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ABSTRACT

The outward diffusion of Na
+

 ions in iron-bearing soda lime silicate glass via oxidation heat treatment before the ion exchange process is artifi-

cially induced in order to increase the amount of ions exchanged during the ion exchange process. The effect of the addition process is analyzed

through measuring the bending strength, the weight change, and the inter-diffusion coefficient after the ion exchange process. The glass strength is

increased when the outward diffusion of Na
+

 ions via oxidation heat treatment before the ion exchange process is added. For the glass subjected to the

additional process, the weight change and diffusion depth increase compared with the glass not subjected to the process. The interdiffusion coefficient

is also slightly increased as a result of the additional process.
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1. Introduction

lthough there are several methods of strengthening
glasses, chemical strengthening method by ion-exchange

has several advantages such as being able not only to
strengthen 0.5 mm-thick glasses thinner than the minimum
glass thickness of 5 mm to which physical strengthening
method can be applied but also to increase the strength and
being applicable to glasses irrespective of their shapes.1)

Whereas physical strengthening method can be applied to
most glasses, chemical strengthening method is applied
only to particular glass compositions where ion-exchange is
easy and has a high unit production cost. While the scope of
application for chemically strengthened glasses is very
wide, the most frequently used production areas for com-
mercial purpose include display panels for LCD or AMO-
LED. These glasses have alkaline aluminosilicate-based
compositions known for the highest diffusion coefficient of
alkali ions.2,3) On the other hand, soda-lime-silica glass as a
representative glass composition system has problems
where diffusion rates of Na+ ions are slow, depths of gener-
ated compressive stress layer are less than 50 μm, while
deeper permeation of K+ ions relax surface compressive
stresses to reduce strengthening effects.4)

Meanwhile, glass surfaces can be modified by oxidation/
reduction reactions. Barton and Billy5) have discovered that
Na+ ions are increased on the surface by oxidation of Cu+

ions to Cu2+ when flint glass containing 0.4% of copper is

heated in air. Many studies on silicate glasses containing
iron 6-11) have also shown that glass-modifying ions due to
oxidation of Fe2+ ions are diffused from inside to the surface
when heat treated near the glass transition temperature in
an oxidizing atmosphere. These studies have presented an
oxidation mechanism where oxidation of a glass causes dif-
fusion of modifying ions in the opposite direction for charge
compensation which results from an inward flux of electron
holes rather than supplying oxygen ions to the glass. Based
on this, it can be seen that distribution of modifying ions
may be artificially controlled in the case of glasses contain-
ing transition metal ions having a variety of ionic valencies.
By applying this principle, Kang et al.12,13) have shown that
surfaces of a bio-inert glass can be reformed to bio-active
surfaces. 

To improve strengths through chemical strengthening
by ion-exchange, there should be a high content of alkali
ions that are easy to move within the glass, and composi-
tion ratios should also be considered to facilitate diffusion
of alkali ions. In the case of soda-lime-silicate glasses, for
instance, the amounts of ion-exchange are known to be
decreased as CaO content is increased.14) If surface con-
centrations of Na+ ions of a soda-lime-silicate glass can be
artificially increased, i.e, the ratios of Na+/Ca2+

 can be
increased, then strengths may be improved further by
increasing the amounts of ion-exchange even for glasses of
a given composition. In the present study, it has been
investigated whether the amounts of ion-exchange are
actually increased and improvement of strengths is
observed by inducing surface diffusion of Na+ ions as a
result of oxidation heat treatment for soda-lime-silicate
glasses of a given composition. 
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2. Experimental Procedure

In the present experiments, strengthening effects were
divided for comparison into before and after oxidation heat
treatment. Accordingly, some conditions were fixed to reduce
variables for effective comparisons. First, the glass as an
experiment object was fixed to be of 55SiO

2
-14.67Na

2
O-

29.33CaO-1FeO(mol%) composition. Also, to clarify the
effects of oxidation heat treatment , division was made into
two groups including the case with oxidation heat treat-
ment and the case without, while ion-exchange was con-
ducted in a molten bath of KNO

