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The changes in chemical composition oj the sU'ljace layer oj the base 
glass resiilting jrom cliffusion oj silver from AgNOJ melt at 350 °0 
are characterized by the content oj Ag ancl its concentration profile 
in the glass. On the basis oj these data the valueii oj diffiision coejjicients 
oj silver and their dependence on the concentration od silver in glass 
were calculated. 

INTRODUCTION 

The diffusion of silver into the surface layers of glass was established empi­
rically already in the lasť centm;y and studied in detail in the work by 
Schulze [l]. This study has initiated the experimental approach to the problems 
of diffusion of silver in glass and pointed out the fundamental problems which 
can be briefly summarized as follows: 

a) determination of concentration changes in the glass surface layer and
their mathematical interpretation; 

b) formulation of the concept of the mechanism of diffusion of silver in
glass; 

c) the possibility of accelerati:ng· and controlling the diffusion process;
d) experimental determination and mathematical interpretation of the

changes in the properties of basic glass taking place as a result of the diffusion 
of silver. 

The above problems have not yet been solved satisfactorily, although many 
new data reptesenting a, substantially deeper understanding havé been accu­
mulatéd since the pioneer work ·by Schulze. The more recent data ·on the 
diffusion of silver in glass have been summarized in several comprehensive 
·studies. Mention can be made for instance of the monography by Y evstro­
pyev [2], Frischat [3] or the comprehensive report by Terai and Hayami [4].

The present study deals with the changes in chemical composition of. the
surface layer of Na20 . 2 Si02 glass during the diffusion of silver. These changes
are characterized by the content of silver and its concentration distribution
and their experimental determination together with the mathematical inter­
pretation is aimed at verifying the suita bili ty of these parameters for the inspec­
_-tion and control of the technological processes serving for the· preparation
of defined diffusion 1ayers on glass.

• • 
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J. Matoušek, J. Blažek:

EXPERIMENTAL 

Apparatus  and working p rocedure  

The diffusion cell in  which glass specimens were thermally exposed i s  shown 
in the diagram in Fig. 1. The glass specimen fitted to glass rod 5 was submerged 
by about 2/3 in AgNO3 melt placed in test-tube 2 situated at the bottom of an 
external quartz glass tubular sheath 4 lined with asbestos. During thermal 
exposure of the specimen the apparatus was placed in a vertical electric re­
sistance furnace, the tempera ture of which was kept at 350 ± 5 °C by means 
of a chopper-bar controller. The temperature was measured by a Pt-Pt 
10 Rh thermocouple the hot end of which was placed in a protective quartz 
glass tube closely at the melt level. 

4 

Fig. 1. The diffusion cell; 1 - glass sample, 2 - interna} test-tube, 3 - AgNO3 melt, 

4 - external quartz tube, 5 - glass tube for specimen fixing, 6 - asbestos 
lining. 

The experimental work was carried out with binary glass having the molar 
composition of Na2O. 2 SiO2 which was prepared in laboratory by fusion of 
sodium carbonate A.R. and T 13 glass sand in a platinum crucible. The molten 
glass was shaped into specimens having the form of small test-tubes ofl 5 mm OD, 
wall thickness of approx. 1.5 mm and about 18 mm in length, which were 
then placed in a desiccator over silicagel. 

Before the exposure proper the glass specimen was rinsed in ethyl alcohol, 
dried and fixed with silver wire to the supporting tube. The internal test-tube 
was filled with finely ground silver nitrate and placed in the furnace. After 
attaining the working temperature the specimen was immersed in the melt, 
removed after the required period of time, cooled in air, washed with distilled 
water and rinsed with ethyl alcohol. The top and bottom sections of the spe­
cimens chosen for the determination of total amount of silver were cut off 
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with diamond discs. The extreme ends of the specimens which may have been 
subjected to interfering e:ffects during exposure were thus removed and the 
specimen was simultaneou'sly adjusted to a cylindrical shape of defined surface 
area. These specimens were etched in a 2 % HF solution stired with a magnetic 
agitator and the extract was evaporated dry. The evaporation residue was 
dissolved in 2-4 ml mixture of concentrated HF and HC1O4 (2 : 1.5), reeva­
porated dry and dissolved in 10 ml distilled water. The completeness of 
etching off the silver containing layer was checked by reetching and determi­
ning silver in the resulting solution. The solutions were kept in polyethylene 
vessels and analyzed in series by means of an ionic selective silver electrode. 
This electrode was used in system with saturated calomel electrode and a salt 
bridge of saturated KNO3 solution. The measurements were evaluated by 
means of a standard diagram prepared with the use of standard AgNO3 
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Fig. 2. Standard diagram of the silver iont-selective electrode. 

