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Diffusion of zinc, cadmium, Strontium, lead, barium divalent cations from molten halide or mtrate sahs into soda-hme-aluminosihcate 
glasses was investigated at 580 to 640 °C. The diffusion concentration of these divalent cations in the glass surface was measured by ion 
microprobe analysis. The results show that the diffusion coefficients ( D * ) , frequency factors (DQ) and activation energies (E) of divalent 
cations depend on their ionic radh. The diffusion coefficients decrease with the ionic radh increasing; one can State that 
DZN > ^CD > ^ s r > ^ P b > ^ B a - B^ t thc diffusion activation energies and frequency factors of divalent cations increase with their ionic radii 
increasing. The influence of ionic field strength and polarization on diffusion behavior is also discussed. 

Diffusion von zweiwertigen Zink-, Cadmium-, Strontium-, Blei- und Bariumkationen in SiUcatgläsern 

Die Diffusion von zweiwertigen Zink-, Cadmium-, Strontium-, Blei- und Bariumkationen aus Halogenid- oder Nitratsalzschmelzen in ein 
Kalk-Natron-Alumosilicatglas wurde bei Temperaturen von 580 bis 640 °C untersucht. Die Messungen der Diffusionskonzentration dieser 
zweiwertigen Kationen an der Glasoberfläche erfolgten mh der lonenstrahlmikrobereichsanalyse. Die Ergebnisse zeigen, daß die 
Diffusionskoeffizienten ( D * ) , die Frequenzfaktoren (DQ) und die Aktivierungsenergien (E) der zweiwertigen Kationen vom lonenradius 
abhängen. Die Diffusionskoeffizienten nehmen mit zunehmendem lonenradius der Kationen ab, dies wird beschrieben durch die Reihe 
DZN > > DSR> DF\j> Dßa- Dagegen nehmen die Aktivierungsenergien und die Frequenzfaktoren der zweiwertigen Kationen mit 
größer werdendem lonenradius zu. Der Einfluß der lonenfeldstärke und der Polarisation auf das Diffusionsverhalten wird ebenfalls 
diskutiert. 

1, Introduction 

MANY INVESTIGATORS HAVE REPORTED ON DIFFUSION STUDIES 
OF MONOVALENT CATIONS IN SHICATE GLASSES. DIVALENT 
CATIONS DIFFUSE MUCH MORE SLOWLY THAN MONOVALENT 
CATIONS IN SILICATE GLASS THUS GIVING RISE TO INCREASED 
DIFFICULTIES IN DETERMINING DIFFUSION COEFFICIENTS AND 
THEREFORE HAVE BEEN MUCH LESS STUDIED [1]. FRISCHAT 
MEASURED THE DIFFUSION COEFFICIENT OF CALCIUM IN 
SODA-LIME-SIHCATE [2] AND INFRASIL ( = FUSED SIHCA) 
GLASSES [3]. H E ALSO DESCRIBED CA^^, B A ^ ^ , SR^^, P B ^ ^ 
DIFFUSION IN HIS REVIEW [4]. VARSHNEYA [5] GAVE THE 
DIFFUSION COEFFICIENT OF CALCIUM IN SOHD GLASS. MEAS­
UREMENTS OF Z)ca IRI SODA-LIME-SILICATE GLASS AND SLAG 
GLASS WERE CARRIED OUT BY TERAI [ 6 ] . TAKAHASHI 
REPORTED ON THE DIFFUSION BEHAVIOR OF CD^"^, NI^^, 
CO^"^ IN MOLTEN SODIUM BORATES [7] AND NI^^ IN THREE 
SERIES OF MOLTEN ALKAHNE EARTH BORATE GLASSES [8]. 
DIFFUSION BEHAVIOR OF NI^^ , CU^"^, CO^"^, FE^^ IONS IN 
GLASSES WITH ELECTRIC FIELD WAS REPORTED BY FRISCHAT [9]. 
RAUSCHENBACH [10] APPLIED S I M S FOR THE MEASURE­
MENT OF CA^"^, MG^+ DIFFUSION COEFFICIENTS IN THE 
N A 2 0 - A L 2 0 3 - S I 0 2 SYSTEM. IN THIS PAPER THE DIFFU­
SION OF ZINC, CADMIUM, STRONTIUM, LEAD, BARIUM 
DIVALENT IONS FROM MOLTEN HALIDE OR NITRATE SALTS INTO 
SODA-LIME-SIHCATE GLASSES IS DISCUSSED. 
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2 . Experimental 

