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Abstract: The paper presents a wide analysis of the literature on the modified blow molding process 
with simultaneous stretching of PET [poly(ethylene terephthalate)] material for storing hot filled drinks. 
The paper is a continuation of the first part presented earlier [1]. In this part it is presented in detail the 
impact of stretch blow molding with hot mold process parameters on thermal resistance of PET contain-
ers. An analysis of the literature shows that the relaxation of the amorphous phase has the greatest im-
pact on the thermal stability and pressure resistance of the bottle. At the same time, the thermal stability 
of the bottle increases, and the pressure strength decreases when the relaxation of the amorphous phase 
is increased, and the crystallites increase to the largest size possible without causing thermal whitening 
of the material. The measure of relaxation of the amorphous phase is based on the amount of oriented 
and “rigid” amorphous phase, since the higher the degree of relaxation of the amorphous phase, the 
smaller the amounts of oriented and rigid amorphous phase. The main parameters of the hot mold SBM 
process that affect the properties of the hot filling bottle are the intrinsic viscosity of the preform mate-
rial, the power profile of the heating lamps in the heating oven (there are seven levels of heating lamps), 
the heating time in the oven and the associated time of temperature-induced crystallization prior to the 
SBM process, the speed of the stretching rod, the pre-blow delay due to the stretching rod position, the 
pre-blow pressure, pre-blow duration, air blow pressure, duration of the main blow, temperature profile 
of the heated blow mold (there are two heat zones for the blow mold, the lateral surface of the bottles 
and base zone), duration of annealing in the mold, cooling air temperature of a bottle in a blow mold 
fed by a stretching rod, and the pressure in the feed branch for air cooling of a bottle in a blow mold fed 
by a stretching rod. Thus, the properties of a bottle or hot fill can be influenced by as many as 20 factors 
during the SBM process with a hot mold.
Keywords: stretch blow molding process, hot filling process, structure of PET material, hot fill PET 
bottles.

Przegląd literatury dotyczącej wpływu parametrów procesu 
rozdmuchiwania z jednoczesnym rozciąganiem z zastosowaniem gorącej 
formy rozdmuchowej na właściwości pojemników PET. Cz. II.
Streszczenie: Artykuł jest kontynuacją I części [1], w której przedstawiono szeroką analizę literatury 
dotyczącej zmodyfikowanego procesu rozdmuchiwania z jednoczesnym rozciąganiem tworzywa PET 
[poli(tereftalanu etylenu)] – w celu wytworzenia butelek do przechowywania napojów nalewanych na 
gorąco. W części drugiej szczegółowo opisano zależność odporności termicznej pojemników PET od 
przebiegu procesu rozdmuchiwania z jednoczesnym rozciąganiem. Z analizy literatury wynika, że 
największy wpływ na stabilność termiczną i wytrzymałość mechaniczną butelki ma relaksacja fazy 
amorficznej. Stabilność termiczna butelki rośnie, a wytrzymałość na ciśnienie się zmniejsza, gdy zwięk-
sza się relaksacja fazy amorficznej, a kryształy osiągają możliwie największe wymiary, niepowodują-
ce termicznego zabielenia materiału. Miarę relaksacji fazy amorficznej w tworzywie stanowią udziały 
zorientowanej i „sztywnej” fazy amorficznej, ponieważ im wyższy stopień relaksacji, tym mniejsze 
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ich ilości. Na właściwości butelki przeznaczonej do nalewania na gorąco może wpływać aż 20 para-
metrów procesu rozdmuchiwania z jednoczesnym rozciąganiem z gorącą formą. Główne czynniki to: 
lepkość istotna materiału preformy, profil mocy lamp grzewczych w piecu grzewczym (istnieje siedem 
poziomów lamp grzewczych), czas ogrzewania preform w piecu i związany z nim czas krystalizacji 
indukowanej temperaturą przed procesem SBM, prędkość pręta rozciągającego, opóźnienie wstępnego 
rozdmuchu względem położenia pręta rozciągającego, ciśnienie i czas trwania wstępnego rozdmuchu, 
ciśnienie i czas trwania głównego rozdmuchu, profil temperaturowy podgrzewanej formy rozdmu-
chowej (istnieją dwie strefy grzewcze dla formy rozdmuchowej, powierzchnia boczna i strefa denka), 
czas trwania wyżarzania w formie, temperatura i ciśnienie powietrza chłodzącego butelkę w formie 
rozdmuchowej doprowadzanego przez pręt rozciągający. 
Słowa kluczowe: proces formowania opakowań metodą rozdmuchu z rozciąganiem, nalewanie napo-
jów na gorąco, struktura opakowań PET, opakowania PET przystosowane do nalewania na gorąco.

The paper is a continuation of the first part presented 
in [1]. The first part describes orientation and crystalliza-
tion process in SBM (stretch blow molding) technology. 
In hot fill technology especially crystallization process 
plays important role where high thermal bottle stabi-
lization is required. The elements of the PET material 
structure were described in terms of thermal stability 
and mechanical strength. In the first part the forming 
process of hot fill PET bottles was also described. The 
complete hot filling process involves the production of 
the appropriate PET granulate, formation of the preform 
in the injection molding process, formation of a hot fill-
ing container, pasteurization and pouring of the bever-
age, bottle closure and cooling of the beverage within the 
closed bottle.

CHARACTERIZATION OF THE SBM PROCESS 
WITH HOT MOLD

There are several techniques for producing hot fill PET 
bottles by the SBM process with an annealing step, which 
can be considered as a non-crystalline phase relaxation 
process [2], including:

– blowing and annealing the bottle in one heated mold; 
this is the longest-established method, which makes it 
possible to produce thermally stable bottles up to 80°C, 
since it is not possible to overheat the mold as the bottle 
strongly deforms after the blow air pressure is removed;

– blowing and annealing the bottle in one heated blow 
mold, while cooling the inner wall of the bottle with cold 
compressed air during annealing. Simultaneously cool-
ing the bottle from the inside can raise the temperature 
of the blow mold without deforming the bottle when it is 
removed from the mold;

– use of double blow molding; this is the most recently 
proposed method and can obtain bottles with the high-
est thermal stability, reaching 95°C or even 100°C [3]. 
However, this technique has not been widely accepted 
due to the high investment costs and the difficulty of set-
ting parameters. 