solutions in concentrations ranging from 10-1-10-6 M. An example of such 
a standard diagram is shown in Fig. 2. 

For the purpose of determining the concentration profile of silver in the glass 
a section of the exposed sample was cast in an epoxi resin, ground with firmly 
bound abrasive (22, 10, 5 µm) and polished with cerium oxide. Then an electri­
cally conductive carbon layer was deposited in vacuo and the sample analyzed 
with an electron microprobe at steps of 20-40 µm. The concentration of silver 
was determined by means of simultaneous measurements of AgSe-based 
standards of known silver sontent. 

Silikáty č, 3, 1979 195 



J. Matoi.šek, J. Blažek.:

T;HE RESULTS AND DISCUSSION 

_ • The data .on the content of silver in the glass surface lay�r a�;e plotted in_
�ig. 3 in the fonn of dependence on the second root of tifoe'. The_experimerital' 
points are means of 4-5 determined values 'ťhe dispei;sjon of_ which had not 
,exceeded 10 %- The linear relationship iii. Fig, 3 indicates thať the prócess 

' • • ' . . ·' 
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Fig. 3,. Silver content in glass vs. seconcl root of time. 

is controlled by diffusion. vVhen assuming that at the gla,ss surface a constant
concentration of silver Co is maintained in the course of diffusion, the content
of Ag per unit surface area of the specimen is given by the relation 

M - 2Co v �t (1) 

where D is the- diffusion coefficient and t 'Ís the tim.e of diffusioh: The diffusion
coefficient D can be calculated when the surface concentration C0 is known. 
The surface' concentration was determined by means of the experimentally
established concentrat_ion-profile ofsilver in the glass su_rface layer whiclr may
be described mathematically by the following, equation;; 

(2) 

where x is the diffusion distance. By introducing the paramť_:lter _ x,- identiéal
. , . ,. . • • 2·11.t ' ' .• 
curves of concentration distribution for any arbitrary time of diffusion are 
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ohtained. Fig. 4 shows the dependence of O on the given parameter for the·periocls of time of 30 and 60 minutés obtained by electron probe measurements.,A.Jthough a certain disagreement of concentration profi.les for- the given period
of timé may be observedin regions more distant from the surface, the appi·oxi­mate surface ·concentration value 00 � 1.0 g cm-:-3 can be extrapolated-witlia. satisfactory ,·a:ccuracy. Using· this value equation (1) yields D = 7.8-X x 10-8 cřn2:s-i which should be considered an orientation value only. Whert this diffusion coefficient has been•substituted into equation (2) the calculated concentration values do not agree with the data established experimentally.
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Ji'ig. 4. Silver coi10enti·ation distributíon in glass for period of 60 (•l and 90 (o) minutes.

The conc�ntration of silver in the glass surface layer attains relatively high values :which allm,r,s to assume that this disagreement is due to a dependence,of the diffusion coefficient on concentration. The simple fonn of the IInd.lfick's law which does I\Ot take into account the dependence of the d�ffu13ion.coefficierit on concentration thus obviously does not hold and. neither does.equation (2) which has been derived from it. An exact solution o{ the difft1sion,process in question would therefore requ:ire to consider the clrnnge in glass density in terms of silver concentrat�on. These data are not available so tbat we have chosen the procedure according tó the Boltznrnnn-Matan method [5)which considers the dependence oť the diffusion coefficient on concentration\Vhen neglecting the changes i!1.glass density. The diffusion coefficient is then�iven by the equation • • 
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J. Matoušek, J. Blažek:

The data required for the calculation of the diffusion coefficient according 
to equation (3) were determined graphically from the relationship in Fig. 4.­
The calculated D values in terms of concentration of silver in glass are plotted 
in Fig. 5. The diffusion coefficient increases with increasing silver soncentration 
in particular in the region of higher concentration values. The D value deter­
mined from the content of silver in glass is somewhat higher as compared 
with the values in Fig. 5 and corresponds to the lůgher-than-expected concen-
tration value. 

o 0,2 0,4 0,6 0,8 1,0 

C [g. c/11.·J} 

Fig. 5. The diffusion coefficient bf silver vs. concentration,

The diffusion coefficients of silver in binary glasses of the system N a20 . 2 Si02 
were determined by Malinin, Yestropyev and Chechomsky [6] by means of 
the thin layer method so that their values may be compared with the value 
obta.ined from Fig. 5 by extrapolating the dependence of D to zero silver 
concentration in glass. The highest N a20 content in the binary glasses employed 
by Malinin was 25 mole %, The results have therefore to be extrapolated for 

Table 1 

The values of diffusion coefficients 

D 

I
Glass composition 

Note 
[cm2 s-•J [mole%] 

Malinin[ó] DAg = sx10-10 25 Na20, 75 Si02 
-

Malinin[6] DAg = 3x10-• 34 NaiO, 66 Si02 extrapolated 
The present study DAg = 6X 10-• 34 Na20, 66 Si02 extrapolated 
Terai[4] DNa = 1 X 10-• 34 Na20, 66 Si02 

-
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the value of 34 mole % N a2O corresponding to the glass employed in the present 
study. The comparison is shown in Table I including also the data on the 
diffusion coefficient of sodium. In view of the fact that thé comparable data 
have been obtained by extrapolation the agreement of the diffusion coefficients 
of silver may be considered satisfactory. It is also obvious that the diffusion 
coefficient of sodium in the given glass is higher than that of silver for a very 
low concentration of silver in glass but does not attain the values of DAg at 
higher silver co1i.centration (DNa = DAg at O Ag= approx. 0.4 g cm-3). It is 
herefore possible to assume that in the relationship for „interdiffusion coef-

ficient" [7] 

(4) 

where N, is the molar fraction of the respective component, the depencence of 
the activity coefficient of silver ions YAg should be considered in terms of 
concentration. 

In view of the low solubility of silver in silicate glasses the maximum silver 
concentration attained in the glass is relatively high (LO g cm-3). It may 
be assumed that in agreement with the conclusions by Schulze [l] which have 
been verified by other authors the value is attained because of the simultaneous 
diffusion of sodium ions from glass into the AgNO3 melt. The surface silver 
concentration value found in this work indicates that in the given glass only 
about more than one third of sodium ions (approx. 36 %) have been replaced 
by silver ionts. It therefore appears that in a simple binary glass all the sodium 
ions are not equivalent from the point of view of bond intensity in the structural 
glass lattice or from the point of view of their spatial accessibility to silver 
ions. 

CONCLUSION 

The content of silver and its concentration profile in the N a2O . 2 SiO2 glass 
was determined after silver has been allowed to diffuse from silver nitrate melt 
at 350 °C and the diffusion coefficient of silver in glass were determined from 
the data obtained. The diffusion coefficient of silver depends on its concentra­
tion in glass and within the concentration range of 0-1.0 g cm-3 it attains the 
values of6.0 X 10-9-5.5 X 10-8 cm2 s-1• The minimum diffusion coefficient value 
is in a satisfactory agreement with published data. Preparation of layers with 
a defined content and distribution of silver should be based on the dependence 
of the diffusion coefficient of silver on concentration at the given temperature. 
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DIFÚZE STŘÍBRA D O  SKLA Na2O . 2 SiO2 Z TA VE NINY AgNO3 , 

Josef Matoušek, Jir-í ,Blažek 
Vysoká škola chemiclco-technologická v Praze, kateclra technologie silikátp; 

Za teploty 350 °C byl zkouináIJ. proces difúze ·stNbra z ta_veniny AgNOJ do skla 
o molárním složení NaO . 2 Si O,. Změna složení povrchové vistvy byla určena stanove­
ním obsahu a rozděléní koncentrace stř-íbra ve skle. Obsah stHbra ve skle byl určen
odleptáním povrchové vrstvy a stanovením koncentrace_ stHbra ve vzniklém roztokll
pomocí selektivní stHbrAé elektrody. Rozdělení koncentrace stHbra ve skle bylo t�rčeno 
na elektronové mikrosondě. 