The glass used in this work consists of 70 Si02, 11.5 
A I 2 O 3 , 10 CaO, 8.5 Na20 (in mol%). The glass 
batches were melted by using a platinum crucible in 
an electric furnace, then the glass melts were cast 
in the form of plates. The glass plates were annealed 
at 600 to 700 °C for 1 to 2 h. Sample plates of 
(10 X 10 X 1) mm^ size were smoothed by mechani­
cal grinding and pohshing. Before the diffusion 
experiment the specimens were rinsed with disthled 
water, then washed in propanone, alcohol and 
deionized water and finally air-dried. Diffusion 
experiments were made by immersing the Silicate 
glasses in molten hahde or nitrate sahs. The condi­
tions of the diffusion processes are shown in ta­
ble 1. 

Α Hatchi IMA-2A ion microprobe was used to 
examine the depth profhes of diffusion ions in Silicate 
glasses. The experimental conditions were: primary 
ion O" ,̂ accelerative voltage 10 to 15 kV, sample 
current 1.2 to 2.0 μΑ, beam diameter 200 to 924 μm, 
Chamber pressure 2.66 to 8 · 10~^ mbar. 

3 . Results and discussion 

When glass samples were immersed in molten hahde 
or nitrate, interdiffusion between molten salt and 
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glass occured. The self-diffusion coefficient of diva­
lent ion is much lower than that of alkali so that the 
interdiffusion coefficient is approximately equal to 
the self-diffusion coefficient of divalent cation. The 
diffusion equation is the well-known expression: 

C(jc,0 = Q erfc (x/2 VS?) (1) 

where Q is the concentration at depth χ (after 
diffusion time i) and Q is the initial concentration of 
divalent ion. 

The calculated equation is given by: 

(2) 

where /Q is the secondary ion intensity on the surface 
and 4 is the secondary ion intensity at depth x. Q and 
Q are the concentrations at the surface and depth x, 
respectively. Therefore it holds 

4 / / 0 = C/Q = erfe (x/2 λ/Όϊ). (3) 

Table 1. Conditions of the diffusion processes 
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Figure 1. Dependence of zinc, cadmium, lead ion diffusion 
coefficients on temperature. 

sample mohen diffusion diffusion 
no. salt temperature time in h 

in °C 

Z n - 1 ZnCl2 580 4 
Z n - 2 ZnCl2 600 4 
Z n - 3 ZnCl2 610 4 
Z n - 4 ZnCl2 620 4 
C d - 1 Cdl2 600 4 
C d - 2 Cdl2 620 4 
C d - 3 Cdl2 630 4 
C d - 4 Cdl2 640 4 
S r - 1 Sr(N03)2 600 4 
S r - 2 Sr(N03)2 610 4 
S r - 3 Sr(N03)2 625 4 
S r - 4 Sr(N03)2 640 4 
P b - 1 PbBr2 580 4 
P b - 2 PbBr2 600 4 
P b - 3 PbBr2 620 4 
B a - 1 Ba(N03)2 600 4 
B a - 2 Ba(N03)2 610 4 
B a - 3 Ba(N03)2 620 4 
B a - 4 Ba(N03)2 640 4 

1.15 
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Figure 2. Dependence of Strontium, barium ion diffusion coeffi­
cients on t e m p e r a t u r e . 