3
 for 4 h, 5.5 h, 7 h, 8.5 h, 10

h with both groups. 
For preparation of glasses, Na

2
CO

3 
(Aldrich, 99.0%),

CaCO
3 
(Aldrich, 99.0%), SiO

2 
(Junsei), and Fe (C

2
O

4
) 2H

2
O

(Aldrich, 99.0%) were weighed respectively to match the
composition, and batches were completed by drying after
magnetic agitation in ethanol for 3 h. Dried samples were
then melted by maintaining for 4 h in a Pt-Rh crucible after
temperature rise to 1550oC at a heating rate of 5oC/min.
Molten glass were formed in a forming mold made of copper,
and slowly cooled in a electric furnace after being main-
tained for 2 h near the glass transition temperature simul-
taneously with forming.

Glass transition temperature (T
g
) was measured in Air

atmosphere at a heating rate of 5oC/min by using a thermal
analysis system of Q 600 model by TA instruments com-
pany.

The oxidation treatment was conducted in an electric fur-
nace under a flow of O

2
/N

2
 gas with a fixed oxygen partial

pressure of 0.05 atm in order to prevent all Fe2+ ions from
being oxidized before the modifier ions start to diffuse. The
glasses heated at 660oC for 10 h and then were cooled slowly
down to a temperature near 100oC in the furnace following
heat treatment while the same partial pressure was being
maintained. The oxygen partial pressure in the furnace was
monitored via a flow-through stabilized zirconia electrolyte
sensor that operates at 750oC in a separate furnace down-
stream of the reaction furnace.

For ion-exchange, the samples were maintained for a set
time while being immersed in a molten bath of KNO

3

(Aldrich, 99.0%) in a stainless steel container maintained at
500oC, after which the stainless steel net was recovered and
moved to an electric furnace set at 200oC for slow cooling to
room temperature to reduce thermal shock at room tem-
perature.

To check how much the strength values were increased
after strengthening along with weight changes as a result of
ion-exchange between Na+ and K+. 3-point bending strengths
were measured. Weight changes were measured following
ion-exchange in the molten salt for a set time, and strengths
were measured as a 3-point bending strength by using an
apparatus of LR 30K model by LLOYD company. Speci-
mens were produced to be square rods of 3 × 2 × 40 (mm) in
size, and measurement values were shown by an estimate of
true value at 95% confidence calculated for 6-10 ea of speci-

mens. Also, concentration distributions of Na+ ions and K+

ions were measured by using EDS(Energy Dispersive X-ray)
of 7412 model by OXFORD instements company mounted
on SEM (Scanning Electron Microscopy).

3. Results and Discussion

Measured results of bending strength are shown in Fig. 1.
Whereas a strength of 73 MPa was indicated in the case of
glasses without ion-exchange, strength values for glasses
with only ion-exchange without oxidation heat treatment
were shown to be 262 MPa in the case of ion-exchange for 4 h,
280 MPa in the case of ion-exchange for 7 h, and 305 MPa in
the case of ion-exchange for 10 h. After chemical strength-
ening by ion-exchange, an increase in strength values by
more than 3 times could be affirmed in comparison with the
base material. 

Also, the glasses with chemical strengtheing by ion-
exchange after oxidation heat treatment showed strength val-
ues of 309 MPa in the case of ion-exchange for 4 h, 345 MPa in
the case of ion-exchange for 7 h, and 377 MPa in the case of
ion-exchange for 10 h. As clearly shown in Fig. 1, strength
values for the glasses with oxidation heat treatment were
increased by about 1.2 times as compared with the glasses
with only ion-exchange without such pretreatment irrespec-
tive of times maintained in the molten salt of KNO

3
. And, as

the ion-exchange times are increased, strength values were
also increased by a small amount, while the glasses with
ion-exchange for 4 h after oxidation heat treatment showed
a somewhat higher strength than the glasses with only ion-
exchange for 10 h. Based on this, it seems reasonable to con-
clude that the ancillary process of oxidation heat treatment
has very positive effects on an increase in strengths of the
glasses with ion-exchange.