• • • • 

Obsah str-íbra v povrchové vrstvě skla je lineární funkcí druhé odmocniny 
z času. Pomocí vztahu (1) byla určena hodnota difúzního koeficientu- stříbra D = 
= 7,8 . 10-s cm2 • s- 1. Extrapolací koncentračního profilu k povrchu skla byla určena 

hodnota povrchové koncentrace stHbra Oo = 1,0 g. cm -3• Použitím Boltzmanovy:­
Matanovy metody byla stanovena z koncentračního profilu závislost difúzního 
koeficientu stHbra na koncentraci. Pro oblast koncentrace 0-1,0 g. cm-3 nabývá 
difúzivita hodnot 6,'0. 10-9 - 5,5 . 10-s cm2 . s-� 1. Porovnání difúzních koeficientů 
nalezených různými autory je v tabulce I. Výsledky práce ukazují, že ph pÍ'Ípravě 
povrchových vrstev s definovaným obsahem a rozdělením stÍ'Íbra je tfoba vycházet 
ze závislosti difúzního koeficientu stř-íbra na koncentraci za dané teploty. 

Obr. 1. Difúzní cela; 1 - vzorek skla, 2 - vnití-ní zkumavka, 3 - tavenina AgNO3, 

4 - vnější trubice z kfomenného skla, 5 - skleněmí, trubice pro upevnění 
vzorku, 6 - azbestové lůžko. 

Obr. 2. Kalibrační graf stHbrné iontově selektivní elektrody. 
Obr. 3. Závislost obsahu stHbra ve skle na druhé odmocnině z času. 
Obr. 4._ Rozdělení koncentrace stříbra ve skle pro časy 60 (•) a 90 (o) minut. 
Obr. 5. Závislost difúzního koeficientu stHbra na koncentraci. 

,Il)'IQHDY3HH CEPEBPA J3 CTEHJIO N1120. 2 Si02 

H:3 PACH JIAJ3A AgN03 

fI03ccJ, MaToymeH, Hpm1-1 Bmm,ei, 

RagJe8pa mexno.wauu. cu.1ui.1.runoe X1.1.1w1.-011-mexno,11,ozu.�ec1.oeo w1.c111wn-j;ma, llpaaa 

Hc�.ne):(oBa,;111 'npo11et:c 1�11cJJCJ>y3IUI cepe6pa H3 pacmrnna AgN 03 B cTeH 10 MOJrnpnoro 
COCTaBa Na20. 2 Si02 npu TCJl;!HCpm'ype 350 °C. H3MCHCJ-1110 COCTaBa IIOBepx1rncnrnro CJ!Oll 
onpCJ:(0,Tlll.TUI ycTaHOJJJ!CHlteM conepmamm II pacnpeACJICHIIH HOI-11\CHTpa[IHH cepe6pa B CTCime. 
Co):(epmanne

. 
cepe6pa B C'l'Cirne onpCJ:(0JHIJ111 ·TpaBJICHHCM UOBCPXHOCTHOl"O CJIOH JI onpe,\CJIC­

HHCM IWHUCI-ITJ)al�HH cepe6pa B o6pa30B8Blll0MCll pac'rnope (; llOMOLl[bIO HOHHO-U3ÓHpaTCJlb­
noro cepc6pmrnoro SJICl{TPOAU. Pacnpe):(CJJCHIIC IWHUCIHpal\Hll cepe6pa D CTCHJJC onpCA0JlfIJIJ( 
nocpeACTBOM M1-m:poso1-1J(a. 

