
Toughened glass is widely used 
today as a glazing on buildings[1]. 
Its disadvantage is its large energy 

use in the actual toughening process 
because it is necessary to use high-
powered ventilators for the cooling and 
transporting of glass sheets along the 
toughening furnace. 

A new energy saving, thermal 
toughening method is the contact 
method where a glass sheet is fixed 
between the heat conductive plates and 
in such a form is heated to the toughened 
temperature before being cooled by 
water[2,3]. This method eliminates the 
need to use the high-power ventilators 
for cooling and transporting glass sheets. 
In addition, there is the possibility of 
toughening various sized glass samples 
without any change to the parameters of 
the technological cycle.

A number of works are dedicated to the 
study of the properties and structure of 
toughened glass[4-7]. In the new method, 
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SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O

71.8 0.7 0.1 8.6 4.4 0.3 14.1

z Table 1. Composition of float glass, mass %
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the cooling process differs from the 
traditional one, so there is the need to 
investigate the properties and structural 
features of this glass. 

The quality of sheet glass is determined 
by its surface condition[6], so one of 
the main questions is the research of 
surface properties of the glass, including 
microhardness, density and surface 
chemical resistance. The investigation of 
these values makes it possible to study 
the structure of materials, density of 
structural units packing, their stability 
and chemical inertness.

Experiment
To study the process of toughening, sheet 
float glass samples of 50×25×6 mm were 
used. The oxide composition of float 

glass is shown in Table 1.
Glass toughening was carried out by 

the air and by the contact methods. 
Air toughening was performed 

by heating the glass samples to a 
temperature of 680°C, the isothermal 
holding was three minutes, the duration 
of cooling was 1.5 minutes. 

Toughening by the contact method 
was carried out by heating the glass fixed 
between the heat conductive plates to 
the temperature of 680°C. The isothermal 
holding was three mins. 

Cooling was carried out by water, the 
consumption was 0.06 l/s, the duration 
of spraying was 30s. The value of the 
stress was measured by SCALP – 04. 
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Glass sample Residual stresses,  Micro hardness,  Density of surface

 MPa MIIa layer of 0.01mm, kg/m3

Initial - 5600 2501

Toughened  by air 80 5300 2438

Toughened by contact method 80 5400 2461

z Table 3. Microhardness and density of float glass surface.

Glass sample Residual stresses,  Acid resistance,  Reduction of mass

 MPa mg/dm2 after thermal treatment at 500C, mg/dm2

Initial - 2.1 0.2

Toughened  by air 80 2.6 0.7

Toughened by contact method 80 2.4 0.4

z Table 4. Acid resistance of glass.

Continued>>

The linear dimensions of the glass 
samples were measured by an optical 
Cathetometer with an accuracy of 
0.01mm. 

Microhardness was determined by 
measuring the length of a pattern 
obtained on the surface of samples after 
the penetration of a pyramidal diamond 
indenter under the load of 0.98 N. The 
results are the mean of 20 injections 
placed in different parts of the glass 
surface. The length of the diagonal was 
measured using an Axio-vision. The error 
of measurement was 50 MPa. 

Glass density was determined by 
the deposition method. Glass samples 
were dipped in a flask with a mixture 
of heavy liquids. The flask was placed 
in a thermostat temperature that was 
gradually increased at a speed of 0.25 
degree/min. The density of glass was 
determined by the temperatures at 
which the sample was lowered into the 
liquid mixture and crossed the definite 
mark. Measurement error was 0.5 kg/m3. 

To study the density of the surface 
layer the glass samples were etched in a 
mixture of concentrated acids and water 
in a volume ratio of HF: H2SO4: H2O = 
1:1.5:2.5 for two minutes. They were 
then dried in an oven at 100°C followed 
by holding in a desiccator for 30 min. 

Acid resistance of glass was determined 
by the mass loss per surface unit after 
boiling for 3 h in 6 N solution of HCl 
acid. Measurement error was 0.2mg/dm2.

Results 
The results show (Table 2) that after 
toughening by the air and by the contact 
methods the glass density decreased 
from 2501kg/m3 to 2495kg/m3 (for air 
toughening) and to 2496kg/m3 (for 
contact toughening).

