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A B S T R A C T   

This study focused on the effect of metal temperature on the short contact time (few milliseconds) adhesiveness 
of a molten poly(ethylene terephthalate) (PET) cylinder. Although such a short contact time is typical for PET 
cylinder handling during preform compression molding (an innovative technique which has many advantages 
over injection molding, such as higher sustainability, owing to the lower energy and raw material consumption), 
this type of PET–metal contact has not been examined in the literature. Therefore, a new experiment was 
designed to test two different metals: stainless steel (AISI 316) and an aluminum alloy (EN AW-6082-T6). Both 
metal surfaces were finished to achieve nearly identical roughness and morphology as measured by profil-
ometers, while their contact angles were determined according to previous studies. Afterwards, a series of tests 
including more than 300 single contacts were performed to monitor several parameters affecting PET adhe-
siveness. The obtained results revealed that the two tested materials exhibited different properties and suggested 
a probable short contact time adhesion mechanism. This study may be used as reference in the selection of 
appropriate materials and temperature for molten PET cylinder handling tools. Moreover, since the described 
phenomenon was previously unknown to the scientific community, this research could be useful in many other 
research and industrial fields.   

1. Introduction 

Poly(ethylene terephthalate) (PET) is a commonly used thermo-
plastic polymer and one of the most frequently recycled polymers in the 
world [1]. PET is widely utilized in the packaging industry because of its 
physical and optical properties [2–7]. Nathaniel Wyeth patented a PET 
bottle in 1973 [8], and a two-stage stretch blow molding (SBM) process 
is arguably the most popular technique for manufacture PET bottles [9, 
10]. The bottle production process starts with the dehumidification of 
PET pellets, which are subsequently extruded and injected into closed 
molds with a preform shape. 

Some companies (SACMI, Toyo Seikan Group, Graham Packaging 
and others) are developing an alternative compression molding process 
to produce beverage preforms [11,12]. During this process, hot PET 
flows out of a nozzle after being melted inside an extruder, and a molten 
PET cylinder (henceforth referred to as a “gob”) is cut off from the melt 

by a blade. The gob with a weight and shape depending on the preform 
type is handled and placed inside an open mold cavity (here, “handling” 
is defined as a process starting immediately after the gob cutting and 
ending after the gob insertion into the mold). Unlike injection molding, 
the mold in this technique remains open while the plastic is placed into 
the cavity, and its three parts (core, cavity, and neck rings) begin closing 
only after the gob enters the cavity at controllable speed and force. The 
closed mold shapes the gob into a preform, which is extracted by a 
gripper and cooled using a conformal cooling channel with a shape 
matching that of the cavity. Compression has many advantages over 
injection, including a lower energy consumption, a smaller amount of 
the raw material (PET), a higher weight homogeneity, and the ability to 
process preforms with relatively high intrinsic viscosities (IVs) and, 
therefore, relatively high degrees of orientation [13,14]. Moreover, 
rotating compression molding machines consume significantly lower 
energy when PET bottles are manufactured via a single-stage SBM 
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process [11,12]. The main issues encountered during PET preform 
compression molding are related to the separation and especially 
handling (within a few tenths of a second) of the molten PET gob. 
Therefore, multiple patents on this topic have been filed by several 
companies (SACMI, Toyo Seikan Group, Graham Packaging and others) 
in recent years [15–18]. 

Polyethylene and poly(1-methylethylene) caps and containers have 
been produced for thirty years with compression molding technology, 
for example with the machines made by SACMI. The substitution of the 
aforementioned polymers with PET is not possible in the machines of the 
first generation: the production will not start or will stop after very few 
molding cycles because of polymer adhesion to the metal handling 
components. Therefore, industrial experience in compression molding 
has shown that the adhesion of PET to metal surfaces is significantly 
higher than those of other industrial polymers such as polyethylene and 
poly(1-methylethylene) and varies significantly with temperature and 
metal type. This confirms the findings of Dos Santos Ferreira et al. [19], 
who carried out a quantitative comparison of the adhesion in 
metal-to-plastic systems in the field of metallization of plastic films. 

Technical solutions can reduce the molten PET gob/metal contact 
time to a few milliseconds during gob handling [20]. The handling tool 
metal alloys are often aluminum or stainless steel, endowed with an 
aluminum oxide or chromium oxide layer, respectively, to increase 
metal corrosion resistance. 

The topic of metal-polymers adhesion was studied from many per-
spectives in the overmolding injection field both through mechanical 
metal surface modification to promote mechanical bonds interlocking 
and chemical metal surface modification [21–24]. 

Few works were devoted to measuring the adhesion strength of the 
steel–plastic interface, and the aim of most studies was to reduce plastic 
stickiness to steel dies during the forming process [25–27]. Notably, 
Shalnov et al. [26] and Chen et al. [27] performed surface morphology 
observations by atomic force microscopy to reduce plastic adhesion in 
the forming process by surface modification. 

Interesting metal mold temperature effects were observed during 
thermoplastic bonding to metals via injection molding [28]. Because 
metallized plastic films are widely utilized in the packaging industry, 
many researchers have investigated the metal–polymer interfaces 
formed by thermally depositing metals onto polymer surfaces in vacuum 
to increase their adhesion [29–32]. However, certain conditions used in 
these works differ from those utilized in the present study (especially the 
vacuum deposition), indicating that the metals are not oxidized. Several 
researchers have developed new methods for preparing PET coatings on 
metal substrates for food and beverage containers [33–37]. In these 
methods, PET is hot-extruded directly onto a metal surface or laminated 
under combined heat and pressure conditions; however, their contact 
times are significantly longer than milliseconds. Finally, Al Maliki et al. 
examined the effect of cold plasma treatment on the adhesion-related 
PET surface chemistry and morphology (polymer/polymer and poly-
mer/steel joints) to increase the adhesive shear rate [38]. 

In summary, studies on the aluminum/PET and stainless steel/PET 
adhesiveness in the contact time range of several milliseconds (typical 
for compression molding) are not present in existing literature. There-
fore, this research has a great scientific significance, examining for the 
first time a phenomenon that is currently unknown to the scientific 
community and could arouse an interest in many research and industrial 
fields. This study proposes an innovative test to assess the effect of the 
metal wall temperature on PET adhesion within a very short contact 
time. The PET gob before contact is endowed with a speed characteristic 
of the compression molding handling process. The analyzed metal alloys 
are most frequently employed in automatic machines that produce 
packaging for the beverage industry; therefore, the findings of this study 
can also provide useful information for industrial applications. 

