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STUDY OF THE DYNAMICS OF STRESS 
FORMATION IN GLASS DURING 
A THERMAL HARDENING

The object of research is the ultimate bending strength of float glass sheet 4 mm thick. The paper confirms that 
the main factor affecting the increase in glass strength is the dynamics of stress formation in the surface and inner 
layers of glass. Rapid cooling of float glass with an air flow for 8–10 s at a rate of 25 °C/s leads to the appea
rance in the glass of an average temperature difference in the surface zone of 30 °C/mm. It was found that during 
thermal hardening at temperatures exceeding the glass transition temperature limit, there is an abrupt increase 
in the glass bending strength. A comparative analysis of the results of measuring the bending strength of glass 
for float glass and heat-strengthened glass indicates that this indicator is significantly improved. The statistical 
analysis of the results shows that the scatter of the values of the bending strength of annealed glass falls within 
the range of 30–50 MPa, and the most probable value is 40 MPa. At the same time, the spread in the values of the 
bending strength of thermally hardened glass is in the range of 100–160 MPa and is 135 MPa. The work proved 
that thermal hardening of float glass sheets increases its flexural strength by about 3.5 times. The peculiarities 
of the change in the type of the hardening stress diagram over  time have also been studied: thermal hardening 
causes a more gentle course of the residual stress curve compared to hardening. In this case, the coordinate of the 
critical tensile stress σcrit can be located on the lower surface of the glass, which will make it possible to fracture 
at lower loads compared to quenching, but the fracture mechanism will be identical as for annealed glass. In this 
case, the destruction mechanism will be approximately the same as in the case of annealed glass, but its actual 
strength will be 2–3 times higher.
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1.  Introduction

The flexural strength of ordinary glasses does not ex-
ceed 1 % of the theoretically calculated glass strength. Low 
glass strength is explained by the presence of defects on 
its surface: microcracks, scratches, dents and other dam-
ages, which are stress concentrators and give rise to rupture 
when a certain load is added to the glass  [1]. Increasing 
the strength of glass can be carried out by tempering, ion 
exchange, deposition on the surface of a glass layer with 
a  lower coefficient of expansion than the main glass, crys-
tallization of the surface layer, etc.  [2,  3].

Based on the nature of glass as a material with surface 
defects, glass strengthening methods can be divided into 
thermal, chemical, and thermochemical.

The thermal method of increasing the strength of glass 
consists in heating above the forcing temperature (Tg) and 
very fast cooling (hardening) or rather slowly (heat hardening) 
in an air stream. As a result of such processes, compressive 
stresses are formed on the glass surface. As it is possible to 
see, the physics of both processes is similar. During quench-
ing, the thermal effect is more radical, while during thermal 
hardening it is softer. These processes are carried out by 
rapid cooling in jets of air or in organic or other liquids, 
metal melts and other media. The most widespread method 
of hardening is air hardening, as a result of which residual 
stresses appear in the glass: the outer layers of the glass are 
compressed, and the inner layers are stretched  [4]. Glass 

hardening increases the mechanical strength by about 5 times 
compared to ordinary glass, and heat strengthening – by about 
2–3  times  [5,  6]. To achieve these results, the compression 
on the glass surface must extend to a depth greater than 
the depth of the defects. Dangerous defects on the surface 
are usually formed at a depth of up to 100  microns, less 
often up to 200–300 microns.

The second way of strengthening is chemical surface 
treatment. In this case, surface defects are removed by 
etching glass, most often with solutions of hydrofluoric 
acid or its mixture with sulfuric, nitric or phosphoric acids. 
During digestion, about 50–150 microns of the glass surface 
is removed, which makes it possible to increase its bending 
strength by 4.5  times. This method of strengthening glass 
is somewhat more expensive, but it allows high compres-
sive stresses to be obtained and allows the processing of 
glass of thinner thickness. Another method of chemical 
strengthening of glass is associated with the deposition of 
thin films of polyorganosiloxanes or silicic acid polymers 
on its surface, which reduce the wedging effect of moisture 
in glass microcracks  [7,  8].

The thermochemical method of glass strengthening 
consists in changing the structure and properties of the 
glass surface layer. Thus, the strength of glass subjected 
to digestion and then tempering increases in comparison 
with the strength of tempered glass  [9].