COJ:(CpíK8Hll0 cepc6pa D nonepXl-lOCTI-IOM CJIOC CTCJWa HJJJIHCTCll. JIIII-ICHHOÚ cJ,ynHuueií 
BTOporo 1rnpHH ml npeMCHII. Ha OCI-IOBlll-IHII OTHOIJ!CHI-!fl ('1) OIIJ)CACJ!l!J[J,J BC.TJJ{llllllY HůclCpcJm­
[\UCllTa ).(l-1CpcJ>ysm1 cepó6pa D = 7_,8-JQ-B CM2 c- 1

. :3HCTpanOJill[\HCÍI IWHJ�CHTpat\HOHl!OrO· 
npocJ>1mH H rronepxHOCTH CTCirna OfljlC):\CJIHJIH BCJIH'll-lHY HOBCJ)XHOC'l'HOJ�( HOÚU011TJ)Ul\HH 
cepe6pa Co = 1,0 r. CM-3. C HOMOlll!,10 MCTOAH BOJl[\Mann-Marn,rn ycTaHOBHJIJ-1 Ha OCHOBaHUI-1 
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IWHl(CHTp111(1101-IHOro npocpHJUI 311DHCJIM0ťfb IW,HJHJllllÁllCHTa W-HJJcJiya1111 ťepc6pa OT J<OHll,Cll­
TPaJ�UH: l�m1 06JrncT11 J<o1111,eHTJÍall,11H 0-t,O r. Cl\i:-3 HOCniraeT JllHJiq1ya11nuocT1, neJ1w11m 
6,0. 10-9 - 5,5 . 'lQ-cB CM2 . C -1. CorrOCTaBJICHHC n:oscpcplll.(IICllTOB W1CJ,cl1ya1ur, ycTaHOiljJCllllh!X 
paaHLtMJ( anTopaim, .npHD0/�11Tcn n Ta6J11111,e I. PeayJ11,TaTu npcwraraciwi1 pa60T1,1 rr0Ha%1-
na10T, ·,iTO· rrpH· ·npHl'OTODJICIUI.H nonepXHOCTHblX CJIOen· c· yťraHODJJ('HHI,IM COJÁepmaHJICM 
JI pacr1pCHCJICH11Cl\{ éepe6pa 0J{a3I;lB1lCTCfl HC06XOJ.\HMhlM HCXO/(HTh lf3 aaBl!Cl1MOCTII l<OJ<JJ­
<Jllll\llC]ťfa [(JHJHJJY3HH cepcúpa OT IWHIWHTpal{Hll TljlH Jtmmoii TCMncpaTypc. 

Pué. 1: Ka.1oiepá Oú.ffirfiye_iw; .1 ·- ·1.i1Ío6a.' c1ne1,Jia: 2 - ll1-1.y111peHnuii. xu.1Íu•ieci.-.úil. Č11iit,.-.au., 
3 - pac11J1,(UJ AgNO,, 4 :._.ai•teiuH.<t.R, inpy6Ha it.1 1i!:ap11e11oeo c111ei.-J1,a, ·5 _:. cmeii.1111-trwk 
m.py6i.a o.vt yitpéii„ie,-ttu1. n'po6u, 6 -. a.c6ecnioea.<i 11o'oywi.a.

Puc. 2. Tpaffiirn i.-.aJ1,u6pai11rn oepc6P:"'1i1-toao iioHHo-ceJiewnuali.020 Me1,,111.pdoá. 
Puc-.·3. Ba.aucu.1iocmb cooep.>1rnHu.R, cepe6pa a cme1,Jie 0111. anwpoao i.-.opn.<i ua ape.11enu. 
Puc. 4. PricnpeoeJ1,e1-tiw i.-.01-1,1+e11mpa4uu cepe6pa a cmeHJl,e a.�.,,. epe.MeH 60 (•) u 90 (o) .11.unym.. 
Puc. 5. Baaucu.�iocmb 1,oarfirfiu4uen11w 011rfiifiyauu cepe6pa 0111. 1;011.11-e11.mpa11-1w.. 
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