2. Experimental 

2.1. Test design 

2.1.1. Test goals 
The PET/metal adhesiveness is strongly dependent on the metal 

temperature and type. This phenomenon was observed by the authors 
while testing a prototype of an industrial machine with many uncon-
trolled parameters. In the industrial process the thermal capacity of the 
metal component in contact with the molten PET cylinder during gob 
handling is almost two orders of magnitude higher than that of the gob. 
As a consequence, given also the huge difference between the PET and 
the metal thermal effusivity (i.e. the ability of a material to exchange 
thermal energy with its surroundings) and diffusivity (i.e. the rate of 
transfer of thermal energy of a material from the hot end to the cold 
end), there is no considerable temperature variation on the metal during 
such a short contact time (several milliseconds). 

The objective of this research study was to elucidate the short contact 
time PET/metal adhesion mechanism. The obtained results would pro-
vide information related to the effect of the metal temperature and the 
metal type on the short contact time PET metal adhesion, thus helping 
implement the cutting-edge PET compression molding technology on an 
industrial scale and opening new prospective scenarios of research in 
other scientific and industrial fields. 

The conducted test included the analysis of PET gob adhesiveness 
within a short contact time (several milliseconds) to the clean surfaces of 
an aluminum alloy (EN AW-6082-T6) plate and stainless steel (AISI 316) 
plate with similar roughness and morphology. Each metal plate thermal 
capacity is similar to a typical gob handling tool one. Test particular aim 
was to verify that increasing metal plate temperature results in an 
“adhesion threshold temperature” that promotes PET gob bonding to the 
metal surface. Moreover, in case the adhesion threshold temperature 
exists, test goals were as follows.  

1. To determine the adhesion threshold temperature for two different 
material types (stainless steel AISI 316 and aluminum alloy EN AW- 
6082-T6).  

2. To verify whether the adhesion gradually decreases with decreasing 
temperature below the adhesion threshold temperature or is 
abruptly switched off. 

2.1.2. Testing setup 
The utilized testing setup consisted of the following parts (Fig. 1).  

1. A PET dehumidification plant (DP620, Piovan, S. Maria di Sala, Italy) 
composed of a dehumidification tower (DPM605) and a hopper 
loader (C10I).  

2. A single-screw PET extruder with a screw diameter of 25 mm, length- 
to-diameter ratio of 21, and four zones of independent thermal 
heating through electric resistances.  

3. An oleo-dynamic syringe for collecting the PET flowing from the 
extruder and pushing it rapidly out of the nozzle.  

4. A blade placed after the nozzle to separate gobs with a desired 
weight.  

5. A by-pass nozzle to have the possibility to inspect the PET flow 
directly after the extruder. 

The setup was designed to ensure that the gob hits the metal plate. 
Each plate had a thermo-resistance and a temperature sensor (Pt100 

sensing resistor) attached to its back surface opposite to the gob contact 
surface. The purpose of the sensor was to regulate the plate temperature 
in the vicinity of the gob contact area. The plate and its support were 
separated by a layer of a thermal insulating material to maintain uni-
form plate temperature to the extent possible. A proportio-
nal–integral–derivative (PID) thermoregulation controller regulated the 
temperature and allowed the operator to change it easily. Notably, the 
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plate temperature in the precise gob contact area was measured with a 
contact thermocouple only after the test completion to avoid altering 
surface characteristics. After the plate temperature (regulated by Pt100 
sensing resistor) reached the required equilibrium, five measurements 
were conducted using the contact thermocouple. For each measurement, 
the maximum and minimum temperatures of the thermoregulation cycle 
were recorded. Contact area temperature measurements were done at 
each temperature that were set on the thermoregulation controller 
during the test with the gobs. 

2.1.3. Polymer properties and dehumidification parameters 
PPK™ FR resin is a food grade PET copolymer resin based on ter-

ephthalic acid. It is a commercial material produced by Plastipak Italia 
which was used without any modifications, apart from drying. Its high 
clarity and sparkle make it suitable for the production of bottles and 
other containers by conventional single-stage and two-stage processing 
techniques. It is also of high molecular weight grade for manufacturing 
containers with an IV of 0.08 ± 0.002 m3/kg (or, as is frequently re-
ported [9,10,39,40], 0.8 ± 0.02 dl/g) according to the ASTM D4603:03 
standard. Moreover, the melting point of this resin is 249 ◦C, and its 
acetaldehyde content declared by the manufacturer is below 1 ppm. A 
PET dehumidification procedure was performed in a Piovan dryer at 
160 ◦C for 4 h prior to testing. The PET quantity in the drier was suffi-
cient for few hours of testing. 

2.1.4. Testing methodology 
Before starting each test, the metal plate was accurately cleaned with 

a commercial multi-purpose cleaner spray (Z263, HASCO Hasenclever 
GmbH + Co KG, Lüdenscheid, Germany; its chemical composition is 
listed in Table 1) and clean soft cloth to avoid changing the plate surface. 

The aim of the cleaning step was to eliminate traces of any previous 
contacts. 

Eight parameters were recorded for each test: (1) if the gob stuck to 
the metal plate or bounced off the metal plate, (2) minimum and 
maximum electrical absorptions of the extrusion screw, (3) extruder 
inlet temperature, (4) air dew point, (5) air pressure, (6) air temperature 
and (7) air relative humidity (RH), (8) the weight of the gob (if the gob 
stuck to the metal plate). The second and third parameters were recor-
ded because they helped detect short-period variations in the PET 
dehumidification conditions. The melt PET temperature and PET hu-
midity were measured for every five gobs as they were significantly 
more time consuming. The utilized PET hygrometer was an AQUA-
TRAC® system manufactured by Brabender Messtechnik (Duisburg, 
Germany). Measurements (accuracy: ±10 ppm) were completed within 
40 min, and the PET pellets were removed from the lower part of the PET 
drying hopper. Furthermore, a video (Photron FASTCAM-ultima APX 
(Tokyo, Japan)) was recorded during each test at a frame rate of 2000 
fps, which represented a compromise between the image quality, in-
formation obtained, and file size. The video described the gob cutting 
and bouncing processes until the gob either left the video area or stuck to 
the metal plate. 