The phenomenon of the density 
reduction of toughened glass is described 
in[4, 5], where authors explain this change 
by the feature of structural rearrangement 
during toughening. In the surface 
layer of the toughened glass there are 
the uniformly distributed compressive 
stresses and in the central layer the 
tension ones, which reduce the density 
of glass. However, this explanation is not 
complete because the reduction of the 
middle layer density of glass would lead 
only to an increase in glass thickness. 
The research of the sample size change 
shows that after toughening, not only 
the thickness increases (to 0.01mm), but 
the width (to 0.05mm) and the length 
(to 0.11-0.12mm) as well. This can be 

Glass sample Residual stresses,   Increase of glass size, mm Density, 

 MPa  thickness  width  length kg/m3

Initial -  - - - 2501 

Toughened by air  80  0.01 0.05 0.12 2495

Toughened by contact method 80  0.01 0.05 0.11 2496

z Table 2. Change of size and density of glass after toughening.

explained by the fixation of the high-
temperature glass structure as a result 
of rapid cooling. However, the relative 
increase of thickness (6/0.01 = 600) as 
a result of the formation of the tensile 
zone in the middle layer is larger than 
the relative increase of width (25/0.05 = 
500) and length (50/0.12 = 417). 

The microhardness of glass samples 
before and after toughening was 
measured. The results show (Table 
3), that as mentioned earlier[4, 7], the 
microhardness of toughened glass is 
less than of the initial one. But using 
the same values as residual stresses, the 
microhardness of glass, toughened by 
the air method, is 100 MPa larger than of 
the glass toughened by air.

In work[4] the decrease in the 
microhardness of glass after toughening 
was explained by the increased fictive 
temperature Tf  as a result of the intensive 
air cooling, which leads to a decrease in 
density. In addition, K. Keze[7] has shown 
that the presence of a compressive stress 
on the glass surface does not lead to an 
increase in microhardness.

For a more thorough study of the 
causes of the decreased microhardness, 
the density of the glass surface layer was 
measured. Glass samples were etched in 
a mixture of hydrofluoric and sulphuric 
acids and the density of the glass 
measured by the deposition method.

The results show that after toughening 
on the glass surface there is a layer of small 
value of density (Table 3). The density of 
the layer of 0.01mm of glass, toughened 
by air is 2438kg/m3, which is 63kg/m3 

less than in the initial. For the sample, 

toughened by the contact method, the 
difference of density is smaller and it is 
only 40kg/m3. The microhardness value 
of glass strongly depends on the density 
of the surface, so the value of toughened 
glass is lower than of the initial one. 
The density of the surface layer of glass, 
toughened by the contact method, is 
larger than of glass toughened by air, so 
respectively, the microhardness is higher. 

Acid resistance
The influence of density reduction on the 
value of acid resistance was investigated. 
The results show (Table 4), that after 
toughening the resistance to HCl acid 
decreases. However, as in the previous 
case, the glass sample, toughened by the 
contact method, is more stable than the 
sample toughened by air. 

The glass samples after testing to acid 
resistance were heated to 500°C and held 
for two hours before being slow cooled. 
The results show (Table 4), that thermal 
treatment leads to a decrease in the glass 
mass. This can be explained by the water 
release as a result of polycondensation 
of silanol groups (Si - OH) formed by 
the interaction of glass and acid. This 
reaction can be described as:

2 ≡ Si - OH = ≡Si - O - Si≡ + H2O

The additional thermal treatment 
of toughened glass samples under the 
regime of toughening (three min at 
680°C) following by slow cooling was 
carried out.



Glass toughening

Glass International September 2015

w
w

w
.g

la
ss

-i
nt

er
na

ti
on

al
.c

om

0

Glass sample Density of glass,     Decrease of glass size, 

 kg/m3    mm
 Before After Thickness Width

Initial 2501 2505 0.01 0.03 0.08

Toughened by air 2495 2505 0.02 0.09 0.21

Toughened by contact method 2496 2505 0.02 0.10 0.20

z Table 5. Change of density after additional thermal treatment by toughening.

After thermal treatment the relaxation 
of residual stresses occurred and the 
value of the residual stresses decreased 
from 80 MPa to 0 MPa,

Table 5 shows that the glass structure 
becomes more dense, and the density 
increases both in the initial and the 
toughened samples and equals to 2505kg/
m3. Moreover, there is a corresponding 
decrease of the size of all glass samples.

Conclusions
The contact method of glass toughening 
saves more energy than the air method 
because glass cooling is carried out by 
water spraying. The density of glass 
samples decreases after toughening and 
on the glass surface there is a layer of 
even smaller value of density. 

Accordingly, the microhardness and 
the acid resistance of toughened glass is 
less than in the initial sample. However, 
these properties are better in the glass 
toughened by the contact method, 
than in the glass toughened by air. After 
thermal treatment of glass samples tested 
against resistance to HCl acid it was found 
that their mass decreased because of the 
polycondensation of silanol groups. 
Further thermal treatment of toughened 

glass samples by toughening followed 
by slow cooling, revealed that due to 
the stress relaxation the glass density  
increased. This method of toughening 
requires further improvement and we are 
looking for partners for cooperation. r
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