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Optimizing the cooling parameters for annealing of glass bottles by
stress simulation according to the viscoelastic theory
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The annealing process of glass bottles was calculated by means of the stress simulation according to Narayanaswamy, a finite
element method coded in ANSYS. The glass characteristics were described according to the viscoelastic theory. The change of glass
properties was computed with the help of the fictive temperature, which is described by the relaxation function of the glass structure.
For a successful annealing process, the heating of the entire glass bottle to the annealing temperature is fundamental. The heating-
up time depends strongly on the initial temperature and the wall thickness of the bottles. The maximum cooling stresses in the
bottle are located at the bend between bottle wall and bottom. The residual stress depends particularly on the cooling rate in the
critical cooling zone and for the smaller part on the cooling rate in the cooling-down zone. The maximum residual stress in the

bottle was fitted as an exponential function of the cooling time.

1. Introduction

During the moulding process high stresses arise in the bottle
due to the fast and uneven cooling of the glass in the metal
mould. They lower the entire mechanical strength of the
glass bottles. The bottles are easily fragile and not usable in
this “un-annealed” state.

A well-known method to increase the mechanical
strength of the bottles is the relaxation of these stresses in
the bottle by a minimum value in a cooling furnace. First
the bottles are warmed up to the relaxation temperature,
kept there for a certain time and then carefully cooled down
to room temperature. This thermal treatment is also called
stress relaxation process or annealing.

Technologically, the entire annealing process can be di-
vided into three phases:

= heating-up of the bottles to the annealing temperature
and relaxation of the existing stresses;

= careful cooling (critical cooling) of the bottles to the so-
called “strain point”;

= cooling-down to room temperature [1].

Commonly, a long cooling furnace with a slowly run-
ning transport system inside is used for the annealing of
bottles. When transported through the cooling furnace, the
bottles are heated up or cooled down in different zones by
circulating air to furnace temperature in the respective zone.
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Figure 1. Typical cooling curve of a cooling furnace or target
temperature of the bottles as a function of time [2].

Figure 1 shows a typical cooling curve of the cooling fur-
nace, precisely giving the target temperature of the bottles
in different zones in the furnace as a function of time [2].

During this process stresses in the bottle are diminished
first in the relaxation zone, but then re-established with
cooling down to room temperature. The intensity and the
local distribution of the residual stresses furthermore affect
the mechanical strength of the bottle. The stress calculation
method of Narayanaswamy is a tool for the simulation of
the evolution of thermal stresses as a function of the ther-
mal history of the glass and for optimizing the annealing
process.
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2. Theory
2.1 Thermal process

The basis for the computation of the thermal stresses is the
calculation of the local temperature gradients in the bottle
during the whole cooling process. The heat transport in the
glass and in the furnace takes place via heat conduction,
convection and radiation. In this case, the heat balance
equation which describes the dependence of the glass tem-
perature 7" on place and time ¢ is given as follows [3]:

aT
Cp P~ ? = V(A ~ VT) + Vqr + chonv . (l)

Here, ¢, is the specific thermal capacity of the glass, p the
glass density, 4 the heat conductivity, ¢, the radiation heat
flow, and ¢.ony the convective heat flow.

In most cooling furnaces hot air from a separate com-
bustion chamber is used as the heating medium. The heat
transfer is dominated in this case by the convection at the
outside bottle surface. The heat transfer by radiation in the
glass can be computed with the active heat conductivity
Jactiv Of the glass. A, consists of the real conductivity and
a radiation part

)'acliv =1+ Aradiation (2)

and can be determined by appropriate experiments [4].

2.2 Stress relaxation function

The different thermal strains in the glass cause stresses
which are computed according to Hooke’s law [5]

Oy = Et e — Ethermal) (3)

where o is the stress, E; is the elastic modulus, ¢ and &g,ermal
are the actual and thermal strain. The index t means that
the stress and the elastic modulus of glass are depending on
time. At high temperatures glass can relax, i.e. the stress g,
decreases slowly with time. The stress relaxation is the
faster, the higher the glass temperature is. According to the
experimental results of Kurkjian [7] a typical time depen-
dence function Mg(7) of the stress [6] develops (figure 2).

According to equation (3) it is equal to the time depen-
dence of the elastic modulus E,. E; can be described by the
function Mg(7), which is called relaxation function of the
stress or elastic modulus.

Afgr):-fL::—fi==exp[:(45jh} )
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where g, and E; are stress and elasticity modulus at time 0
and g, and E, at time ¢. The constant b varies for different
glasses within the range of 0.4 to 0.7 (typically 0.5) and the
relaxation time 71 depends on the temperature [6].
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Figure 2. Stress relaxation in a soda-lime-silica glass as a func-
tion of time and temperature [7].
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Figure 3. Master curve of the stress relaxation functions at
473°C [7].