2.2. Metal surface characterization 

2.2.1. Roughness 
The reduction in the PET mold adhesion reported in the literature 

suggests that roughness is an important parameter for a single adhesion 
contact test; however, the related tests were conducted at long contact 
times (hours) [26]. In the present study, the effect of the metal surface 
roughness on the short contact time adhesiveness was not investigated. 
To mimic the industrial conditions during testing, an industrial rough 
surface was preferred over a polished one. Because the elastic moduli 
and general mechanical properties of the two materials are different, 
they differently respond to plastic deformation. Hence, the machining 
process was optimized to produce similar levels of roughness and 
morphology. An opto-mechanical system (HOMMEL-ETAMIC Nanoscan 
855, Jenoptik AG, Jena, Germany) and a 3D optical surface profiler with 
coherence scanning interferometry technology (NewView™ 9000, Zygo 
Corporation, Middlefield, Connecticut) were used for roughness and 
morphology measurements, respectively. 

2.2.2. Contact angle 
Surface free energy (SFE) is employed to assess the chemical pre-

disposition of a surface to create polar or dispersive bonds. SFE is usually 
[41,42] measured indirectly by the Owens, Wendt, Rabel, and Kaelble 
method using sessile drop contact angles of at least two liquids with 
known dispersive and polar components of the surface tension, wherein 
at least one of these liquids contains a polar group [43–45]. Although 
certain studies have shown that the absolute value of SFE depends on 
both the calculation method and compositions of the probe liquids, the 
SFEs of two metals can be directly compared if their calculations are 
conducted using the same method, and the same liquids (a dissimilar 
liquid pair) are used for contact angle measurements (and their values 
are below 110◦) [46,47]. Based on previous studies [41,42,48], the 
liquids used for this purpose included bi-distilled water, which met the 
specifications for water type 2 (ISO:3696:1987, ”Water reagent for use 
in laboratory analysis”) according to the supplier datasheet, and diio-
domethane (CH2I2; purity ≥98.5 %). 

Contact angle tests were performed in a laboratory on a KRUSS 
DSA30S tensiometer (Hamburg, Germany) using a static sessile drop 
technique at room temperature (24 ◦C) and RH between 37 and 52 %, 
which were similar to the conditions utilized in previous studies [26,49]. 
Notably, the literature values of contact angle (and thus SFE) deter-
mined for aluminum alloy and AISI316 stainless steel at surface tem-
peratures between room temperature and 120 ◦C were almost constant 
[50,51]. 

Fig. 1. Testing machine details of the cutting zone. A and B are two possible 
plate positions, of which B was chosen because the gob trajectory was 
more repetitive. 

Table 1 
Chemical composition of the cleaning spray for the plate contact surface.  

Chemical name Concentration (%, w/w) 

1-Ethylpyrrolidin-2-one 25 to <50 
Propan-2-ol 15 to <20 
1-Methoxy-2-propanol 2.5 to <10 
2-(3-Methoxypropoxy)propan-1-ol 10 to <25  
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2.3. Modeling adhesiveness variation with metal temperature 

One of the aims of the designed test was to verify whether, below the 
adhesion threshold temperature (if present), adhesion decreases with 
decreasing temperature following any mathematical law or if the 
adhesion represented an on–off process activated at a threshold 
temperature. 

The innovative idea of the described test is to try to correlate the 
variation (if present) of the adhesion at different plate temperature to 
the variation (if present) of the gob energy, in particular gob mechanical 
energy (Emec) before and after the gob contact with the plate. 

Gob mechanical energy is composed by its gravitational potential 
energy and its kinetic energy and can be expressed as follows: 

Emec= K+Epot (1)  

where K is the gob kinetic energy and Epot is the gob gravitational po-
tential energy. 

The gob translates and rotates around its center of mass, therefore its 
kinetic energy is composed of a translation component KT and a rota-
tional component KR, as follows: 

K = KT+KR (2) 

The translation component KT of the gob kinetic energy is expressed 
as follows: 

KT = 0.5 mg •
(
v2

C

)
(3)  

where mg is the gob mass measured with a XP205 (Mettler Toledo, 
Columbus, Ohio, USA) analytical balance with a readability of 0.00001 
g, a repeatability at low load (lower than 10 g) of 0.000015 g and a 
linearity deviation of 0.0001 g (these values are the limit values, typical 
values are lower); vC is the velocity of the gob center of mass before the 
gob–plate contact. 

The rotational component KR of the gob kinetic energy is expressed 
as follows: 

KR= 0.5 ωT × Ic × ω (4)  

where ω is the gob angular velocity vector; ωT is the transpose of ω; × is 
the mathematical operator for the vector product; Ic is the gob tensor of 
inertia related to the gob center of mass. 

If the gob rotates around one of its three principal axes of inertia, Eq. 
(4) can be expressed as follows: 

KR= 0.5 I • ω2 (5)  

Where I is the gob moment of inertia around its rotation axis (one of its 
three principal axes of inertia), ω the gob angular velocity. 

In this section, all variables and parameters obtained before the gob 
touches the metal are described by subscript 1, while those determined 
after the gob detaches from the plate are described by subscript 2. 
Gravitational potential energy is almost constant between an instant 
before and an instant after the contact with the plate. Therefore, Eq. (1) 
can be expressed as follows: 

ΔEmec12 ≃ ΔK12 (6)  

where ΔEmec12 is the difference in the gob mechanical energy before and 
after the gob contact with the plate and ΔK12 is the difference in the gob 
kinetic energy before and after the gob contact with the plate. 

In the following lines some considerations about the gob contact with 
the metal plate in the designed test are reported. 

A fraction (Embc) of the gob kinetic energy before contact may be 
used by the PET chains to enter the cavities of the metal surface to create 
mechanical bonds (if they are present). Mechanical bonds interlocking 
(named also mechanical interlocking) is one of the polymer/metal 
adhesion mechanisms [28]. 