It should be mentioned that in addition to a higher ther-
mal strength due to greater amorphous phase relaxation, 

the double blow molding process gives a bottle that also 
has a higher barrier to oxygen, carbon dioxide and water 
vapor than from a process using one mold, due to the cre-
ation of more perfect crystallites without an increase in 
the free volume of the amorphous phase [4]. 

Further methods of annealing in a single hot mold that 
have not yet been commercially accepted for the SBM 
process but are undergoing scientifically development 
include:

– annealing in a mold heated to temperatures almost 
equal to the melting point of PET [2];

– simultaneous annealing using hot air blown from 
the inside of the bottle, during hot mold annealing of the 
outside of the bottle [2];

– simultaneous annealing with hot steam (to increase 
the penetration of heat into the bottle wall) from the 
inside of the bottle, during hot mold annealing of the 
outside of the bottle [2];

– simultaneous annealing with hot blown air from the 
inside of the bottle and annealing from the inside of the 
bottle with infrared lamps built into the stretching rod, 
during hot mold annealing [2]; however, the fitting of 
such lamps poses difficulties, and the efficiency of heat-
ing has a strong dependence on the distance between the 
lamp and the wall of the bottle;

– the embedding of an organic solvent such as acet-
aldehyde [5] or toluene [3] into a preform to improve the 
crystallinity and to draw and blow mold the preform 
only once; following this, the preform with improved 
thermal resistance can be molded at a relatively low tem-
perature of approximately 80°C, which is slightly higher 
than the glass transition temperature [3];

– development of a new post-processing method to 
realise the spatial selective annealing of materials [6]. 
Beyond conventional heating using infrared lamps, 
microwaves [7], photothermal [8–14], magnetism [15, 16], 
electricity [17–19] and ultrasound [20–27] can be used to 
heat the polymer-based material. Of these, photother-
mal heating may be the most accurate spatially-selective 
heating method [6]. Ultrasound waves have the ability to 
penetrate much deeper into the interior of materials than 
light [28, 29]. When ultrasound waves pass through solid 
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polymer materials, a viscous shearing oscillation of the 
polymer chain is induced by focused ultrasound. This 
subsequently relaxes, releasing the energy in the form of 
heat. When focused, high-intensity focused ultrasound 
can concentrate acoustic energy over a small area, and 
since polymers are generally poor thermal conductors, 
these sound waves can readily be directed to interact 
with a polymer over a selected area and to heat it above 
a target temperature within only a few seconds [25]. 

In this paper only one process will be discussed: blow-
ing and annealing the bottle in a single heated blow mold 
while cooling the inner wall of the bottle with cold com-
pressed air during annealing. This process involves the 
following steps: (A) heating the preform in the heating 
furnaces; (B) transporting the preforms from the heating 
furnaces to the blow molds; (C) sequentially forming the 
bottles in the hot mold (stretching via rod, pre-blowing 
and main blowing); (D) holding the bottle in the hot mold 
under the main blowing pressure; (E) opening the cool-
ing air valve and cooling the inner surface of the bottle 
wall, with cold air flowing out of the stretching rod (i.e. 
balayage stretching rod [30]) under the main blow pres-
sure or lower (F); and (G) removing the air from the blow 
mold. These steps are shown in Fig. 1 with an indication 
of the range of times and pressures used and the time-
frame of the blow molding machine cycle for the produc-
tion of cold fill bottles (TC) and hot fill bottles (TH).

The SBM process cycle time for the production of cold 
fill bottles is about 0.4 to 5 seconds, depending on the 
weight and volume of the bottle; due to the additional 

annealing cycle, the SBM process cycle for hot fill bot-
tles is extended to about 2–9 seconds. This significantly 
reduces the efficiency of the blow molding machines 
used to make hot filling bottles.

In the SBM process with a hot mold machine, the infra-
red radiators first heat the preform to the highest pos-
sible working temperature, between the glass transition 
temperature (about 80°C) and the crystallization tem-
perature (about 120°C), which is the maximum possible 
temperature without inducing temperature whitening. 
Preheating the preform to the highest possible tempera-
ture makes it difficult to create durable non-crystalline 
structures during SBM deformation; at the deforma-
tion speeds used in the SBM process at temperatures of 
between 110°C and 120°C, there is no occurrence of ori-
ented crystalline structures [31], which would demon-
strate the orientation of the non-crystalline phase, i.e. the 
nematic and smectic mesophases. It is worth noting, how-
ever, that the higher the deformation temperature (i.e. the 
higher the temperature of the preform), the higher the 
value of the SHP parameter (strain-hardening parameter, 
or natural draw ratio) [32], and thus it is harder to control 
the distribution of the material along the axis of the bot-
tle during its formation. The effective wavelength range 
for IR heating is about 1 to 2 μm, at which PET is semi-
transparent [33].

When the heated blow mold is closed, the preform is 
stretched and blown into the shape of the finished bottle 
(mold). The temperature of the mold is about 120–130°C, 
and this is optimized for the efficiency of production 
and quality of the heat treatment of the bottle after for-
mation. The temperature used in the hot mold method 
is limited by the ability to remove the bottle from the 
mold without distortion. The blow mold is typically 
heated to 130°C, and as the mold temperature rises, it 
becomes increasingly difficult to remove the bottle with-
out deformation. The maximum mold temperature for 
safe removal of the bottle, assuming conventional air 
cooling, is approximately 180°C [2], and a typical mold 
temperature is about 150°C [4]. However, in the experi-
ence of the present authors, it appears that at blow mold 
temperatures of higher than 140°C, there is uncontrolled 
melting of the exterior surface of the container walls. This 
molten PET material sticks to the walls of the blow mold, 
preventing the container from being properly formed. 
Above temperatures apply to the body of the bottle. The 
bottle neck cannot be heated, so the mold cannot have 
a temperature higher than 35°C, where the neck touching 
the mold. Also, the bottom part of the blow mold, due to 
the deformation process after leaving the bottle from the 
mold, cannot exceed 60–65°C.