If we use a relaxation time ty at a temperature e.g. of
473°C as a reference and compute the reduced time & ac-
cording to equation (5)

e="R4 (5)

all test curves can be shifted into one single curve by plot-
ting Mg(¢) versus ¢ (figure 3).

The function
T
v TR (©)

was also called shift function in this case and the obtained
curve is called master curve at 473°C. An accurate fitting
of the master curve can be obtained by a sum of ex-
ponential terms
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(7)
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Figure 4. Evolution of the specific volume of glass cooled at a
given rate.

and the weighting factors C;

I
Y C=1. ®)
i=1

I is the number of the Maxwell elements and k; are fit par-
ameters.

2.3 Relaxation function of the glass properties

Other glass properties in the transformation range (e.g. re-
fractive index, viscosity, specific volume ...) show similar
time dependence, if glass is warmed up or cooled down to
a certain temperature within the transformation range. The
reason for this viscoelastic behaviour is the dilatational
structure movement in the glass with changes of tempera-
ture or under mechanical loads. This behaviour can be de-
termined, as with the stress relaxation, by suitable experi-
ments and can be described mathematically. For the appro-
priate computation of the thermal residual stress, the vol-
ume relaxation function was determined. The concept of
the fictive temperature 7y was used in order to compute
the relaxation of the glass characteristic during change of
temperature. The relationship between volume relaxation
function My(z,T) and the fictive temperature during change
of temperature of 7, to 7T is given by [8]

V()-V(®) _ Tg—T
V(0)=V(©) To—T

My(1,T) = ©)

V(1) is here glass volume at time ¢ at temperature 7. V(0)
and V() are measured volumes at time 0 and “infinite”
time at temperature 7. For illustration, the change of
specific volume is represented in figure 4.

Application to thermal expansion results in
Ethermal = Q' (TF_TO) + ag ! (T_ TF) (]0)
with ¢ the thermal coefficient for glass in the liquid state

and «, the thermal coefficient for glass in the glassy state.
Both are measured at temperatures with relaxation time

Figure 5. Stress profile in x, y, z direction in the transient area
from the bottle wall to the bottom; stress is given in MPa.

equal to zero or an infinitely large relaxation time. They are
therefore constant [8]. In order to compute the reduced
time, it was supposed that similarly to glass viscosity, the
Arrhenius equation is applied between the relaxation time
71 and the temperature 7'

H
TTETOﬂeXp<W> (ll)

where 7, is a constant, H is the activation energy and R is
the gas constant. Similarly to equation (10), the activation
energy H within the transformation range is composed of
the activation energy of the glass in the glassy condition H,
and the part in the liquid condition H,. Then, equation (12)
holds for the relaxation time

By 4. H‘]. (12)
RT RT:

T = T9* exp[

The shift function according to Narayanaswamy for glass
is [9]

Te T T

Tx H[l X (l—x)]
In— = -

{4y

: H,
with H = H, + Hyand x = —%.
H
In order to compute the residual stress remaining after

the relaxation the “memory integral” is used [10]

i B(e—Etherma
o(@) = [ E(e-g) 2 ttermal) g1 (14)
| 0

As a simulation object, the standard bottle for mineral
waters of Gesellschaft Deutscher Brunnen (see figure 5) was
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Table 1. Thermal and mechanical glass parameters [9] for
stress calculation

2500 kg/m?

p
cp [11] 1300 J/(kg K)

Aaediv [12] (0.483 + 0.00144 T7) W/(m K)
HIR 6.45 - 10*° K

x 0.53

o 343 - 1077 K ™!

a, (647 +0.027)~10"7K™!

E 7.26 - 1019 Pa

Poisson ratio 0.3

reference temperature 891 K

volume relaxation function

for window glass:

0.108; 0.443; 0.166; 0.161; 0.046; 0.076
3.000; 0.671; 0.247; 0.091; 0.033; 0.008

Ci:l‘.’,.?,4.5.6
i=1,2,3,4,5,6

stress relaxation function
for window glass:

Ci=l..?.3
lf:l‘l,.x‘

0.4220; 0.4230; 0.155
0.0689; 0.0065; 0.0001

selected. The furnace temperature in the relaxation zone was
specified at 550°C and at the end of the critical cooling
zone at 475°C. The cooling time in different cooling zones,
the convective heat transfer coefficient and bottle tempera-
ture were varied. The convection at the internal bottle sur-
face was neglected. In table 1 the data are arranged for the
computation. The simulation was accomplished with the
FEM code ANSYS.

3. Results and discussion

First the change of stress in the bottle during the entire
annealing process was examined. The cooling curve of the
furnace is indicated as in figure 1. For the calculation, the
following conditions have been assumed:

= a starting temperature of 450°C for bottles entering the
furnace,

= this temperature is homogeneous in the entire bottle,

= the convection coefficient in the whole furnace is con-
stantly supposed to be at 200 W/(m? K).