In a recent paper Zou et al. [52] focused on clarifying the under-
laying bonding mechanisms of laminated chromium-coated steel strip 
from the microscale to the molecular scale. Microscale mechanical 
interlocking may play a role, for example when polymer film and metal 
strip are laminated together by application of a pressure which favors 
diffusion of macromolecules into the rough metal interface. In addition 
to this, chemical bonding, such as hydrogen bonding between hydroxyl 
groups deriving from metal oxide and oxygen atoms from the carbonyl 
groups in PET ester bonds, has a more prominent role. Zou et al. [52] 
suggested the formation of mono- and bidentate complexes character-
ized by –(O=)C–O–Cr and -C-(O–Cr)2 bonding. 

PET is a viscoelastic material that exhibits both viscous and elastic 
characteristics during deformation and its viscosity increases with 
temperature decrease [53–57]. Accordingly, the gob kinetic energy can 
decrease after the gob–metal contact because some energy (Wvis) is 
dissipated during contact owing to the viscous characteristics of PET and 
this energy can vary with gob overall temperature (T), therefore Wvis 
(T). 

Furthermore, the gob theoretically releases thermal energy during 
contact owing to the temperature difference between the gob and the 
plate. Moreover, if chemical bonds are formed at the metal–gob inter-
face, thermal energy is released. 

The work of adhesion (Wad) is the work that must be performed to 
separate two adjacent phases on either side of the liquid–solid phase 
boundary. From a physical point of view, the work of adhesion repre-
sents the energy required to break mechanical or chemical bonds. 

Accordingly, the difference in the gob kinetic energy before and after 
the gob contact with the plate can be expressed as follows: 

ΔK12 =Embc +Wvis(T)+Wad (7) 

It is important to be aware that PET exhibits a very low thermal 
conductivity and diffusivity and that the contact lasts for a very short 
time (~10− 3 s). Therefore, the overall gob temperature just before 
contact, during the contact with the aluminum alloy (EN AW-6082-T6) 
or stainless steel (AISI 316) and in the first milliseconds after it, can be 
considered almost the same. 

Moreover, given the constancy of the gob speed and trajectory before 
contact, it is reasonable to affirm that the energy dissipated during 
contact owing to the viscous characteristics of PET remains almost 
constant during the test campaign. Therefore, Eq. (7) can be expressed as 
follows: 

ΔK12 ≃ Embc+Wad+A (8)  

where A is a quantity (Wvis(T)) which is almost constant in the test 
conditions as described in the previous lines. 

In the conducted test, designed to replicate the gob handling state of 
art in the PET compression molding technology, the adhesion energy 
(Ead) can be defined as the sum of the energy required for the creation of 
mechanical bonds (if they are present) between the PET gob and the 
metal plate and of the work of adhesion required to separate the PET 
phase from the metal phase, as follows: 

Ead=Embc+Wad (9) 

Therefore, given Eq. (8), the adhesion energy can be expressed as 
follows: 

Ead ≃ ΔK12 − A (10) 

In the comparison of tests conducted at different plate temperature, 
if the gob possesses less kinetic energy when bounced off the metal plate, 
the adhesion increases. Moreover, if the adhesion energy exceeds the 
available kinetic energy, the bonds between the gob and the metal plate 
remain intact. 

Given Eq. (2), the difference in the gob kinetic energy before and 
after the gob contact with the plate can be expressed as follows: 
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ΔK12=ΔKT12+ΔKR12 (11)  

where ΔKT12 is the difference in the translation component of the gob 
kinetic energy before and after the gob contact with the plate and ΔKR12 
is the difference in the rotational component of the gob kinetic energy 
before and after the gob contact with the plate. 

Given Eq. (3), the difference in the translation component of the gob 
kinetic energy before and after the gob contact with the plate can be 
calculated as follows: 

ΔKT12 = 0.5 mg •
(
v2

C1 – v2
C2

)
(12) 

The difference in the rotational component of the gob kinetic energy 
before and after the gob contact with the plate can be expressed as 
follows: 

ΔKR12=KR1 − KR2 (13)  

where KR1 and KR2 can be calculated in two different ways, i.e. generally 
according to Eq. (4) or, if the gob rotates around one of its three prin-
cipal axes of inertia, more easily according to Eq. (5). 

Tracker©, a free video analysis and modeling software, was used to 
determine gob trajectories and speeds. 

2.4. Testing parameters 

Several minutes pass between different tests. Each time the syringe 
ejects the melt, the exposed section of the melt is discarded by cutting off 
the molten PET cylinder (henceforth referred to as a "scrap gob"). In the 
industrial process, the gob is cut very frequently (every 0.05–0.8 s 
depending on the machine productivity). The purpose of the tests con-
ducted in this study was to reproduce industrial conditions as closely as 
possible. Certain properties (such as surface temperature) of the cut 
molten PET surface can significantly change owing to the prolonged air 
exposure (minutes versus tenths of seconds) after exiting the nozzle. A 
plate position (position B of Fig. 1) that (1) maintains the cleanliness of 
the plate surface by preventing the scrap gob from falling on the metal 
plate and (2) ensures high repeatability of the gob trajectory has been 
determined. After the initial setup, the blade speed was kept constant in 
all tests. 

High repeatability of the gob trajectory was achieved at a gob weight 
of 4 g, where the difference between two different trajectories before 
impact was below 2 mm. Before the contact with the metal plate, the gob 
rotation axis passed through the gob center of mass and was perpen-
dicular to the molten cylinder (gob) axis, therefore its rotational kinetic 
energy can be easily determined through Eq. (5). Notably, the high- 
speed camera was placed perpendicularly to the plane of the gob path 
before contact. 

A thermal simulation was performed to estimate the temperature on 
the gob surface that touches the metal plate. This surface is created by 
the blade that separates the gob from the melt inside the nozzle. The 
utilized software was the ANSYS® FEM (Finite Element Method) ther-
mal transient module, and the melt temperature inside the nozzle was 
set to 275 ◦C (the average measured temperature). The simulation 
procedure included several time steps each with its own parameter 
values; it was initiated at the time of the melt ejection from the nozzle 
and ended before the gob touched the plate. In the first part of the 
simulation, the upper surface of the gob remained in contact with the 
melt inside the nozzle at a constant temperature maintained by the 
thermo-resistances, while the lower and lateral melt surfaces were 
exposed to air and released thermal energy through natural convection 
and radiation. In the second step, the gob was cut off; the upper surface 
was created by the blade; and the gob started moving; as a result, natural 
convection was replaced by forced convection. Furthermore, both con-
vection and radiation occurred on the gob upper surface. All the thermal 
parameters were calculated according to related studies [58,59]. The 
average temperature (not the temperature on the microscale) of the gob 

surface just before the contact with the metal plate was 2–4 ◦C lower 
than that of the melt inside the nozzle (this range resulted from the 
uncertainty of the heat exchange with the blade during gob cutting). 