Once formed, the bottle is annealed in this mold for 
0.5 to 8 seconds before the mold is opened. During this 
period, compressed air at room temperature is usually 
circulated inside the bottle to cool it and reduce the tem-
perature of the internal wall surface of the bottle to a tem-
perature at which the bottle can be removed from the 
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Fig. 1. Schematic representation of the pressure changes of 
blown air during the production of a thermally stable PET bot-
tle in hot form over the whole process, where TC – cold fill PET 
bottle cycle time production, TH – hot fill PET bottle cycle time 
production (the meanings of the other letters are explained in 
the text)
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mold without deformation. The basic effect obtained is 
the relaxation of the oriented amorphous phase, which 
allows the bottle to withstand further exposure to ele-
vated temperatures during the hot filling process. Since 
the bottle is subjected to compressed air during anneal-
ing, this can be treated as constrained annealing. The 
crystallinity during annealing is only slightly increased 
compared to that caused by the stretching process during 
deformation of the preform (since the size of the crystal-
lites is growing), but the relaxation of the amorphous PET 
phase is significantly increased [2].

The heat transfer from the heated mold reduces the 
internal stresses in the material due to the fact that within 
this range of temperatures, the non-crystalline phase is 
relaxed, since intensive creep and retraction processes 
result in increased crystallinity of the material. As dis-
cussed above, an increase in preform temperatures leads 
to fewer amorphous oriented structures at the time of 
bottle molding, and thus less residual stress in the amor-
phous phase of the finished bottle, which translates to 
reduced thermal shrinkage during hot filling. The resid-
ual stresses in the finished bottle can be measured using 
digital photoelasticity [34]. However, the temperature of 
the mold is not the only important factor in reducing the 
stresses in the amorphous phase, and the time spent in 
the heated mold also plays an important role. To maxi-
mise the thermal stability of the bottle as far as possi-
ble, the relaxation of the non-crystalline phase should 
be maximized, with as much crystallite growth as pos-
sible. This blocks the movement of macromolecules of the 
amorphous phase surrounding these crystallites, hinder-
ing further crystallization of the amorphous matrix mate-
rial. Hence, increased crystallinity increases the thermal 
stability of the bottle; although the crystalline phase 
itself is stable to its melting point, the thermal stability 
of the PET bottle does not arise directly from the crys-
talline phase but from the fact that the stable crystalline 
phase hinders the movement of the unstable non-crystal-
line macromolecule phase surrounding the crystallites 
(at temperatures above the glass transition temperature, 
these macromolecules could crystallize, which would 
cause a volume contraction of the bottle). The annealing-
time does not depend solely on the wall thickness of the 
bottle, but also on the size ratio of the bottle relative to the 
preform. The larger the size of the container relative to 
the preform, the longer the annealing process takes, since 
the larger the container, the higher the ratio of deforma-
tions, which translates into an increased number of ori-
ented amorphous phases. This is why hot fill bottles are 
usually no larger than 1 liter. Nevertheless, attempts are 
being made to use this technology for bottles up to 3 liters 
(Nissei ASB).

However, the crystallite size should not be increased 
too much, as the barrier properties of the material are 
greatly reduced (including the barrier to oxygen, which 
reduces the storage period for the beverage in the con-
tainer) due to the presence of the non-crystalline phase 

in the crystallite agglomerations. In addition, the bottle 
after removal blowing air can cause very strong shrink-
age, and crystallites that are too large may cause ther-
mal whitening of the material. The reduction of the bar-
rier properties can be compensated for by increasing 
the wall thickness of the container, which additionally 
slightly increases the container’s thermal strength. More 
importantly, increasing the annealing time reduces the 
efficiency of the blow molding machine, and increasing 
the mold temperature increases the cost of producing 
a bottle, which is very undesirable.

Since most hot filling processes involve a relatively 
short-term exposure of the bottle to a high temperature, 
in order for the bottle not to be deformed during hot fill-
ing process it must have a half-time for relaxation that 
is long enough that the exposure time to high tempera-
tures is insufficient to initiate contraction. This can be 
achieved by the use of an appropriate time and anneal-
ing temperature.

Since PET fills the mold cavity during blowing, the air 
inside the cavity must be expelled, and mold manufac-
turers add a variety of vents for this purpose. Vent sizes 
are limited to 0.04 mm in injection molding, but vents of 
up to 1 mm in the panel area of a hot fill bottle are used 
in the reheat stretch blow molding process [35].

Before opening the mold, the bottle should theoreti-
cally be cooled to the highest possible temperature at 
which it can be removed without the appearance of defor-
mation [2]. This result is not widely accepted and appre-
ciated in the PET bottle industry, and instead, the bottle 
in the hot mold is cooled down as far as possible. In addi-
tion, to lower the temperature inside the bottle before fill-
ing a hot beverage, the bottle is briefly blown with com-
pressed air to remove the hot air from the bottle and to 
cool down the bottle.

The final temperature of the bottle after annealing has 
a strong determinant effect on the thermal stability of 
the bottle, due to the kinetic nature of the relaxation of 
amorphous chains. When the internal pressure holding 
the bottle in the mold is removed, the bottle will shrink as 
a result of the removal of this restriction, which prevented 
the relaxation of the amorphous region. The speed of this 
relaxation depends on the final temperature of the bottle 
after annealing. Bottles removed at higher temperatures 
will be cooled below the glass transition temperature out-
side the mold for a longer period of time, and due to the 
relaxation movements of the amorphous regions, more 
amorphous areas will undergo stress relaxation. The 
smallest value of the residual stress will occur after the 
bottle is removed from the hot blow mold, as the speed 
of cooling will be infinitely small. The lower the tempera-
ture of removing the bottle from the mold, the higher the 
level of residual stress that will reduce the thermal stabil-
ity of the bottle during hot filling. However, it should be 
noted that these relaxation processes cause a contraction 
of the bottle, which deforms its shape compared to that 
of the blow mold. The shrinkage that occurs after anneal-



POLIMERY 2020, 65, nr 6 441

ing and its kinetics depend on the time and temperature 
of annealing, meaning that a compromise is required 
between the thermal stability and quality of the shape 
of the bottle.

In the hot blow mold, the bottle is cooled by com-
pressed air circulation, which is fed through the chan-
nels and holes in the hollow balayage stretch rod and is 
delivered to the critical areas of the bottle wall. Due to 
the additional process steps required, the heat-stabilizing 
SBM process typically requires longer processing times 
and greater air consumption than the standard SBM pro-
cess. Outside the blow mold, the bottle is also cooled by 
compressed air.