The thermal method of strengthening glass is the oldest  
way to increase its strength. This method allows the  
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strengthening of large-format glass sheets. It is also worth 
noting that this method is less energy consuming compared 
to hardening and more environmentally friendly compared 
to chemical strengthening methods. Thermally strengthened 
glass breaks into larger fragments than tempered glass, but 
in both cases without sharp corners, which prevents the 
possibility of serious injury. However, thermally strength-
ened glass has better surface compression uniformity and 
is characterized by less optical distortion of the image 
(this is especially important when glass is used in facades 
with a high degree of reflection). Thus, the study of the 
processes of thermal strengthening of glass and the study 
of bending strength is an urgent task.

Thus, the object of research is the ultimate bending 
strength of float glass sheet with a thickness of 4  mm. 
And the aim of research is to determine the influence of 
the distribution of the temperature field that occurs in 
the glass plate during heat hardening and its effect on 
the value of the flexural strength.

2.  Methods of research

Let’s used float glass 4  mm thick manufactured by 
SaintGobain. Float glass is characterized by the presence 
of stresses of 30 nm/cm uniformly distributed over the 
entire surface. The chemical composition of the samples 
is given in Table  1.

Table 1

Chemical composition of glass samples, mass %

SiO2 Na2O CaO MgO Al2O3 SO3 Fe2O3

71.8 14.1 8.8 4.2 0.7 0.3 0.1

For studies of thermal hardening, glass specimens with a 
size of 70–20–4 mm were cut. The obtained samples were 
enclosed in a cassette of nichrome wire on the edge and 
heated in a muffle furnace to a temperature of about 600 °C.  
After heating, the cassette with plates was removed from 
the furnace and immediately subjected to intensive blowing 
with a fan. To determine the evolution of the temperature 
field in the plate, exposed junctions of chromel-alumel 
thermocouples were fused to different depths. The coordi-
nates of local point measurements of temperatures are as 
follows: the middle of the plate (h = 0  mm), one fourth of 
the plate thickness – (h = 1 mm), the surface – (h = 2 mm). 
The temperature values of the inner and surface layers of 
glass were recorded using a digital camera. Rapid cooling 
of the samples occurred at a rate of 25  °C/s. The heat 
hardening process took place within 8–10  s.

Flexural strength was calculated using the formula:
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where F – breaking load, N; L – distance between supports, m;  
b – sample width, m; d – sample thickness, m.

Strength test results for glass give poor reproducibility 
due to unpredictable surface defects. When determining the 
strength of glass samples, a significant scatter of strength 
values is observed, exceeding the measurement accuracy. 
The statistical theory of strength makes it possible to cal-
culate the most probable value of the strength of a  glass 
sample, close in magnitude to the average values of its 

technical strength. And also to determine the spread of 
experimentally found strength values, which characterizes 
the heterogeneity of the tested material samples.

The probability distribution of a continuous random 
variable is described by the Gaussian function:
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The formula consists of two mathematical constants: 
π – pi – 3.142; е  – base of natural logarithm – 2.718; 
two variable parameters that specify the shape of a specific 
curve: m – mathematical expectation (different sources 
may use other designations, for example, μ or a); σ2 – 
variance; the variable x for which the probability density 
is calculated.

3.  Research results and discussion

The physical meaning of glass reinforcement by the 
method of creating a compressed surface layer can be il-
lustrated as follows: the destruction of a glass product 
mostly occurs under the influence of static and dynamic 
loading, concentrated in a certain middle part of a certain 
glass wall  [5].

In bending studies, a plane-parallel glass beam is lo-
cated on two supports, and a point load F acts on it in 
the middle part of the opposite side (Fig.  1,  a,  b). The 
diagram of mechanical stresses arising in glass under load 
is represented by a straight line. The maximum compres-
sive stress is at the top surface and tensile stress is at 
the bottom. There is no stress on average. Glass works in 
tension many  times worse than in compression. Therefore, 
failure will occur on the lower stretched surface. When 
hardening (Fig.  1,  a), or thermal hardening (Fig.  1,  b) of 
such a beam, the surface zones will retain residual compres-
sive stresses, and the inner zone will retain tension. The 
occurrence of tensile stresses in the middle zone within 
acceptable limits will not introduce a risk of sample failure. 
First, these tensile stresses are significantly lower than the 
compressive stresses on the surfaces. Secondly, and this is 
the main thing, there are no surface defects in the inner 
part of the glass that weaken it on the surface.

         
a b

Fig. 1. Stress diagrams: a – tempered glass; b – thermally hardened 
glass. Stress:  – mechanical;  – thermal;  – total

