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Field-assisted chemical tempering has proven effective in clarifying the relationship 
between the concentration profiles of potassium and sodium in the ion-exchange layer, and 
the alkali ratio of the mother glass of the system SiO2-PbO-Al2O3-CaO-MgO-Na2O-K2O. 
With regard to the potassium concentration profile, it tends to change from a step-functional 
pattern at an alkali ratio of 57% or more to an exponential pattern at an alkali ratio of 36% or 
less. So as to attain an enough high reliability, a step functional pattern of the potassium 
concentration profile and an ion-exchange depth of 50μm or more are both necessary.  
(Key words: field-assisted ion exchange, mixed alkali glass, ionic concentration profile, 
biaxial bending test, and reliability) 
 
1. Introduction 

In general, some mixed alkali glasses are used as glass substrates for CRTs or flat panel displays 
such as PDP and FED based on bilateral requirements: one requirement that displays can retain high 
optical quality for a long term and one requirement that the electrical elements and circuits on the 
glass are functional. The former is necessary to restrict the movement of monovalent ions in glass so 
that it can minimize browning phenomenon caused by irradiating electron beam or ultraviolet ray. The 
latter is required that the amounts of K2O and Na2O are roughly balanced to get the mixed alkali effect 
(MAE) on the electrical resistance. On the other hand, in spite of strong market demand for 
lightweight glass, there is a limitation to strengthening by changing the composition of the mixed 
alkali glass. However, a chemical tempering by thermal diffusion is not effective for the mixed glasses 
because of the insufficiency of an ion-exchanged depth.1) For this reason, currently, a field-assisted 
chemical tempering method which can create a deeper ion-exchange layer within a shorter exchange 
time compared to that of the thermal diffusion, has been devised.2）However, it has not been 
investigated whether the composition range which can produce the MAE on the above characteristics 
corresponds with that of a field-assisted chemical tempering effect. Consequently, we studied ionic 
concentration profiles in ion-exchange layers in mixed alkali glass by experimenting with different 
alkaline oxide ratios [Na2O/(Na2O+K2O)]; clarifying the relationship between the depth of 
ion-exchange layer and potassium concentration profile, and measuring the mechanical reliability by a 
biaxial bending test with abrasion. 
 
2. Potassium and Sodium Concentration Profiles   

For the field-assisted ion exchange experiment, we created different alkali ratio models based on a 
mixed alkali glass of the system SiO2-PbO-Al2O3-CaO-MgO-Na2O-K2O for CRTs as shown in Table 1. 
For details regarding chemical tempering apparatus, please refer to the paper by T. Yano. 3)  

 



Table 1. Composition and properties of each model glass. 
Model Glass Ａ Ｂ Ｃ Ｄ Ｅ 

SiO2       66 (mol%) 
PbO 8 

Al2O3 3.5 
CaO 5 
MgO 3.5 
Na2O 14 11 8 5 3 
K2O 0 3 6 9 11 

Alkali Ratio 
[Na2O/(Na2O+K2O)]（%）

100 79 57 36 21 

Strain Point（℃） 455 442 447 461 473 
Electrical conductivity 

(S/cm) 
2.0×10-5 1.9×10-6 5.4×10-7 4.4×10-7 4.6×10-7

Depth of the 
ion-exchange layer 

(μm) 

80 120 140 160 95 

Surface Compression 
(MPa) 

326 336 345 247 235 

 
After introducing an ion-exchange layer into each sample, it was cut, and then the cross-section 

surface of the sample was finished with a mirror surface. The concentration profiles of potassium and 
sodium formed in the vicinity of the anode were measured by the EPMA (Electron Probe Micro 
Analyzer). Fig. 1 shows typical potassium concentration profiles of the model C glass by using a 
thermal diffusion method for 24 hours and a field-assisted method for 6 hours at the strain point. 
Given that the depth of the ion-exchange layer was the distance from the surface to the point of bulk 
concentration, for the sample by the field-assisted method, the depth of the ion-exchange layer was 
120μm while that for the sample by thermal diffusion was 60μm. Accordingly, the field-assisted ion 
exchange could produce a deeper ion-exchange layer about twice that of the thermal diffusion method 
within a shorter time. In addition, a typical shape of the potassium concentration profile for the sample 
by the field-assisted method was not exponential but step-functional. 