In summary, greater relaxation of the oriented amor-
phous phase, higher crystallinity and thicker side walls 
of bottles are useful ways of retarding the occurrence of 
shrinkage at higher temperatures, to allow bottles to be 
used under the desired hot filling conditions. It has been 
noted that bottles annealed at higher blow mold tem-
peratures exhibit higher thermal stability, since higher 
temperatures favor a higher degree of relaxation of non-
crystalline areas. In practice, this may be due to another 
factor: higher mold temperatures require the preforms 
to be warmed to higher temperatures to minimize heat 
shrinkage from blow molds, and this higher preform 
temperature may be a more significant factor in improv-
ing thermal stability than the blow mold temperature [2].

INFLUENCE OF DEFORMATION AND 
TEMPERATURE ON THE THERMAL RESISTANCE 

OF PET MATERIAL

Structure development is a key issue in polymer pro-
cessing, and arises under complex, inhomogeneous, 
coupled mechanical (flow, pressure), thermal (cooling 
rate, temperature gradient) and geometrical (surface of 
processing tools) conditions. Several phenomena are 
involved, of which crystallization and orientation play 
a major role. Furthermore, the crystallization and orienta-
tion are also conditioned by the initial arrangement and 
distribution of macromolecules and crystallites, and due 
to the limited computing power of computers, this can 
only be described in macroscopic terms in the form of 
equations that give the average behavior over the entire 
process. The samples obtained via the SBM process are 
very inhomogeneous, and it is therefore very difficult 
to draw reasonable conclusions about the influence of 
SBM process parameters on microstructure development 
in PET. A significant impediment to an understanding 
of structure development is the difficulty of designing 
model experiments that can isolate the specific influence 
of a given parameter [36]. 

Today, non-isothermal crystallization can be modelled 
using general differential equations. These are suitable 
for numerical simulation, can represent both isothermal 
and non-isothermal crystallization, and can be extended 
to take into account the flow, pressure, confinement and 

surface effects. However, there is a still a lack of data 
on the elementary steps of nucleation and growth (e.g. 
the growth rate under pressure), and on the correlation 
between the development of morphologies and the over-
all kinetics [36].

Strain-induced crystallization only occurs alongside 
temperature-induced crystallization (although temper-
ature-induced crystallization may occur alone), but the 
sudden crystallization of PET caused by deformation lim-
its temperature-induced crystallization. However, in the 
case of cold crystallization, this is only valid for tempera-
tures in the range 110–150°C [37], since at temperatures 
between the glass transition temperature and 110°C, tem-
perature-induced crystallization can be neglected com-
pared to strain-induced crystallization. From tests car-
ried out on the polypropylene, the crystallization kinetics 
of the polymeric material are also known to be affected 
by the pressure at which the crystallization takes place. 
In addition, the higher the pressure, the faster the crystal-
lization kinetics of the PP material, although no similar 
testing of PET material has been carried out [36].

Perhaps the most important feature of a bottle intended 
for hot filling is its resistance to thermal shrinkage. 
However, each hot fill bottle used commercially must 
meet certain minimum requirements [38], including:

– top loading, which is required during palletizing 
(storage of one bottle set on the other – minimum values 
120 N for 0,5 litres bottles);

– impact resistance (drop impact resistance – no bottle 
deformation at a drop from minimum 1 meter);

– resistance to bottom deformation (minimum 0.1 MPa 
for nitrogen expansion);

– thermal stability (minimum up to 45°C, for hot coun-
tries up to 50°C);

– uniform distribution of material in the bottle (the 
wall thickness difference may not exceed 10% over the 
entire surface of the bottle, the value does not apply to 
the bottom area and area directly under the bottle neck);

– stress cracking (defining by the duration of causing 
stress cracking test, defined individually);

– barrier to gases (especially oxygen – depends on the 
product type, shelf life requirements, must be defined 
individually).

It is worth emphasizing that an increase in thermal sta-
bility can simultaneously worsen the other properties of 
bottles, and in particular the crack resistance and barrier 
properties. The thermal stability of hot filled bottles is 
also lowered when they are stored at high ambient tem-
peratures and humidity; due to the hygroscopicity of 
PET, it absorbs moisture, and as the moisture content in 
the PET material increases its glass transition tempera-
ture decreases [39]. 

There are generally three methods of measuring 
shrinkage as a measure of the thermal stability of the 
bottle:

– Filling the bottle with a hot water (to below 100°C), 
holding the hot water for some time in the open bottle at 
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room temperature, pouring out the water and checking 
the volume of the bottle after emptying [2, 5] (alterna-
tively, the shrinkage of the bottle can be checked based 
on the difference in the volume before and after holding 
the hot water).

– Holding the empty container in an autoclave at an 
elevated pressure and a temperature of above 120°C 
[2, 40, 41].

– Cutting out a sample from the bottle and subjecting 
it to a dynamic mechanical analysis (DMA) or thermal 
mechanical analysis (TMA) or using a shrinkage dila-
tometer [41–44].

Of course, there are many more methodologies for 
measuring the thermal resistance of the bottle. For exam-
ple, Demirel and Daver [45] described research into the 
thermal resistance of a CSD bottle with differing preform 
reheat temperatures (made using SBM process with a cold 
mold) by measuring the dimensional changes in filled 
carbonated PET beverage bottles that were induced by 
the thermal stresses that occur over the life of the filled 
bottle. The bottles were filled with the prepared solu-
tions [carbon dioxide (CO2) was generated via the reac-
tion between citric acid and sodium carbonate in water] 
and were kept at 38°C for 24 h and then at 22°C for 4 h. 
After a waiting period, the dimensional changes in the 
bottle were recorded in terms of percentages.