If a preliminary force F is applied to such a prestressed 
beam, then stresses will be added. The summary resulting 
plot is shown in Fig. 1, a. Compression stresses are added at 
the top of the beam cross section. In this case, the maximum 
of this amount will necessarily be on the upper surface, but 
there will be no risk of destruction, because the glass is 
«not afraid» of compression. In the lower part of the beam 
section, when an increasing force F is applied, the residual 
compressive stresses begin to be neutralized by the tensile 
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stresses created. At some point, the tension on the bot-
tom surface will disappear. With a further increase in the 
load F, the lower part of the beam section will already be 
completely under the action of tensile stress. In this case, 
the critical stress σcrit, which corresponds to the maximum 
tensile stress and which, upon reaching a certain value, can 
cause the destruction of the product, can be located at some 
distance from the lower surface, as shown in Fig.  1,  a. And 
this will be the desired option, since there are no defects 
in the inner zone of the sample and the glass works bet-
ter in tension. This option is achieved with the so-called 
glass tempering. The destruction of the samples will take 
place explosively under high loads. Detonation will lead 
to fragmentation of the product into small fragments  [10].

If the glass was heat-strengthened in Fig.  1,  b, the 
stress pattern will be slightly different. A «softer» thermal 
effect (partial hardening) will lead to a flatter course of 
the residual stress curve. In this case, the coordinate of 
the critical tensile stress σcrit can be located on the lower 
surface. The presence of surface defects will lead to de-
struction at lower loads. And in this case, the mechanism 
of destruction will be approximately the same as in the 
case of ordinary glass, with the only difference that the 
actual strength will be approximately 2–3  times higher.

Compression stresses on the glass surface depend on 
the cooling intensity and reach 250  MPa for air-jet cool-
ing, and 500  MPa for cooling in liquids. Internal tensile 
stresses are less and do not exceed 80–90  MPa.

Air hardening of glass with a small thickness (less than 
5  mm) and/or a low coefficient of linear thermal expan-
sion is ineffective. In this case, it is rational to carry out 
hardening in liquid media to increase the heat transfer 
coefficient. For example, in oils with a high flash point 
or in organosilicon fluids.

Thermal strengthening of glass was carried out in the 
laboratory and the parameters of the temperature field were 
determined. Fig. 2 shows the evolution of the temperature 
field during thermal hardening, the so-called chronothermo-
gram (evolution of temperatures in time) for the indicated 
coordinates and top thermogram (evolution of temperatures 
in space) for certain points in  time. The cooling rate of 
the surface in the temperature range suitable for thermal 
hardening was about 25  °C/s. The temperature difference 
between the center and the surface is averaged 60  °C. It 
should also be noted that the temperature profile in the 
samples approached a quadratic parabola, which is typical 
for the regular regime  [11].

The criterion for the effectiveness of thermal strength-
ening of glass should be the results of experimental mea-
surements of certain mechanical properties. In this work, 
the flexural strength was investigated. Since, as is known, 
the results of such studies give poor reproducibility, there 
is a significant scatter of values. To process the results, 
the theory of probability was used and the most probable 
values were determined. As a result of calculations, Gauss 
curves were constructed  [12]. The results are presented 
in the form of probability diagrams and are presented 
in Fig.  3.

Thus, the distribution of bending strength values for 
annealed glass is in the range of 30–50  MPa, and the 
most probable value is 40  MPa. At the same  time, the 
spread in the values of the bending strength of thermally 
hardened glass is in the range of 100–160  MPa and is 
135  MPa.

a

b

Fig. 2. Evolution of the temperature field: a – evolution of temperatures 
in time; b – evolution of temperatures in space

a b

Fig. 3. Comparative statistics of flexural strength values:  
a – annealed glass; b – thermally hardened glass

4.  Conclusions

In the course of the study, it has been found that the 
rapid cooling of float glass with an air flow for 8–10  s at 
a rate of 25  °C/s leads to the appearance in the glass of 
an average temperature difference in the surface zone of 
30  °C/mm. It has been established that during thermal 
hardening at temperatures exceeding the glass transition 
temperature limit, there is an abrupt increase in the glass 
bending strength. Analysis of the flexural strength has been 
shown that for annealed float glass the most probable value 
is 40  MPa, and for thermally hardened glass 135  MPa. 
Thus, it can be stated that thermal hardening of float glass 
sheet 4  mm thick increases its flexural strength by about 
3.4  times. The research results will be useful in choosing 
a glass hardening method and establishing its parameters.
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