The simulation results show that during the entire pro-
cess particularly high tensile and compressive stresses lo-
cated at the transient area from the bottle wall to the bot-
tom. Figure 5 shows the stress profiles in the x, y and z
direction in this place at the end of an annealing process.
The computed maximum stresses and their locations are rel-
atively well corresponding to some measured stresses in beer
and champagne bottles, where the maximum tensile stress
on the internal surface and the maximum compressive stress
on the external surface at about 5 MPa were determined
[13].

Figure 6a shows the temperature evolution in the lo-
cations 1 and 4 in the bottle and figure 6b the corresponding
stress evolution in the locations 1 to 3 at the transient area
(see figure 5) between wall and bottom, where maximum
stresses in x and y direction arise. Positive stresses mean
tensile stresses and negative ones mean compressive stresses.
The occurrence of an extremely high tensile stress during
the heating-up of the bottle to the relaxation temperature
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Figures 6a and b. Temperature evolution in locations 1 and 4
(figure a); and stress evolution and relaxation in the annealing
process, locations 1 and 2 with high tension in x and in y direc-
tion, respectively, and location 3 with high compression in y
direction (figure b).

must be taken into consideration. The intensity of this stress
depends on the wall thickness, on the convective heat trans-
fer and on the initial temperature of the bottle (figure 7)
and can cause the breakage of the bottle. It is advisable to
put the bottles into the furnace as hot as possible in order
to avoid a high temperature shock.

After reaching the annealing temperature (> 520°C) the
glass stresses are rapidly relieved in a few minutes. For a
successful relaxation procedure, the coldest place in the
bottle must therefore be heated up to the annealing tem-
perature.

High bottle temperature at the beginning shortens this
necessary heating-up time. In figure 8 the dependence of the
necessary heating-up time on the convective heat transfer
coefficient in the furnace for bottle thicknesses of 3 and
7 mm is shown.

The duration of the annealing process can also be de-
rived from the experimental data of Kurkjian [7] (figure 2).
Glass relaxes e.g. at 533°C already after a few minutes and
at 473°C only after several hours. At the end of the relax-
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Figure 7. Maximal tensile stress (in location 1) as a function of
the temperature difference between bottle and furnace at the
start of the process.
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Figure 8. Necessary heating-up time as a function of convection
coefficient and bottle thickness.

ation zone the bottle should be stress-free. The residual
stress in the bottle at the end is only determined by the
retention time in the following cooling zones.

When examining the dependence of the residual stress
on the retention time in the cooling zones, ideal convection
conditions were supposed so that the surface temperature
of the glass bottle is equal to the furnace temperature in the
respective place in the furnace. As a measure for the break
criterion of a solid material, one uses the equivalent stress
which is computed from all six stress components accord-
ing to

¥ {% [(O.'V_U".)Z + (U_‘V-G'_-)Z + (a':'a',\')2 (15)
+6 (0.\‘)‘2 +0’,\':2+0‘:.\'Z)]}% .

Here, o, 0, and o. are the main stresses in x, y and z direc-
tion and o, g,. and ., the shear stresses in the xy, yz and
zx area of the coordinate system [9].
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Figure 9. Dependence of the maximum equivalent stress on the
retention time in the critical cooling zone and in the last cool-
ing zone.
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Figure 10. Dependence of the maximum equivalent stress on
the bottle thickness measured at the bottom centre.

Figure 9 shows a strong dependence of the equivalent
stress on the retention time in the so-called *critical” cool-
ing zone #(critical) and a small dependence on the retention
time in the last cooling zone #(fast). By fitting the curves
equation (16) is obtained for the estimation of the cooling
tensions in the bottle from the retention times:

—1(fast)

—t(critical)
O maximal = <4+14~e 467 )(0.79+0.49-e 865 ) (16)

If the wall thickness of the bottles is proportionally in-
creased, the maximum equivalent stress increases approxi-
mately proportionally. Figure 10 shows this relationship.
The bottle thickness here is measured in the centre of the
bottle bottom.

4. Conclusions

The stress simulation according to viscoelastic theory is
suitable to estimate thermal stresses in glass. It enables one
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to determine and optimize cooling parameters in particular
for new glass products with complicated geometry.

The maximum cooling stresses are located in the tran-
sition range from wall to bottom when bottles are cooled.
For a successful annealing process it is important to heat
up the entire glass bottle to the relaxation temperature. The
heating time depends strongly on the initial temperature and
the wall thickness of the bottles. The residual stress becomes
particularly dependent on the cooling speed in the critical
cooling zone and insignificantly on the cooling speed in the
last cooling zone. In order to reduce the residual stresses in
glass, the best way is to extend the critical cooling zone. A
long last cooling zone is not necessary.
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