There were measurable changes in the clearance of the 
bottle base from the ground, the bottle height, the fill-
point drop (i.e. the distance between an inscribed refer-
ence line and the bottom of the product meniscus), the 
body diameter (in terms of upper body, lower body, and 
base), and the bottle perpendicularity. The increase in 
the lower body and base sections of the bottle decreased 
with increasing preform temperature, but in the upper 
body section, the growth was not affected by the preform 
reheat temperature. The fill-point drop is the most impor-
tant thermal stability parameter from a visual point of 
view, and reaches a minimum value at a preform reheat 
temperature of 110°C. However, the percentage change in 
clearance increases as the preform reheat set temperature 
increases. Once the preform reheat temperature reaches 
110°C, the bottle base becomes overly concave-shaped, 
and the bottle loses its self-standing property [45].

The hot water filling method examines the temporary 
resistance of the bottle to thermal shrinkage, while the 
autoclave method explores the long-term resistance of 
the bottle to thermal shrinkage and the effects of aging. 
The method of testing cut samples allows us to analyze 
the microstructure of the material, but this is the most 
laborious and least representative method; due to the 
huge difference in the properties of different areas of the 
same bottle, it is difficult to identify an area representing 
the entire bottle. Since the total shrinkage of the bottle is 
the sum of all the local shrinkages, shrinkage testing of 
the bottle as a whole provides a reliable and comparable 
mean shrinkage effect. Since the most important feature 
of the hot fill process is the short-term resistance of the 

bottle to thermal shrinkage, the hot water filling method 
has been adopted to measure shrinkage. 

In addition to the phase structure of the material, the 
physicochemical properties of the bottle also affect the 
wall thickness of the bottle. Any change in design or pro-
cess results in a change in the thickness distribution at 
different points in the bottle, and a quantitative thick-
ness measurement can provide feedback to improve the 
design or process. Thickness measurements are also cor-
related with the microstructure of the local material (for 
example, the bottle wall may deform under the influence 
of forces from the measuring device), which affects the 
physical and mechanical properties [46]. As non-destruc-
tive tools for measuring thickness, X-ray tomography, 
IR-based or Hall effect-based (e.g. Magna-Mike) mea-
surement devices are very well tested [47]. Some meth-
ods are slow or expensive. Destructive tools for thickness 
measurement include the use of micrometers and mea-
surements of the cross-sectional thickness profile of the 
bottle using an optical scanner; the low cost of the latter 
method has been proven by Allahkarami et al. [47]. Since 
Hall effect-based thickness measurements are fast and 
inexpensive, these are adopted to measure the thickness 
profile of the bottle. 

Mody et al. [41] discussed in detail the behavior of PET 
film under static and dynamic heating. Static annealing 
consisted of holding uniaxially and biaxially deformed 
PET samples at a constant temperature, while dynamic 
annealing consisted of heating the deformed PET sam-
ples to varying temperatures, increasing at a constant 
rate of 5°C/min. In addition to testing the effect of the 
deformation method for the sample, the impact of the 
deformation velocity (strain rate) was also tested at 0.5/s 
and 2/s (50%/s and 200%/s). The degree of crystallinity 
and the orientation of the amorphous phase were also 
tested. The research presented in the article shows that 
the percentage of shrinkage is determined by the state 
of orientation of the amorphous phase and the degree 
of crystallinity of the material in the PET sample. The 
shrinkage decreases as the deformation speed increases 
for samples stretched both in uniaxial and biaxial modes. 
Higher deformation velocities minimize the relaxation 
process and lead to a more dimensionally stable crys-
talline phase, through an increase in strain-induced 
crystallinity, which impedes the contraction process. 
However, it must be strongly emphasized that according 
to other studies [44], the change in the stretching speed 
under uniaxial tension from 1.2/s to 5/s had no effect on 
the shrinkage value. It follows that for low deformation 
speeds only, the increase in speed counteracts the shrink-
age, since for speeds above 1/s, the strain-induced crys-
tallization process takes place only after the deformation 
process has been completed, what was also reported by 
Mahendrasingam et al. [31].

Moreover, according to the studies described by Shih 
[44], neither a change in the stretching speed nor a change 
in the stretching temperature from 90°C to 120°C (the tem-



POLIMERY 2020, 65, nr 6 443

perature at which the stretching takes place) had a sig-
nificant effect on the temperature at which the shrink-
ing process of the sample started (known as the onset 
shrink temperature), although it is worth emphasizing 
that a large increase in the temperature of stretching 
slightly decreased the value of the onset shrink tempera-
ture. However, the speed of shrinkage and its final value 
decreased significantly as the temperature of the PET 
sample increased, probably because the polymer chains 
relax more when stretched at higher temperatures, since 
the higher stretching temperature leads to greater relax-
ation of the amorphous phase. This explains the behavior 
of PET in the SBM process with a hot mold, where it is 
observed that the higher the temperature of the preform, 
the higher the thermal resistance of the bottle [2].

The research described by Mody et al. [41] shows that 
the degree of crystallinity, the birefringence and the ori-
entation function of the amorphous phase increase with 
increases in the elongation coefficient and the stretch-
ing rate. Shrinkage arises as a result of chain disorienta-
tion in the amorphous phase. The disorientation process 
is more difficult for biaxially oriented samples than for 
uniaxially oriented samples; the energies of shrinkage 
activation for biaxially oriented samples are higher than 
those for uniaxially oriented samples, indicating that the 
structures produced during biaxial orientation are more 
thermally stable and have improved dimensional stabil-
ity compared to uniaxially oriented samples. The mini-
mum temperature at which the shrinkage process begins 
(the onset shrink temperature) is higher for biaxial defor-
mation than for uniaxial deformation.

Shih [44] argues that the first-order Avrami equation 
shapes the shrinkage process of uniaxially stretched PET 
film. In this equation for isothermal conditions, the three 
parameters used by the model to quantify the shrink-
age of film at an elevated but constant temperature are 
the induction time, the shrink constant, and the ultimate 
shrinkage. In the non-isothermal condition, the onset 
shrink temperature, the shrink constant, and the ultimate 
shrinkage are the three parameters that characterize the 
process when shrink film is heated at a constant rate. The 
use of the Avrami equation shows that there is a constant 
rate of shrinkage with respect to the half time of shrink-
age for uniaxially and biaxially oriented samples [41]. At 
the same time, it should be noted that the coefficient of 
shrinkage rate decreases with increasing deformation 
and deformation velocity and is lower for biaxial defor-
mation than for uniaxial deformation. 