So as to clarify the relationship between the depth of the ion-exchange layer and the alkali ratio of 
the mother glass, the field-assisted ion exchange procedure was implemented at 25 ℃ below the 
strain point of each model glass as shown in Table 1. Then we measured the average depth of the 
ion-exchange layer by back-scattered electron imaging. As shown in Fig. 2, the average depth of the 
ion-exchange layer rises to the maximum at an alkali ratio of 36% and then, decreases with increasing 
alkali ratio. The least depth is achieved at an alkali ratio of 100%, that is, potassium free. Thus, it was 
found that there is a roughly inverse relationship between the depth of the ion-exchange layer and the 
electrical conductivity of the mother glass for a given alkali ratio range. In other words, the degree of 
the electrical conductivity cannot account for the depth of the ion-exchange layer.  
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a) Thermal Diffusion Type                     b) Field-assisted Type 
Fig. 1. Typical potassium and sodium concentration profiles in ion-exchange layer by thermal diffusion 

and field-assisted chemical tempering. 
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alkali ions in the direction of the depth in the 
ing EPMA. As shown in Fig. 4, it can easily be 
layer increases with increasing distance from the 



surface. It can be also understood that the total volume of the two alkali ions in the exchanged layer in 
each sample decreases compared to that in each mother glass, and that there is a dependency of the 
decreased volume on the alkali ratio. The meshed area indicates the decreased volume of two alkali 
ions at an alkali ratio of 79%. It is comparable to approx. 14% of the total volume of alkali ions in the 
exchanged layer. Moreover, it was indicated that the movement of non-bridged oxygen ions to the 
anode should be taken into account, since there was a decrease of oxygen ions in the layer, in 
quantitatively analyzing the surface of a model glass by EPMA and XPS (X-ray Photoelectron 
Spectroscopy). It is our understanding of these facts that there is a mechanism which prevents the 
movement of potassium ions to the cathode. 
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Fig. 4. The total amount of the alkali ions vs. Normalized depth
 
3. Mechanical Reliability of Field-Assisted Chemical Temper

The objective of the field-assisted chemical tempering is to genera
with deeper compression layer to be able to overcome the surface fla
the delayed breakage. Therefore, we measured the abraded strengt
ion-exchange layer. In the beginning of the experiment, glass disc
thickness were prepared from the model C glass. After that, either of 
procedures was implemented on a 55mm diameter area at the cente
point(see Table 1). Prior to the test, every glass disc was abraded with
loading of 8MPa at the middle portion of the lower surface, using a
Fig. 5. Such sample preparations were made assuming that a CRT i
state of evacuation and that flaws may generate after evacuating. 
bending using the above fixture on a 50mm diameter ring and a 12m
center. The loading speed was 1mm per minute.  
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Fig. 6 shows the Weibull plot of the abraded strength data for three kinds of field-assisted  

tempering samples of the model C glass which have the ion-exchange depth of 30, 50 and 70μm, 
respectively, in comparison to those of a non-tempered sample and a conventional chemical-tempered 
sample. The abraded strength data of all the field-assisted chemical tempering samples are 
considerably higher than that of the conventional chemical-tempered sample. The parallel shift of 
Weibull distribution on the samples of 50μm and 70μm from that of the non-tempered samples is 
indicative of being highly reliable. 

Furthermore, we investigated the difference between the mechanical reliability of the step functional 
pattern and that of the exponential pattern of potassium concentration profile in the ion-exchange layer. 
The glass discs of 50mm diameter and 3 mm thickness were prepared from the model A glass with the 
alkali ratio of 100% and the model D glass with the alkali ratio of 36%. The field-assisted chemical 
tempering procedure was implemented on a 35mm diameter area at the center of each glass disc at 
10 ℃ below the strain point of each model glass. The compressive stresses of the model A and D 
glass were 84MPa and 62MPa, respectively. The discs were tested in biaxial bending using the fixture 
on a 30mm diameter ring and a 10mm diameter loading-piston at the center. Fig. 7 shows the Weibull 
plot of biaxial strength data for two kinds of samples of the models A and D glass. The average 
strength and the shape parameter of the model A glass were both significantly higher than those of the 
model D glass. From these results, it can easily be understood that, in order to attain a high reliability 
for the field-assisted chemical tempering, a step functional pattern of potassium concentration profile 
and an ion-exchange depth of 50μm or more are both necessary.  

 

 
Fig. 6. Weibull prot of the abraded streng  of the model C glass by biaxial bending. 
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