Table 2. The diffusion coefficients (at 600 °C), frequency factors, and activation energies of various divalent cations 

divalent ionic diffusion frequency activation ionic 
cation radius coefficient factor DQ energy Ε field strength 

r in nm D* in cm2/s in cm^/s in kJ/mol zl{r + VQY in 10^^ m'^ 

Zn 0.074 3.26 · lO-i'* 8.28 -10-2 207.6 0.4367 
Cd 0.097 8 . 1 0 - 1 0 - 1 5 1.27 253.1 0.3561 
Sr 0.116 4 . 1 2 - 1 0 - 1 5 1.20 258.6 0.3052 
Pb 0.124 3.60 · 10-15 1.20- 10^ 293.0 0.2870 
Ba 0.136 1.30 · 10-15 4.50 · 10^ 359.6 0.2625 
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Figure 3. Relation between diffusion coefficients of divalent 
cations at 600 °C and their ionic radh. 
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Figure 4. Relation between frequency factors of divalent cations at 
600 °C and their ionic radh. 
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Figure 5. Relation between activation energies for diffusion of 
divalent ions and their ionic radh. 
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Figure 6. Diffusion coefficients of divalent cations correlated with 
their ionic field strength (r = radius of divalent cations, = radius 
of oxygen ion). 

The values of I^, IQ and χ were obtained by using ion 
mieroprobe analysis. According to equation (3) the 
diffusion coefficient of divalent ion is calculated. The 
dependence of divalent cation diffusion coefficient on 
temperature is shown in figures 1 and 2. The diffusion 
coefficients (at 600 °C), frequency factors and ac­
tivation energies of various divalent cations are listed 
in table 2. 

Figures 3 to 5 show diffusion coefficients, fre­
quency factors and activation energies of divalent 
ions correlated with their ionic radh, respectively. It 
is seen that the diffusion coefficients decrease with 
the increase of ionic radii (figure 3 ) , but the diffusion 
activation energies and frequency factors increase 
with the increase of ionic radh (figures 4 and 5). 
These experimental observations ean be explained by 
ionic size effects: The larger the ions are, the slower 

the speed they have. Moreover, the blocking effect is 
attributed to the larger ions in the glass network and 
subsequently activation energies are enhanced. The 
plots of diffusion coefficients (figure 6) and the acti­
vation energies with frequency factors (figure 7) ver­
sus the ionic field strength correspond with the plots 
versus ionic radii. This result could be interpreted 
with the ionic field strength which affects the polariz-
ing power of a cation. The distortion of neighboring 
oxygen increases with increasing polarizing power 
of the cations, hence the reduction of the "blocking 
effect" in the ionic diffusion passage occurs. 

4. Conclusion 

The correlation between diffusion coefficients of 
divalent cations and ionic radii agress with ion size 
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effects. The order of the diffusion coefficients is as 
fohows: Dl^ > D£d > ^s r > ^ P b > ^SA- The influ­
ence of ionic field strength on the diffusion coeffi­
cients of divalent cations is similar to that of their 
ionic radh. The diffusion mechanisms of divalent 
cations are the subject fraught with difficulties and 
needs further study. 

5. References 

[1] Doremus, R. H.: Glass science. New York: Wiley 1973. 
p. 169-170 . 

[2] Frischat, G. H.: Kationenselbstdiffusion in Sihcatgläsern. 
Glastech. Ber. 44 (1971) no. 3, p. 9 3 - 9 8 . 

[3] Frischat, G. H.: Evidence for calcium and aluminum diffusion 
in Si02 glass. J . Am. Ceram. Soc. 52 (1969) no. 11, p. 625. 

[4] Frischat, G. H.: Ionic diffusion in oxide glasses. Bay Vihage, 

OH, Aedermannsdorf: Trans Tech Publ. 1975. 
[5] Varshneya, A. K.; Cooper, A. R. : Diffusion in the system 

K 2 0 - S r O - S i 0 2 . Pt. 2//Cation self-diffusion coefficients. J . 
Am. Ceram. Soc. 55 (1972) no. 4, p. 220 -223 . 

[6] Terai, R. ; Ohkawa, E . : Self-diffusion of calcium ions in 
soda-lime and slag glasses. J . Ceram. Soc. Jpn. 85 (1977) 
no. 6, p. 294 -299 . 

[7] Takahashi, K.; Miura, Y . : Diffusion behavior of Ca^^, Ni^^, 
Co^^ and Cr^^ ions in molten sodium borates. J . Ceram. Soc. 
Jpn. 87 (1979) no. 11, p. 583 -590 . 

[8] Takahashi, K.; Miura, Y . : Diffusion behavior of Nî "̂  ions in 
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