Mody et al. [41] also proposed a schematic model 
describing the molecular changes occurring during the 
contraction of stretched PET films. It has been proposed 
that the entire shrinkage process is determined by three 
mechanisms: the strain-induced crystallization process, 
the amorphous phase orientation process, and the amor-
phous phase relaxation process. At the same time, two 
types of amorphous phase have been distinguished: the 
first between crystallites within microfibrils, and the 

second between microfibrils. Figure 2 shows the depen-
dence of the degree of crystallinity, the measure of amor-
phous phase orientation and the degree of shrinkage on 
the degree of deformation of the PET sample during uni-
axial stretching at 2/s at a constant temperature of 100°C, 
divided into individual stages of shrinkage response. It is 
not known why the sample shows zero shrinkage for zero 
strain, and this phenomenon will not be analyzed later. 

These three mechanisms overlap and affect each other, 
meaning that the material contraction depends on the 
degree of deformation, the strain rate and the deforma-
tion mode. The shrinkage response can be divided into 
five stages based on the degree of deformation. The 
higher the deformation speed and the more complex the 
deformation mode, the smaller and slower the shrinkage 
response, although the shape itself remains similar for 
the same strain ratio. Figure 2 shows that Stage I of the 
contraction response is characterized by the highest posi-
tive contraction gradient due to the increase in deforma-
tion, while the degree of crystallinity and the orientation 
of the amorphous phase do not change. In Stage II, the 
shrinkage value increases constantly as the deformation 
increases, but reaches a maximum at the end of the sec-
ond stage. The degree of crystallinity does not change, 
while the orientation of the amorphous phase begins to 
grow rapidly. In Stages III and IV, deformed samples show 
lower shrinkage than in Stages I and II, and the degree 
of crystallinity of the material starts to increase. The ori-
entation of the amorphous phase increases strongly but 
reaches a constant value at a certain point. In Stage V, the 
shrinkage value again begins to increase as the defor-
mation increases, as do the degree of crystallinity and 
the orientation of the amorphous phase. This tendency 
of shrinkage vs. deformation has also been described by 
Weissmann [4].

This behavior can be explained on the basis of the 
molecular model adopted by Mody et al. [41] and 
described earlier in this paper. In Stage I, stretching 
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Fig. 2. Dependence of the degree of crystallinity, the measure of 
the amorphous phase orientation and the degree of shrinkage 
on the degree of deformation of the PET sample during uniaxial 
stretching at 2/s, at a constant temperature of 100°C, divided into 
five individual stages of shrinkage response [41]
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leads to orientation in the amorphous phase without the 
noticeable development of crystallinity. Shrinkage arises 
as a result of the contraction of the binding molecules to 
give the most random conformation in the amorphous 
phase, as a result of which the chain (which at the begin-
ning was extended, since it contained a larger number of 
trans conformations than gauche conformations of the 
ethylene glycol group along its length) wraps and short-
ens. Many continuum models have been developed to 
describe polymeric materials with regard to two possible 
conformational changes in the chain, and the physical 
and chemical changes in the microstructure and macro-
scopic properties of the material that are related to these 
changes. Brighenti et al. [48] show that the main aspects 
of the mechanical behavior of polymeric materials (using 
an example of PDMS – polydimethylsiloxane – material) 
with embedded switchable molecules are properly linked 
to the polymer’s chains.

Measurements of the crystallinity of shrunken samples 
do not show significant growth, and thus the chains are 
in a random state after shrinkage. In Stage II, the con-
traction mechanism is the same as in Stage I, except that 
the binding molecules that are close together are recrys-
tallized by folding the chain. The increase in the crys-
tallinity of the shrunken sample confirms this hypoth-
esis. In Stages III and IV, the mechanism of contraction 
changes from a stretched to a folded form. The binding 
chains become free from deformation after shrinkage, 
and are then incorporated into the crystallites, making 
it difficult to contract the bottle, and an increase in the 
crystallinity of shrunken samples is observed. In Stage 
V, expanded amorphous particles play an important role 
in the mechanism of contraction. Shrinkage in this region 
occurs as a result of contraction of the binding molecules 
and the extended non-crystalline molecules. Parts of 
these extended non-crystalline molecules are absorbed 
by the crystallites, resulting in increased crystallinity of 
the shrunken samples.

It follows that the smallest value of shrinkage (the high-
est thermal resistance) is obtained for a degree of defor-
mation of approximately three, i.e. the dimensions of the 
sample increase by a factor of three. This is also con-
firmed by research described by Shih [44], which shows 
that the higher the degree of deformation, the lower the 
shrinkage value for temperatures between 60°C and 80°C, 
and the higher the onset shrink temperature. However, 
for temperatures above 85°C, the tendency changes for 
a degree of deformation above three; for a value of four, 
the shrinkage of the PET sample is greater at a tempera-
ture of above 85°C than for a value of 3. On the other 
hand, it is necessary to emphasize that the higher the 
degree of deformation, the greater the homogeneity of 
the thickness of the sample, meaning that the shrink-
age is characterized by less rippling (deformation of the 
shape) of the sample. 

These results are consistent with the SBM process. If 
the blown bottle has an inhomogeneous thickness at its 

circumference, it will deform in a very unfavorable way, 
and the bottle axis may be chamfered with respect to the 
plane of the bottle base. High rates and ratios of bottle 
deformation with respect to the preform are therefore 
needed to achieve a better homogeneity of the thickness 
around the circumference of the bottle. It should also be 
noted that the level of strain-induced crystallinity also 
depends on the initial blow ratio (the draw ratio from 
preform to bottle). The higher the draw ratio, the more 
oriented the material and the higher the rate of strain-
induced crystallization, giving a higher increase in crys-
tallinity after annealing. However, for an orientation that 
is too high (i.e. a draw ration that is too high), the strain-
induced crystallization is very high, but no increase in 
crystallinity is seen on annealing [49]. Thus, the typical 
blow-up ratio for heat set bottles is 7 : 1, as compared with 
15 : 1 for CSD (carbonated soft drinks) bottles [4].

