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Abstract

The oxygen transmission rate (OTR) is a key parameter when selecting a sheet

to make a thermoformed tray, as it influences the shelf life of packaged food.

The OTR of a thermoformed tray depends on the distribution of the material's

thickness over its walls. The goal of this study is to model the evolution of oxy-

gen in the headspace of a thermoformed plastic tray considering the thickness

distribution of its walls. PET/PE films with different thicknesses and a

PET/PE/EVOH/PE structure with EVOH acting as a barrier layer were used

for the thermoformed trays. The thickness of the thermoformed trays was mea-

sured at different points to determine the average thickness of the tray subsec-

tions. A model was built to predict the variation in the oxygen content inside

the headspace over time. The results of the model were correlated with experi-

mental data by regression analysis. The model can be used to perform a

straightforward comparison of both different structures as well as the effect of

the thickness of the layers that constitute the multilayer sheet. The model can

also support decisions about the best multilayer for a particular tray design so

as to achieve a specific product shelf-life.
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1 | INTRODUCTION

Plastic thermoforming and plastic injection are both com-
monly used to manufacture packaging trays, although
thermoforming is more widespread for economic reasons.
In addition, thermoforming allows multilayer sheets to
be used, which provides a barrier to gases so as to achieve
the required product shelf-life in the case of using a mod-
ified atmosphere.[1]

Multilayer sheets are composed of different materials
with different functions, namely sealing, structure

(mechanical behavior against loads), and barrier. The
final features of a thermoformed tray, such as the gas
transmission rate or mechanical properties, depend on
the material used, the geometry of the tray, and its thick-
ness distribution.[2] During the thermoforming process,
the sheet is heated and stretched against a mold by apply-
ing vacuum and pressure, and consequently, the thick-
ness of the tray changes from one point to another; the
most stretched parts of the initial sheet, especially the
base corners, are those that are the least thick. The
stretching generates changes in the ordering of the
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polymer chains, mainly reorientation, restriction of chain
mobility, and recrystallization,[3,4] generating changes in
the above-mentioned features.[5] Hence, care must be
taken to ensure that, after thermoforming, the barrier
layer remains thick enough along the formed container
to preserve the gas barrier properties. This is the case of
multilayers, such as PP/EVOH/PP, A-PET/PE/EVOH/PE
or PA/EVOH/PA/PE.

The shelf-life of a packaged food depends, among
other features, on the oxygen permeating the package. In
many cases, the oxygen enters the packaging, accelerat-
ing oxidation reactions and microbiological growth,
although, in high concentrated oxygen atmospheres, such
as packaged raw beef, permeation takes place from the
inside to the outside. The oxygen transmission rate
(OTR) is the amount of oxygen transferred per unit of
time through a surface of packaging material.[6] The final
oxygen concentration in a package at a specific period
after filling and closing will depend, on the one hand, on
the initial oxygen content[7,8] and, on the other hand, on
the quantity of oxygen that flows throughout the walls of
the package. The changes in the oxygen concentration
can be calculated as the integration of the OTR through
the package surface during a specific time, the OTR being
a consequence of the permeability of the materials, the
thickness distribution after thermoforming, as well as it is
proportional to the driving force, originated by the differ-
ence of partial pressure or concentration of a permeant
inside and outside the package.[9] Exceptions to this occur
for other permeants that interact with the packaging mate-
rial, which is the case of organic permeants such as some
flavor and aroma compounds. The permeability of a pack-
aging material is a product of the diffusivity and solubility
coefficients, the latter determined by the polymer-permeant
interaction, free volume and temperature. For polymers
forming crystalline regions, such as PET, Zekriardehani
et al.[10] described a simple two-phase transport model
based on the impermeability of a crystal phase dispersed in
a permeable amorphous matrix.

Non-uniform wall thickness distribution is affected by
processing parameters, such as mold temperature, film or
sheet temperature, or processing time. These parameters
are closely related to the thermoforming window, that is,
the range of thermoforming temperatures of the polymers
used.[11,12] Furthermore, thermoforming optimization is
even more complicated when processing a multilayer struc-
ture with different polymers. OTR is often quoted as a speci-
fication in the technical sheet of the multilayer material.
However, the OTR of a thermoformed material cannot be
easily extrapolated from the OTR of the original sheet mate-
rial[13,14] and it must be estimated since it allows the evolu-
tion of oxygen content inside the package to be modeled in
order to determine the product shelf-life. Peterson et al.[14]

predicted the OTR of final thermoformed packages based

on the OTR of the unconverted sheet and the area of the
tray after thermoforming by measuring the thickness at dif-
ferent points and assessing whether the thickness measure-
ments are suitable for estimating the OTR. These authors
concluded that it is not possible to present an equation to
estimate the OTR that is suitable for any polymer
combination.[14]

The food industry is interested in estimating the
OTR of a package from the permeability data of the
unconverted sheet, instead of measuring the OTR of
the resulting package.[5,14] Hence, the goal of this
study is to model the evolution of oxygen in the head-
space of a thermoformed plastic tray considering the
thickness distribution of its walls. To this end, trays of
different multilayer materials have been thermo-
formed and the thickness distribution has been mea-
sured to estimate the OTR of each package and to
model the oxygen entry in the packages over time. In
this way, the evolution of the modeled oxygen content
has been compared with the experimental measure-
ments, and the correlation between the real entry of
oxygen into the package and the modeled has been
determined. In addition, the subsections of the tray
that contribute the most to the oxygen concentration
inside the tray have been identified.