3. Results and discussion 

3.1. Introduction 

A total of 341 valid tests have been conducted. Among them, 180 
tests were performed for AISI 316 stainless steel (87 gobs stuck, and 93 
gobs bounced), and 161 tests were conducted for the EN AW-6082-T6 
aluminum alloy (76 gobs stuck, and 85 gobs bounced). An analysis of 
more than 50 random videos confirmed high repeatability of the gob 
trajectories. After the tests were completed, prior to the measurements 
of the precise gob contact area temperature (see section 2.1.2), the plate 
roughness and morphology of the contact area were examined; the ob-
tained values were identical to those determined at the beginning of the 
tests. The calculated percentage deviation of profile roughness param-
eters (Ra, Rt, Rz) is less than 10 %. Figs. 2 and 3 show the plates 
morphology. 

The obtained results (Table 2) about contact angle revealed a slight 
difference (approximately 3 mN/m) between the SFEs of the rough and 
polished surfaces, which was consistent with the results of a previous 
study on the effect of the metal surface roughness on the wettability of 
aluminum and steel alloy conducted by Kubiak et al. [49]. 

The SFE difference between the two rough surfaces was almost 
insignificant (1 mN/m, lower than the measurement uncertainty) owing 
to the stainless steel slightly larger polar component. Thus, it has been 
concluded that rough surfaces have nearly equal chemical pre-
dispositions to creating polar or dispersive bonds. 

3.2. Effect of plate temperature 

After the first several days of testing, a certain temperature range in 
which the gobs randomly bonded or bounced was identified. Hence, the 
highest temperature, at which all gobs bounced, and when possible, the 
lowest temperature, at which all gobs bonded were measured every day. 
This necessitated repeated tests at the same plate temperature multiple 
times on different days and at different times during the day, with the 
purpose to increase the number of samples and confirm that the obser-
vations were not dependent on other parameters. The minimum tem-
perature interval between the tests was fixed at 5 ◦C. Apart from a few 
exceptions, at least five tests were performed daily for each temperature 
to obtain statistics. For each material, the plate starting temperature was 
chosen in the temperature range in which the gobs randomly bonded or 
bounced. 

Fig. 4 describes the gob behaviors observed after the contact with the 
aluminum and stainless-steel plates in the temperature range of 
50–135 ◦C. The highest temperature, at which the gobs did not stick to 
the metal plate, named “adhesion threshold temperature” was consid-
erably different for the two tested plates. This difference of 11.7 ± 2.2 ◦C 
(derived from Table 3) remained remarkably high even in the worst-case 
scenario, i.e. 9.5 ◦C considering the stainless steel highest temperature, 
the aluminum alloy lowest temperature and the temperature measuring 
system repeatability error (±0.2 ◦C). Note that the same temperature 
measuring system was used for the two plates, therefore its accuracy 
(±1 ◦C) has no influence on the aforementioned temperature difference. 

Fig. 4 illustrates a particular phenomenon: the difference (15.8 ±
2.5 ◦C) between the lowest temperatures, at which all gobs stick to the 
EN AW-6082-T6 and AISI 316 plates (Table 4 is equivalent to Table 3). 
This phenomenon is less pronounced than the previous one because only 
two gobs out of 65 stuck on the AISI 316 surface at temperatures 
exceeding 115 ◦C. Because no data were available for EN AW-6082-T6 at 
115 ◦C, this temperature was disregarded in this study. One gob 
(labelled A) stuck at 120 ◦C, the other (labelled B) at 130 ◦C. Their 
weights, videos (trajectories, motion laws, and contact times), and other 
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characteristics (air dew point, RH, electrical absorption of the extrusion 
screw, extruder inlet temperature, melt temperature, and PET moisture 
content) were examined accurately. The only significant difference was 
observed for the contact time of gob B, which lasted from 0.0045 to 
0.0050 s and exceeded the contact time obtained for the other samples 
by 50 %. This result is indicative of an exceptional situation and after 
bouncing, the gob moved away from the plate like the rest. 

3.3. Influences of various parameters on the Poly(ethylene 
terephthalate)/metal adhesiveness 

During each test, the impacts of various parameters on the PET/ 
metal adhesiveness were determined at different plate temperatures. 
The most significant factors are discussed below. 

3.3.1. Poly(ethylene terephthalate) moisture content 
The water contents of PET pellet measured during testing (≤50 ppm) 

did not influence the gob adhesiveness. Similarly, variations in the 
measured values of the extrusion screw electrical absorption and 
extruder inlet zone temperature did not influence the test results. 

3.3.2. Melt temperature 
During testing, the PET melt temperature varied from 271 to 280 ◦C 

(measuring system accuracy, ±1 ◦C; repeatability, ±0.2 ◦C). The ob-
tained data indicated that this variation did not affect the test results. 

3.3.3. Gob mass 
Almost all the stuck gobs masses (~150) and many of the bounced 

gobs ones were weighed, and the obtained gob mass variability (<±1 %) 
had no effect on the PET/metal adhesiveness. 

3.3.4. Air dew point, RH, pressure and temperature 
During test campaign chamber air dew point varied between 5 and 

18 ◦C, RH between 14 and 37 %, chamber air pressure and temperature 
between 98600 and 102400 Pa and between 29 ◦C and 48 ◦C, respec-
tively. The obtained data indicated that the chamber RH, pressure and 
temperature variations did not affect the test results. For a certain plate 
temperature (110 ◦C), the lower air dew points resulted in gob bonding/ 
sticking to metal plate; however, the data obtained for the two metals 
were contradictory and the quantity of the samples at this temperature is 
too scarce to get a general rule. Therefore, additional studies must be 
conducted to determine if there is a relationship between the air dew 
point and the PET/metal adhesiveness. 

3.4. Adhesiveness below the sticking temperature 

To clarify whether the PET adhesion to the metal surface decreases 
with decreasing temperature below the adhesion threshold temperature 
or follows an on–off mechanism, analysis (see section 2.3) was per-
formed in the temperature range where the gob–metal adhesion did not 
occur. 