There is lack of research describing the impact of pre-
form temperature and mold temperature on the thermal 
resistance of the bottle in the SBM process with a hot 
mold. Demirel [50] describes the influence of the blowing 
mold temperature (between 5°C and 50°C) and the resi-
dence time of the blown bottle in the blow mold (between 
5 and 20 s) and on the characteristics of the bottles, such 
as the material distribution, bottle burst strength, bottle 
top-load strength, crystallinity and glass transition tem-
perature (for samples cut from the bottle label area). Blow 
mold temperatures were much lower than those used in 
the SBM with the hot mold process. However, these stud-
ies confirm the laboratory analyzes carried out on stan-
dardized PET samples showing that the degree of crys-
tallinity of the bottle material cannot be fully correlated 
with the pressure resistance of the bottle. 

Research has shown that the glass transition tempera-
tures (Tg), which are related to the amorphous structure 
of the material, are between 58.3°C and 59.4°C for all pro-
cess conditions and are not related to an increase in the 
residence time in the mold. In contrast, the mold surface 
temperature was found to affect the Tg values (the higher 
the mold temperature, the higher the glass transition 
temperature). Mold temperatures are used that are lower 
than the glass transition temperature of PET material, 
so the impact of the mold was not of the nature of the 
heating, but the cooling of bottle material. The higher the 
mold temperature, the slower the cooling of the blown 
bottle. It has also been shown that the increase in top-
load values is due to the panel section being thicker; the 
loads put on the empty bottle are absorbed by the panel 
section of the bottle [50].

The effect of cooling the blown bottle through the blow 
mold on the degree of crystallinity was parabolic, and for 
temperatures from 5°C to 35°C, raising the mold tempera-
ture caused a decrease in crystallinity (at 5°C, the degree 
of crystallinity was the highest at 33%). At the same time, 
when the mold temperature was increased to about 25°C, 
the pressure resistance was increased, but it was also 
noticeable that the thickness of the bottle wall increased 



POLIMERY 2020, 65, nr 6 445

in the region where fracture started during the pressure 
resistance test. For mold temperatures of between 35°C 
and 40°C, the degree of crystallinity reached a minimum 
value (24%), while above 40°C the degree of crystallinity 
began to increase. The degree of crystallinity is gener-
ally slightly higher for bottles produced with a low mold 
surface temperature and long residence time, compared 
with those produced with a high mold surface tempera-
ture and low residence time. In summary, it can be seen 
that above a mold temperature of 25°C, the pressure resis-
tance and wall thickness in the area of label of the bottle 
decreased with increasing mold temperature. Since no 
correlation can be found between the degree of crystal-
linity (measured by Differential Scanning Calorimetry 
– DSC), wall thickness and pressure resistance of the 
bottle, the pressure resistance of the bottle cannot only 
be explained by the thickness distribution and degree of 
crystallinity in the area where the bottle begins to crack 
(i.e. in the area of the least pressure resistance) [50]. There 
must be an additional factor, and it is likely that this fac-
tor is the relaxation of the amorphous phase.

In the SBM process with hot and cold mold tests, the 
greatest difficulty arises from the measurement of pre-
form heating in the furnaces, which is the most impor-
tant process in terms of the impact on the properties of 
the cold fill bottles [51]. It has been shown that a higher 
temperature of the preform causes a lower pressure resis-
tance of the bottle and lower top-load strength; this is 
because at a higher temperature, more material is being 
moved from the shoulder and label parts of bottle to the 
base [52]. 

Experiments and numerical simulations have shown 
that the optimal performance of the stretch-blow phase 
for cold filling bottles is achieved when the tempera-
ture of the preform is neither homogeneous nor mono-
tonic [51, 53–55]. An optimal temperature distribution is 
obtained by controlling the amount of energy irradiated 
by the various layers of IR lamps forming the furnace 
and by tuning the delay time between exiting the fur-
nace and the stretch forming phase. Furthermore, factors 
such as the ambient temperature, the thermo-optic and 
geometric preform properties or the production speed 
may change, and the ISBM machine must be able to com-
pensate for these effects. The last of these depends on the 
low thermal conductivity of PET [56] and on the heat-
ing process, resulting in non-negligible thermal gradi-
ents across the entire thickness of the preform wall [33]. 
Experimental and numerical results lead us to conclude 
that the temperature distribution over the sheet thickness 
(1.5 mm) rapidly attains an equilibrium temperature dur-
ing the cooling stage. However, due to the poor conduc-
tivity of the PET, a non-uniform temperature distribution 
still appears over the irradiated faces of the sheet after the 
cooling stage [57].

After the preform exits the furnace, the outer preform 
wall surface has a temperature about 15°C higher than 
the internal wall surface. However, when transport-

ing the preform from the furnace to the blow mold, the 
temperature gradient decreases and disappears after 
approximately 12 seconds to change the sign later; after 
12 seconds the temperature of the external wall side is 
lower than that of the internal one, with a difference of 
approximately 3°C [33]. From investigation, the following 
requirements can be identified: (i) lowering the external 
surface temperature of the preform to avoid cold crystal-
lization, which may limit the blowing ability and alter the 
mechanical properties of the bottles; and (ii) reducing the 
temperature gradient in the preform thickness. To meet 
these requirements, two parameters must be controlled: 
the residence time in the oven, and the total power of the 
oven [33]. 

The preform heating process is affected by too many 
variables to allow the use of constant-power furnaces 
[50]. The settings of the process parameters (such as the 
distribution of lamp power) therefore require tuning 
whenever the product type changes, and sometimes also 
during normal operation of the ISBM machine. Today, 
experienced technicians find acceptable working con-
ditions through trial and error, since the preforms are 
preheated by an infrared heating oven system, which 
is often an open loop system [55] that relies heavily on 
a trial and error approach to adjust the lamp power set-
tings. However, modern blow molding machines, have 
close loop control system with two pyrometers before the 
entrance to the blow mold which measurements allows 
to control the lamps in furnace to stabilize the tempera-
ture of the preforms. According to information reported 
by Saggin et al. [38], it appears that the temperature of 
preforms heated in high-class heaters usually fluctuates 
by 2–3°C.