2 | EXPERIMENTAL

2.1 | Sheets and film for the lid

Thermoformed trays were made with different commonly
used multilayer sheets, specifically, sheets of 450, 550,
600, and 650 μm A-PET/PE with 40 μm of PE (Klöckner
Pentaplast, Spain), and a sheet of 750 μm A-PET/PE/
EVOH/PE with approximately 20 μm EVOH and two
layers of 40 μm PE (Klöckner Pentaplast, Spain). For the
lid, an OPET/PE/EVOH/PE multilayer with 8 μm of EVOH
was selected due to its high oxygen barrier capacity. In this
way, the oxygen permeation in the closed containers was
mostly due to the most stretched subsections of the tray.

2.2 | Tray thermoforming

A Multivac R230 (Multivac, Germany) thermoforming
machine was used. The machine is equipped with: (a) two
heating plates; (b) one forming unit to make up the pre-
heated sheet inside the mold using vacuum and com-
pressed air; (c) one sealing unit that, before sealing,
removes the air inside the tray and allows a combination
of gases to be introduced to obtain a modified atmosphere.

For each sheet, process parameters were selected after
previously performing some tests to check that the
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material adapts to the surface of the mold, preventing
transparency changes that could happen if the sheet is
overheated, which could recrystallize the molecules.
It must be borne in mind that the heating of
semi-crystalline polymers, such as PET, is characterized
by the transformation of the state of the sheet from glassy
into rubbery. The temperature at which this transition
occurs is named the glass transition temperature (Tg),
and the temperature range for which the polymer is suffi-
ciently flexible to be stretched and formed is called the
forming window.[15]

A specific heating time is needed to heat the sheet
until it reaches an optimal thermoforming. Throughout
the heating time, the sheet lies between the two heating
plates but without touching them. The pressing time is
the time during which the heating plates are in contact
with the sheet, and the forming time is the time needed to
thermoform the sheet. During the forming time, the
machine presses on the sheet to fit into the mold and
then it applies pressure to form the tray. At the same
time, the machine extracts the air from the surface of the
mold (which has small holes to produce the suction of
the sheet). When the sheet is in contact with the cold
mold (which has a refrigerated system), its temperature
falls and when the plastic material is cold enough to keep
the shape of the mold, the tray is extracted from it. To
this end, a security time is established, which is the time
added to the forming time prior to extracting the tray
from the mold.

For the PET/PE sheets (450, 550, 600, and 650 μm),
the heating temperatures used in the thermoforming pro-
cess were 95�C, 100�C, 105�C, and 110�C, whereas for the
PET/PE/EVOH/PE sheet (750 μm) the heating tempera-
tures were 105�C, 110�C, 115�C, and 120�C. Table 1 shows
the time of the processing steps and the forming pressure
parameters. As expected, the thicker the sheet, the longer
the time needed to reach a uniform temperature through-
out the sheet. For each case study (combination of
material–thickness–temperature), 30 units were made,
with a total of 600 trays (5 sheets � 4 temperatures � 30
repetitions). Then, the air inside the trays was replaced by

nitrogen to reach a residual oxygen content close to
0.01 atm partial pressure and the lid was sealed.

2.3 | Thickness measurement

A handheld thickness gauge (Magna Mike 8500, Olym-
pus, Tokyo, Japan) was used to determine the thickness
distribution of the trays.

The tray design has four 3D corners, of which two are
sharp corners and the other two are rounded (Figure 1).
According to previous experiments, the thickness was mea-
sured at 20 points of each tray (Figure 2) as the average of
the 30 measurements corresponding to each manufactured
unit. The gauge utilizes a magnetic method to make reliable
and repeatable measurements on nonferrous materials.
Measurements were made by holding the probe on the
selected points of the external side of the trays and placing
a small steel target ball of diameter 1.59 mm inside of the
trays, with an accuracy of ±3%, and a resolution of
0.001 mm. A Hall-effect sensor placed in the probe mea-
sures the distance between the probe tip and the target ball.

2.4 | Measurement of oxygen content
evolution

The evolution of the oxygen content inside the tray was
measured with Fibox 3 (PreSens Precision Sensing
GmbH, Germany), a fiber-optic device for precise oxygen
concentration measurements. PSt3 oxygen sensors (detec-
tion limit 15 ppb, 0%–100% oxygen) were placed inside
the trays after thermoforming and before sealing. As tem-
perature influences the OTR of the trays, once sealed, the
trays were stored in a temperature-controlled chamber at
20�C. It must be noted that Fibox 3 trace is temperature
compensated; therefore, precise measurements can be
taken without being affected by potential changes in the

TABLE 1 Main thermoforming parameters applied to each

sheet

Sheet thickness (μm)

450 550 600 650 750

Heating time (s) 2.5 3 3.5 3.75 4.2

Pressing time (s) 0.02 0.02 0.02 0.02 0.5

Forming time (s) 3 3.5 3.5 3.5 3.5

Forming pressure (bar) 1.5 1.5 1.5 1.5 2

Security time (s) 1 1 1 1 0.5

FIGURE 1 Subsections considered in the thermoformed tray
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temperature. The oxygen content was measured for
150 days at 20�C, namely every 5 days during the first
30 days, and every 30 days during the following 120 days.

