpdysmn ms pacminasa KNO; ycramoBuAn TeMOepaTypHYK 3aBHCEMOCTH
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HETe nnggyysnouﬂoro KoapPuImenTa coraacHo ypapRenmmo (4) 8 Buge D = 1,267 . 10-7 akc.
(—115 020/RT) [M2. c~1]. Takum o6pa3oM moJTyueHHAs 3aBHCHMOCTH BecbMa OJTH3Ka OTHO-
HIEHAI, II0JyYeHHOMY [JA cTeKda Pyrex.

Puc. 1. Konyenmpayuonnuii npogunrv cepe6pa ¢ npobe cmexaa Simax (335 °C, emdepwexa
6 4acos), uameperHblll IKCNEPUMEHMANLHELM NYMeM U PACKUMANHELE U3 YCMAN0BACH-
Hozo unmepduggyauonmozo KosPPuyuernma.

Puc. 2. KonyenmpayuorHeie npogusu kasus ¢ npobe cmexaa Simax nocae sxidepyexu 6 wacos,
UBMEPEHHBIE IKCNEPUMEHMANLLHIM NYMeEM U DACHUMAHHbBE U8 YCMAHOBAERHBIT UHMeD-
dugyauonnvix KoagPuyuenmos, o 400 °C, o 425 °C, a 450 °C.

Puc. 3. Konyernmpayuonnsie npouau xaaus ¢ npobe cmeraa Simax nocae evidexcru 6 wacoe
UBMEDEHHBIE 3KCNEPUMEHMALLHELM NYMeMm U DACYUMANHBE U3 UNMepOuUPPYaUOHHHT
xoagpuyuenmos; o 475 °C; o 500 °C.

Puc. 4. 3asucumocmv apeymenma Z om paccmoznusa om nosepxrocmu npobu x (426 °C,
pacnaae KNO,, esideprucka 6 wacos).

Puc. §. agucumocmo unmepOug@yauonroeo Kosgguyuenma om koHyenmpayuu oud@yrnou-
PYytowee0 uorna ¢ cmekae Simax; npamas 1: pacnaas KNOj, 475 °C, eéndepacra 6 wacos,
npaman 2: pacnaas KNO;, 600 °C, suidepxcra 6 wacoe.

Puc. 6. 3asucumocms sozapumma uHmepOud@yauonnozo xosfduyuenma om memnepamypbs
1 — ommnowenue (6( coenacro [5], cmexao Pyrex, o — axcnepumenmanbrbie mosss
cozaacto [5], 2 — omnowenue (5) — npedaazaeman paboma, cmexso Simax, o — ake-
nepuMeHmasbhbie mouku — npedrazaemas paboma, o — 3IKCNEPUMEHMAALHbIE MOUKU
coeaacko [6].

DIFUZE IONTU K+ a Agt DO SKLA SIMAX Z TAVENIN SOLI

Martin Maryska, Josef Matoudek, Vaclav Hulinsky
Vysokd ékola chemicko-technologickd, katedra technologie silikdti, 166 28 Praha

Bbyia sledovéna difize iontu Agt a K+ z tavenin AgNO; a KNO; do skla Simax pfi teplotach
335 °C (AgNO;) a 400—500 °C (KNOQO;) pFi &asové expozici 6 hodin. Koncentraéni profil st¥ibra
byl uréen postupnym odleptévanim povrchové vrstvy a ve vzniklém roztoku byla stanovena
koncentrace stiibra iontovd selektivni stiibrnou elektrodou. Koncentraénf profily draslfku byly
stanoveny na elektronové mikrosondd JXA.5.

Ze ziskanych koncentragnich profili byly vyhodnocovény piisludné interdiftzn{ koeficienty
pomoci vztahu (2) v pfipad®$ diftize z taveniny AgNO; a pomoci vztahu (1) v pifpadé difuze
z taveniny KNOj;. Z takto ziskanych interdifiznich koeficientii byly zpdtné vypoé&itény koncen-
traénf profily pfisludnych ionti a porovnény s naméfenymi (obr. 1—3).

V piipad® difize z taveniny KNOj pii teplotéch 475 °C a 6§00 °C byly zjistény odchylky mezi
vypoéitanymi a naméfenymi koncentraénimi profily, a proto byla zkouména koncentraéni zé-
vislostinterdifiizniho koeficientu metodou Boltzmanovou—Matanovou. Ziskané zdvislosti ukazuje
obrézek 6. Pro diftzi z taveniny KNOQOj3 byla stanovena teplotnf zévislost interdifizniho koefi-
cientu podle vztahu (4) ve tvaru D = 1,287 . 10-7 exp (—115 020/RT) [m?. s~1]. Takto ziskanéd
z4vislost je velice blizkéd vztahu ziskanému pro sklo Pyrex.

Obr. 1. Koncentraéni profil stitbra ve vzorku skla Simax (335 °C, &as 6 hodin) naméfeny experimen-
tdiné a vypocitany z uréeného interdifuzniho koeficientu.
Obr. 2. Koncentraéni profily drasliku ve vzorku skla Simazx po Jestihodinové exrpozici naméfené
experimentdIng a vypobitané z uréenych interdifiéznich koeficientd; o 400 °C; o 425°C;
a 450°C.
Obr. 3. Koncentraéni profily drasliku ve vzorku skla Simax po Jestihodinové expozici namérené
experimentdiné a wvypobitané z wuréenych interdifiznich koeficienti; o 475°C; o 500 °C.
Obr. 4. Zdrislost argumentu Z na vzddlenosti od povrchu vzorku x (425 °C, tavenina KNOjs, 6 hodin).
Obr. 5. Zdvislost interdifizniho koeficitentu na koncentraci difundujiciho iontu ve skle Simaz;
pfimka 1: tavenina KNOs, 475 °C, 6 hodin, pfimka 2: tavenina KNQs, 500 °C, 6 hodin.
6. Zdvislost logaritmu interdifiizniho koeficientu na teploté; 1 — vztah (6) podle [5] sklo Pyrez,
o — experimentdini body podle [5], 2 — vztah (5) — tato prdce sklo Simaz, o — experimen-
tdlni body — tato prdce, a — experimentdini body podle [6].

Obr.
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