Saggin et al. [38] described a system for the measure-
ment of the internal and external temperature profiles of 
PET preforms after the reheating step used in the ISBM 
process. A measuring system based on two thermopiles 
for the identification of the internal temperature profile 
and a thermal camera for the measurement of the exter-
nal profile was designed. The temperature profile of the 
preforms leaving the infrared oven was measured for 
various machine configurations. The parameters exam-
ined were the intensity of infrared lamps and the produc-
tion speed, which determines the speed in the furnace. 
Both parameters were initially set to average values for 
standard production conditions, and were then modified 
by applying a minimal change, which according to the 
operator’s experience should cause a detectable effect on 
the quality of the bottles. The lamp intensity was reduced 
by 5% compared to the nominal value, referred to as the 
“standard”; a decrease of the same amount was applied 
to the different layers of IR lamps in the furnace. The 
line speed was reduced by 10% compared to the standard 
state, in order to simulate a small change in production 
volume. After selecting the parameters, the machine was 
run for five minutes without loading the performs, so 
that the system could stabilize. Three repetitions were 
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made for each configuration, and the device was turned 
off for about 10 minutes between repetitions.

This research showed that the thermal imaging cam-
era is an inadequate tool for the dynamic measurement 
of preform temperatures (only static measurements of the 
preform temperature can be made with a thermal imag-
ing camera). The problem with measuring the tempera-
ture of the preform based on the radiation emitted from 
the preform material lies the fact that the emissivity of 
the preform material depends on many factors, such as 
the degree of crystallinity [46], the injection production 
procedure, the geometry of the preform and the actual 
material composition. This research also shows that when 
the preform is moved from the preheating furnace to the 
blow molds, it cools at a rate of about 0.5°C/s (although 
no environmental parameters were given) [38]. This has 
a strong effect on the properties of the bottles produced, 
since the preform residence time between the furnace 
and the mold is usually 3–8 seconds.

SUMMARY

An analysis of the literature shows that the relaxation 
of the amorphous phase has the greatest impact on the 
thermal stability and pressure resistance of the bot-
tle. At the same time, the thermal stability of the bot-
tle increases, and the pressure strength decreases when 
the relaxation of the amorphous phase is increased, and 
the crystallites increase to the largest size possible with-
out causing thermal whitening of the material. The mea-
sure of relaxation of the amorphous phase is based on 
the amount of oriented and “rigid” amorphous phase, 
since the higher the degree of relaxation of the amor-
phous phase, the smaller the amounts of oriented and 
rigid amorphous phase. As discussed above, the amounts 
of oriented and rigid amorphous phase determine the 
mechanical and thermal properties of the bottle material; 
however, determining the amounts of amorphous phase 
and rigid amorphous phase by measuring the micro-
scopic properties of the bottle material is difficult, costly 
and unreliable, since these measurements is carried out 
locally on samples cut from a bottle. The mesomorphic 
structures can be directly detected using SAXS, IR and 
polarized light methods.

The main parameters of the hot mold SBM process that 
affect the properties of the hot filling bottle are the intrin-
sic viscosity of the preform material, the power profile of 
the heating lamps in the heating oven (there are seven lev-
els of heating lamps), the heating time in the oven and the 
associated time of temperature-induced crystallization 
prior to the SBM process, the speed of the stretching rod, 
the pre-blow delay due to the stretching rod position, the 
pre-blow pressure, pre-blow duration, main blow pres-
sure, duration of the main blow, temperature profile of the 
heated blow mold (there are two heat zones for the blow 
mold, the lateral surface of the bottles and base zone), 
duration of annealing in the mold, cooling air tempera-

ture of a bottle in a blow mold fed by a stretching rod, and 
the pressure in the feed branch for air cooling of a bottle in 
a blow mold fed by a stretching rod. Thus, the properties 
of a bottle for hot fill can be influenced by as many as 20 
factors during the SBM process with a hot mold.

Our analysis of the literature shows that in order to 
obtain the highest heat resistance of the bottle, the pre-
forms should be heated as rapidly as possible to the 
highest temperatures, to minimize the formation of an 
oriented amorphous phase during the SBM process. In 
addition, the temperature of the blow mold should be as 
high as possible to maximize the relaxation of the ori-
ented amorphous phase and support the temperature 
crystallization of the molded bottle. It follows that the 
most important factors affecting the properties of hot fill 
bottles are the intrinsic viscosity of the preform mate-
rial, the power profile of the heating furnaces, the tem-
perature profile of the blow mold, the blow-in time in 
the blow mold, and the pressure in the branch supply-
ing air cooling for the bottle in the blow mold fed by rod 
stretching. Thus, up to 12 factors may require analysis. 
The intrinsic viscosity of the preform material is very dif-
ficult to stabilize, since during the injection process, the 
intrinsic viscosity of the preform always decreases rela-
tive to the intrinsic viscosity of the granulate. The size of 
this decrease is about 0.01—0.02 dl/g.

It should also be noted that the greatest number of 
independent factors are associated with the processes of 
heating preforms in a heating furnace and heating the 
bottle in a blow mold. Hence, the description of the pre-
form heating process in furnaces can often be reduced 
from eight factors to one, i.e. the total power of the heat-
ing furnace. In the same way, the process of heating the 
bottles in the blow mold can be minimized from four 
factors to two, i.e. the overall temperature increases in all 
heating zones of the blow mold, and the time of heating 
the bottle in the blow mold. In total, there are three fac-
tors affecting the annealing process in the SBM process 
with the hot mold.

In addition to the SBM process, the filling process itself 
also affects the properties of the hot fill bottle. There are 
three main parameters of the hot filling process that 
affect the properties of the bottle: the time from open-
ing the blow molds to the start of filling, the tempera-
ture of the liquid to be filled, and the annealing time (i.e. 
the time between filling and the start of the cooling pro-
cess). A bottle leaving the blow mold has a temperature 
of about 40°C, which is well below the glass transition 
temperature, meaning that the time between opening the 
blow molds and the start of the filling process should 
theoretically be unimportant; however, the TES company 
have found that this time is important.

Although many simulations of the SBM process with 
a cold mold have been described in literature [58–60], 
there are few such simulations for the SBM process with 
a hot mold. Numerous models of PET material are avail-
able that can be used in the SBM process [61–63], but 
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these are simplified and do not simultaneously take into 
account the thermally induced crystallization, the orienta-
tion of the amorphous and crystalline phase, cavitations 
in the volume of the material, and microcavities occurring 
at the crystalline boundary with the amorphous phase.
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