Figure 2 shows the weight increases after ion-exchange as
a function of the square root of time in the case with oxida-
tion heat treatment having been conducted and the case

Fig. 1. Modulus of rupture of the mother glass, the heat-
treated glass in oxygen atmosphere and the untreated
glass with the ion-exchange time.
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without. While a linear dependence on √t is observed in the
case of only ion-exchange being conducted in the molten salt
of KNO

3 
without oxidation heat treatment, a dependence on

t is observed in the case of oxidation heat treatment being
conducted. This suggests that ion-exchange occurs by diffu-
sion and concentrations of diffusing species on the surface
are constant in the case without oxidation heat treatment,
whereas concentrations of diffusing species on the surface
are varied with time as diffusion and surface reaction occur
simultaneously in the case of ion-exchange after oxidation
heat treatment. Such difference is considered attributable
to the fact that outward diffusion of Na+ ions in the glass
also occurs in the process of ion-exchange in the molten salt
in the case of oxidation heat treatment having been con-
ducted. EDS analysis results for the amounts of K+ down to
an inside depth of approximately 20 μm from the glass sur-
face are shown in Fig. 3. The amounts of K+ for the case

with oxidation heat treatment are greater than those for the
case without by approximately 1~2.5 mol%. Also, whereas
K+ is affirmed to exist down to about 13 μm in the case of the
specimens without oxidation heat treatment, K+ could be
affirmed to show a deeper diffusion depth down to near 20
μm in the case of the specimens with oxidation heat treat-
ment. This result also demonstrates that the ancillary pro-
cess of oxidation heat treatment makes a positive
contribution to the exchange between Na+ ions and K+ ions. 

Concentration profile C(x,t) of K+ ions resulting from diffu-
sion can be given by the equation (1).15) 

(1)

where C
0
 is the initial concentration of the glass surface, x

the depth, t the processing time and D the interdiffusion
coefficient. Concentration distribution of alkali ions within a
glass after mutual diffusion is known not to follow the equa-
tion (1).16) Solid line in Fig. 3 is a line calculated by the equa-
tion (1), showing that the concentration profile fails to
properly follow the shape of erfc for the equation. A more com-
plicated model is required for an accurate description on diffu-
sion. Since interdiffusion coefficients in ion-exchange glasses
are known to somewhat depend on concentrations17-19), the
concentration-dependent interdiffusion coefficient  can be
calculated in accordance with the Boltzmann-Matano
approach 20) :

(2)

Since the integration term can have much error in both end
portions of the concentration profile curve upon calculation of
interdiffusion coefficients by using this equation, compositions
for intermediate domains have been calculated. The interdif-
fusion coefficient calculated from this equation is shown in
Fig. 4. The obtained interdiffusion coefficient agrees well with
the values reported for soda-lime glasses18, 19). As indicated in
the figure, the value is 1.04 × 10−9 m2/s in average for the
case where oxidation heat treatment is conducted before ion-
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Fig. 2. Relative increase of weight of strengthened glasses
as a function of squared root of ion-exchange time
(a) heat-treated glass in oxygen atmosphere and (b)
untreated glass.

Fig. 3. Potassium concentration profile after 10 h treatment
in molten KNO

3
 for (a) heat-treated glass in oxygen

atmosphere and (b) untreated glass. The solid lines
represent the fitting curve determined by Eq. (1).

Fig. 4. Potassium interdiffusion coefficient in the ion-exchanged
glasses: (a) heat-treated glass in oxygen atmosphere
and (b) untreated glass.
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exchange, and 6.72 × 10−10 m2/s in the case without the treat-
ment, indicating that the ancillary heat treatment increases
chemical diffusion coefficients. From these results, a clear
conclusion can be made that the oxidation heat treatment
can further improve chemical strengthening by augmenting
the amounts of ion-exchange.

4. Conclusion

By heat treatment of soda-lime glasses containing iron in
an oxidizing atmosphere to cause outward diffusion of Na+

ions in the glass, an attempt has been made to augment the
amounts of ions exchanged Na+ - K+. In the case of oxidation
heat treatment being conducted before ion-exchange, bend
strengths, amounts of ion-exchange and diffusion depths
could be seen to be increased as compared with the case
without undergoing this heat treatment process. In addi-
tion, interdiffusion coefficients also showed an increase to a
value slightly less than twice. These facts clearly show that
the ancillary oxidation heat treatment before ion-exchange
can further improve chemical strengthening by augmenting
the amounts of ion-exchange by diffusion.
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