The time passed between the gob cutting and impact was the same 
for all gobs and equal to 0.0115 ± 0.0005 s. The precision indicated is 
attributed to the selected camera frame rate. The results of the tests 
indicated that the gob contact with the metal plate from the moment it 
started touching the metal plate until the moment when none of its edges 
touched the plate lasted 0.0030 ± 0.0005 s. The gob dimensions and 
weight were measured separately. In the molten state, the gob diameter 
was ~16 mm, while the gob length was ~19 mm. 

For each test, before the contact with the metal plate, the gob rota-
tion axis passed through the gob center of mass and was perpendicular to 
the molten cylinder (gob) axis, therefore its rotational kinetic energy can 

Fig. 2. 3D morphology of the EN AW-6082-T6 aluminum alloy plate with the measured area having the dimensions 1.5 × 1.5 mm. The color refers to the height of 
the surface in each point, and the height values are normalized in accordance with SACMI intellectual property policy. 
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be determined through Eq. (5), i.e. KR = 0.5 I • ω2. After the gob bounced 
off the metal plate, its rotation axis was no more one of the gob principal 
axes of inertia, therefore its rotational kinetic energy can be determined 
through Eq. (4), i.e. KR = 0.5 ωT × Ic × ω. The difference in the trans-
lation component of the gob kinetic energy before and after the gob 
contact with the plate is expressed by Eq (12), i.e. ΔKT12 = 0.5 mg • (vC1

2 

– vC2
2 ) while the difference in the rotational component of the gob kinetic 

energy before and after the gob contact with the plate expressed by Eq. 
(13), i.e. ΔKR12 = KR1 - KR2. Therefore, the difference in the gob kinetic 
energy before and after the gob contact with the plate expressed by Eq. 
(11), i.e. ΔK12 = ΔKT12 + ΔKR12, can be calculated as follows: 

ΔK12 = 0.5 mg •
(
v2

C1 – v2
C2

)
+ 0.5 I1 • ω2

1 – 0.5 ωT
2 × IC × ω2 (14)  

where I1 is the gob moment of inertia around the gob rotation axis (one 
of its three principal axes of inertia) before the gob–plate contact. 

Figs. 5 and 6 show the gob images captured before and after the 
contact with the metal plate, respectively, with the trajectories and 
speeds of its center and one of its edges. 

The speed vector of the gob center of mass after the gob bounced off 
the metal plate (vC2) predominantly lies in the plane perpendicular to 
the camera lens axis (within at least ~0.002 s after the gob detachment), 
therefore it can be measured with a small error. Unfortunately, after the 
gob bounced off the metal plate, its rotation axis was no longer parallel 
to the high-speed camera lens axis, therefore it is difficult to estimate the 
angular speed after contact (ω2) of Eq. (14) (ΔK12 = 0.5 mg • (vC1

2 – vC2
2 ) 

+ 0.5 I1 • ω1
2 – 0.5 ωT

2 × IC × ω2). Before impact (Fig. 5), the speed of the 
gob center of mass (vC1 in Eq. (14)) was ~7 m/s, its rotation axis was one 
of the gob principal axes of inertia and gob angular speed (ω1 in Eq. (14)) 
was ~600 rad/s. The rotational component of the kinetic energy (Eq. 
(5)) before impact (0.5 I1 • ω1

2) was approximately equal to one third of 
the translation component of the kinetic energy (Eq. (3)) before impact 
(0.5 mg • (vC1

2 )). Therefore, to evaluate the gob adhesion behavior below 
the sticking temperature, analysis was limited to the first part of Eq. (14) 
(ΔK12 = 0.5 mg • (vC1

2 – vC2
2 ) + 0.5 I1 • ω1

2 – 0.5 ωT
2 × IC × ω2), i.e. the 

difference in the translation component of the kinetic energy (ΔKT12 =

0.5 mg • (vC1
2 – vC2

2 )) according to Eq. (12). Note that the Tracker© 
automatic trajectory detector did not function properly owing to the PET 
gob transparency and reflections. Therefore, for each video, the exact 
gob center of mass was manually selected, thereby introducing a small 
margin of error. To increase the measurement precision, vC1 was 
computed as the average of the last three speed values before contact 
and vC2 as the average of the first three speed values after contact. 

The extreme values of the temperature ranges, in which no gobs 
stuck to the plate, were determined first to estimate the maximum 

Fig. 3. 3D morphology of the AISI 316 stainless steel plate with the measured area having the dimensions 1.5 × 1.5 mm. The color refers to the height of the surface 
in each point, and the height values are normalized in accordance with SACMI intellectual property policy. 

Table 2 
Contact angle and SFE values obtained for the aluminum alloy and stainless-steel 
surfaces. The numbers of valid tests are listed in the brackets.    

Aluminum alloy EN 
AW-6082-T6 

Stainless steel AISI 316 

1B 
(Polished) 

1A 
(Rough) 

1B 
(Polished) 

1A 
(Rough) 

Average 
contact 
angle 
(◦) 

Bi-distilled 
water 

79.7 ±
1.9 (7) 

72.4 ±
2.1 (8) 

79.1 ±
2.5 (7) 

69.6 ±
2.9 (8) 

Diiodomethane 42.4 ±
0.6 (8) 

42.9 ± 1 
(9) 

41.9 ±
1.4 (8) 

43.1 ±
1.2 (8) 

SFE (mN/ 
m) 

Dispersive 
component 

38.4 ±
0.3 

38.2 ±
0.5 

38.6 ±
0.7 

38.0 ±
0.6 

Polar 
component 

3.8 ± 0.6 6.8 ±
0.9 

4 ± 0.9 8.1 ±
1.4 

Total 42.2 ±
0.9 

45.1 ±
1.5 

42.6 ±
1.6 

46.1 ± 2  
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variation. The obtained results (Fig. 7) suggest that the PET adhesion to 
the metal surface do not decrease with decreasing temperature below 
the adhesion threshold temperature but follows an on–off mechanism. 

For AISI 316, there is no relevant variation in the gob speed differ-
ence between 50 ◦C and 80 ◦C. Meanwhile, from the gob speed mea-
surements for EN AW-6082-T6, the adhesion appeared to increase 
slightly at low plate temperatures. 

However, taking into account the gob speed standard deviation and 
the approximations previously reported, i.e. using Eq. (12) (ΔKT12 = 0.5 
mg • (vC1

2 – vC2
2 )) instead of Eq. (14) (ΔK12 = 0.5 mg • (vC1

2 – vC2
2 ) + 0.5 I1 

• ω1
2 – 0.5 ωT

2 × IC × ω2) and not considering the smallest component of 
the gob center of mass speed vector (vC2) after the gob bounced off the 
metal plate, it is reasonable to assess that no significant differences were 
observed between the two samples. 

Moreover, gob contact times were measured at the extreme values of 
the temperature ranges, where none of the gobs stuck to the plate. As 
anticipated, the same contact time (0.0030 ± 0.0005 s) was obtained for 

Fig. 4. Numbers of gobs that stuck and bounced off the (a) EN AW-6082-T6 aluminum and (b) AISI 316 stainless steel plates. The x-axis represents the temperature 
set on the thermoregulation device, and the white arrows highlight the changes in the test results. The numbers of gobs that bounced (dark grey) and remained stuck 
(light grey) are also listed for each temperature and plate material. 

Table 3 
Highest temperatures at which the gobs do not stick to the metal plate.   

Highest temperature, at which all gobs 
bounce (◦C) 

Aluminum alloy EN 
AW-6082-T6 

Stainless steel 
AISI 316 

Temperature set on the 
thermoregulation device 

95 80 

Highest temperature in the contact 
area 

93.2 81.7 

Lowest temperature in the contact 
area 

91.2 79.3  

Table 4 
Lowest temperatures at which all gobs stick to the metal surface.   

Lowest temperature, at which all gobs stick 
(◦C) 

Aluminum alloy EN 
AW-6082-T6 

Stainless steel 
AISI 316 

Temperature set on the 
thermoregulation device 

120 135 

Highest temperature in the contact 
area 

116.3 132.7 

Lowest temperature in the contact 
area 

114.5 129.6  

Fig. 5. High-speed image of the gob obtained before the contact with the metal 
plate. The image is rotated by 90◦ in the clockwise direction. In the upper part 
on the right there is the nozzle. The red/dark (the color reported after the slash 
refers to the image printed without colors) line starts at the nozzle center, while 
the cyan/light one starts at the nozzle lower edge. The blue/grey quote mea-
sures 72 mm. This is the distance between the lower edge of the nozzle and the 
plate contact plane. The red/dark line and the red/dark arrows represent the 
gob center of mass trajectory and velocity (vC1 in Eq. (14)), respectively. The 
cyan/light line and the cyan/light arrows represents the gob edge trajectory 
and velocity, respectively. The speed of the edge (cyan/light arrows) divided by 
the distance between the edge and the gob center gives the gob angular velocity 
(ω1 in Eq. (14)). Trajectories (lines) and velocities (arrows) are shown for a 
qualitative interpretation (speed measurements were performed by the 
Tracker© tool). Each arrow is named with the letter “v” followed by a number. 
The number after the letter is related to a certain video frame and it increases 
with frame increasing. The time distance between two consecutive arrows/ 
frames is 0.0005 s. Only arrows v136, v137, v138 and v139 are displayed to 
help figure clarity. They represent the last 1.5 ms before the gob contact with 
the metal plate. The vertical and horizontal purple/grey lines in the middle of 
the pictures can be ignored. 
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both the AISI 316 and EN AW-6082-T6 plates, and no differences were 
observed in the temperature ranges of 50–80 ◦C for stainless steel and 
50–95 ◦C for the aluminum alloy. 

Therefore, the adhesion process apparently followed the on–off 

mechanism activated beyond a certain temperature (adhesion threshold 
temperature), which was typical for the studied plate materials. 

To obtain more accurate data, future tests should use at least two 
(three give the highest precision) high-speed cameras or a high-speed 
camera with at least two (three give the highest precision) heads/len-
ses. This will allow the calculation of all the components of Eq. (14) 
(ΔK12 = 0.5 mg • (vC1

2 – vC2
2 ) + 0.5 I1 • ω1

2 – 0.5 ωT
2 × IC × ω2) in a very 

precise way. 

3.5. Short contact time adhesiveness model 

The gob contact time with the metal plate was ~0.003 s, suggesting 
that conventional plastic-to-metal adhesion could not occur within the 
specified timeframe because this process would take up to several sec-
onds. Moreover, according to the results of previous studies [50,51], the 
chemical predispositions of the studied surfaces to create polar or 
dispersive bonds were almost equal at the highest temperature, at which 
all gobs bounced. 

The temperatures, at which the gobs started to adhere to the metal 
plates, were equal to ~80 ◦C for AISI 316 and ~92 ◦C for EN AW-6082- 
T6. Notably, these temperatures are close to the PET glass transition 
temperature (Tg) which is approximately 80 ◦C [9,10,40,60,61]. At 
temperatures above the PET Tg, polymer chains acquire some mobility. 
According to a previous study [28], the adhesion strength of mechanical 
interlocking soars with increasing temperature because of the higher 
chains mobility. The viscosity temperature coefficient of a bottle-grade 
PET with an intrinsic viscosity of 0.85 ± 0.02 dl/g was recently 
measured [62] and it confirmed that molten PET viscosity falls sharply 
with polymer temperature increase. 

Moreover, mechanical interlocking is a function of the contact sur-
face roughness, which is similar for the two tested plates. The metal 
physical properties listed in Table 5 can help clarify this phenomenon. 

The morphologies of the chromium oxide (Cr2O3) and of the 
aluminum oxide (Al2O3) layers are similar. Their thickness (few nano-
meters) is orders of magnitude lower than the cavities dimensions in 
which PET/metal mechanical interlocking can occur. Therefore, oxides 
influence on the thermal energy exchange is almost negligible. 

The thermal conductivity of EN AW-6082-T6 is an order of 

Fig. 6. High-speed image of the gob obtained after bouncing off the metal 
plate. The image is rotated by 90◦ in the clockwise direction. In the upper part 
on the right there is the nozzle. The red/dark (the color reported after the slash 
refers to the image printed without colors) line starts at the nozzle center, while 
the cyan/light one in its lower edge. The blue/grey quote measures 72 mm. This 
is the distance between the lower edge of the nozzle and the plate contact plane. 
The vertical and horizontal purple/grey lines in the middle of the pictures can 
be ignored. The red/dark line represents the gob center of mass trajectory. The 
cyan/light line represents the gob edge trajectory. Trajectories (lines) are 
shown for a qualitative interpretation. Before the contact (Fig. 5), the gob ro-
tates around an axis parallel to the high-speed camera lens axis. After the 
contact, the gob starts rotating around an axis that is no longer parallel to the 
camera lens axis. 

Fig. 7. Average gob speeds and their standard deviations obtained before and after the plate contact for different temperatures and plate materials. Gobs average 
speeds before contact are approximately 7000 mm/s and after contact they are approximately 2000 mm/s for each temperature and plate material. 
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magnitude higher than that of AISI 316 and is three orders of magnitude 
higher than that of PET. Moreover, the thermal diffusivity of PET is 
much lower than that of the two metals, specifically forty-one times less 
than AISI 316 one and eight hundred and twenty times less than EN AW- 
6082-T6 one. Finally, PET thermal effusivity is eleven times less than 
AISI 316 one and thirty times less than EN AW-6082-T6 one. The result 
is that the superficial layer of the PET gob which touches the metal plate 
is quickly cooled down even below Tg. 

The gob surface temperature after the contact with the EN AW-6082- 
T6 plate is lower than that after contact with AISI 316 because the first 
has an effusivity (i.e. the ability to exchange thermal energy with the 
gob) and a diffusivity (i.e. the ability to distribute the thermal energy 
coming from the gob to the rest of the plate) three and twenty times 
higher than the latter, respectively. Therefore, the lower temperature on 
the PET surface layer at the same plate temperature may be the reason 
for the different behaviors of the EN AW-6082-T6 and AISI 316 mate-
rials. For example, at a plate temperature of about 92 ◦C, the PET chain 
mobility is sufficiently high to induce mechanical interlocking on the 
AISI 316 surface but not on the EN AW-6082-T6 surface. Testing other 
materials with different thermal properties (such as copper or other 
types of steel) could help verify these conclusions in the future. 

As previously stated, at temperatures ≥115 ◦C, all 49 gobs stuck on 
the EN AW-6082-T6 plate, while on the AISI 316 plate, one gob out of 63 
bounced at approximately 116 ◦C and another at approximately 126 ◦C. 
The reason for this phenomenon remains unclear; thus, further investi-
gation (for example examining the effect of other parameters, such as 
the different coefficient of thermal expansion) is required in this area. 

4. Conclusion 

In this study, the effect of the metal plate temperature on the short 
contact time (~3 ms, typical for compression molding) molten 
PET–metal adhesiveness was studied for the first time by creating more 
than 300 single contacts. 

Two metal plates fabricated from different materials (AISI 316 and 
EN AW-6082-T6 that are widely used in the beverage industry) with 
similar surface roughness, morphology, and SFE values were employed 
for this purpose. The obtained results revealed that the gobs did not 
adhere to the metal plates below a specific metal temperature close to 
the Tg of PET. Its value determined for EN AW-6082-T6 was higher than 
that obtained for AISI 316 by 10–14 ◦C. 

Approximate analysis of the energy values dissipated during contact 
at different plate temperatures indicated that the adhesion process fol-
lowed the on–off mechanism. 

Polymer chains acquire good mobility above Tg, which can lead to 
mechanical interlocking and can promote adhesion beyond a certain 

threshold. The superficial layer of the PET gob that touches the metal 
plate is rapidly cooled, owing to the polymer thermal properties com-
bined to the ones of the metal plate. Because the thermal effusivity, 
conductivity and diffusivity of EN AW-6082-T6 are approximately three 
times, ten times and twenty times, respectively, higher than that of 
AISI316, the aluminum alloy can freeze PET chains at higher plate 
temperatures, thus preventing the adhesion of the PET gob to the metal 
surface. 

Therefore, EN AW-6082-T6 can be potentially used as a material for 
gob handling tools in industrial applications because, compared with 
AISI316, it can endure higher temperatures without causing any 
adhesion-related problems. Moreover, for single-contact adhesion, it is 
important to remain below a threshold temperature established for a 
particular metal and it seems not necessary to spend energy to maintain 
a precise plate temperature. 

Future tests involving different materials could verify the proposed 
hypotheses. Moreover, it would be interesting to study the contribution 
of surface roughness to the short contact time adhesion, which was not 
considered in this study. 

In summary, this is the first study on the short contact time 
PET–metal adhesion, and it elucidates its mechanism and clearly dem-
onstrates the difference between the adhesion properties of the stainless 
steel AISI 316 and the aluminum alloy EN AW-6082-T6. The obtained 
results may strongly have an impact on PET compression molding 
technology and aid in the selection of materials and temperatures for 
component touching molten PET cylinders. 

Finally, this research has a great scientific significance because it 
examines for the first time a phenomenon, the short contact time (mil-
liseconds) plastic/metal adhesion, that is currently unknown to the 
scientific community and that could arouse an interest in many other 
research and industrial fields. 
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Nomenclature 

IV Intrinsic viscosity 
PET Poly(ethylene terephthalate) 
PID Proportional–integral–derivative 
RH Relative humidity 

Table 5 
Physical properties of the EN AW-6082-T6 aluminum alloy, AISI 316 stainless 
steel and molten PET[63–65].   

Aluminum alloy 
EN AW-6082-T6 

Stainless 
steel AISI 
316 

PET 
(molten 
state) 

Elastic modulus (GPa) 70 186 – 
Thermal conductivity [W/ 

(m K)] at 23 ◦C (metals) or 
at 275 ◦C (PET) 

170–220 16.3 0.23 

Density [kg/m3] 2700 8060 1200 
Coefficient of thermal 

expansion [1/(106 K)] at 
23 ◦C 

23.4 16–18 – 

Specific heat [J/(kg K)] 896 502 1950 
Thermal effusivity [J/(√s 

m2 K)]a 
21720 8121 734 

Thermal diffusivity [10¡6 

m2/s]a 
81 4 0.098  

a An average value was chosen as EN AW-6082-T6 thermal conductivity. 
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SBM Stretch blow molding 
SACMI Società Anonima Cooperativa Meccanici Imola 
SFE Surface free energy 
Tg Glass transition temperature 
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