2.5 | Permeability

The permeability of each sheet has been obtained from
the technical fact sheets and contrasted against experi-
mental measurements by using Mocon Ox-Tran 2/21
(Minneapolis, MN, USA), at 23�C and 0% relative humid-
ity, according to the ASTM F1927 standard.[16]

2.6 | Estimation of thickness and
surface area

Eight subsections were defined to model the evolution of
the oxygen content inside the package (Figures 1 and 2).
Four of these subsections (s1 to s4) correspond to the lat-
eral strips, and were divided into four rectangles, each
one corresponding to a wall of the tray. Subsections s5 to
s8 are located at the bottom of the tray. The surface area
of the subsections was calculated with the Catia v5 soft-
ware for CAD/CAE.

The average thickness (di) of each subsection (si)
was calculated from the thickness measured at the

20 points of the trays. The average thickness of the
respective vertices has been considered for the pur-
poses of calculating the average thickness of the rect-
angles of the lateral strips. In the event that the
thickness of a vertex was not measured, it was extrapo-
lated from the thickness of the adjacent points in the
same section. The average thickness of each subsec-
tion, s1 to s4 and s6, was calculated as the weighted
average of the four rectangles into which the sub-
section is divided, considering the surface area of each
rectangle for ponderation purposes. The thickness of s5
corresponds to that of P15, whereas for s7 the average
thickness of points P3 and P14 was calculated. As to s8,
the average thickness of P1 and P2 corresponds to that
of the central part of the subsection and the average of
P14, P3, and P15 has been taken for the sides. Then,
the thickness of s8 has been calculated as the weighted
average of the thickness of the central part and the
sides.

2.7 | Modeling oxygen permeation
through the tray walls

For each time interval, the model integrates the OTR of
each subsection of the tray, including the lid, and pre-
dicts the oxygen concentration in the headspace of the

FIGURE 2 Subsections (s1 to s8),

cross sections (CS), and points of the

thermoformed tray where the thickness

was measured
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tray after a specific time. For this purpose, it was consid-
ered that the oxygen transmission rate of the tray
(OTRtray) is made up of the contribution of each layer
m comprising the subsection (OTRi). In turn, OTRi is pro-
portional to the area of the subsection (A(si)) and
inversely related to the average thickness of the layer of
the subsection (di), as given by Equation (1)[5]:

OTRtray ¼
X8

i¼1

OTRi ¼
XA sið Þ �d0

di
�OTR0, ð1Þ

where OTR0 and d0 are the OTR and the thickness of the
unconverted sheet; di is the thickness of each subsection
of the tray after thermoforming; and OTRi is the OTR of
each subsection.

In addition, the permeability of a gas through a pack-
aging material can be expressed as[17]:

P¼ Q �d
A � t �ΔP , ð2Þ

where P is the permeability coefficient (cm3 O2�μm/
m2�day�atm); Q (cm3) is the amount of permeant diffus-
ing through a polymer of surface area A (m2) over a
period of time t (day); d (μm) is the wall thickness; and
ΔP is the change in the partial pressure of the permeate
across the film or sheet (atm).

From Equation (2) and taking into account that the
transfer of molecules through the multilayer walls of the
tray occurs by a sorption–diffusion–desorption mechanism,
driven by the difference in partial pressure across the mate-
rial, OTRi can be calculated for each subsection as:

OTRi ¼ dnt
dt

¼ P � next�ntð ÞA sið Þ �R �T
di �V , ð3Þ

where nt is the molar concentration of O2 inside the tray
(moles of O2/cm

3) at time t (day); next is the molar con-
centration of O2 in the environment surrounding the
tray; P is the permeability coefficient of the tray walls
(cm3 O2�μm/m2�day�atm); R is the gas constant (8.314 J/
mol�K or 0.082 atm�L/mol�K); T is the temperature of the
environment surrounding the tray (�K); and V is the
headspace volume inside the tray (cm3). As the tray is
made of a multilayer structure with m layers, P/di may
be calculated by using Equation (4)[17–19]:

P=di ¼ 1
di1
P1
þ di2

P2
þ…þ dim

Pm

, ð4Þ

where di is the average thickness of the tray sub-
section after thermoforming; dim is the thickness of each

layer m in this subsection; and Pm is the corresponding
permeability of the layer m.

For the calculations, the total storage time was
divided into 50 intervals, which were used to calculate nt
and to plot the evolution of the oxygen content over time.

From the average thickness of each subsection (di),
the theoretical thickness of each layer m (m corresponds
to A-PET, PE, or EVOH, depending on the multilayer
sheet) after thermoforming (dim) was calculated by
assuming that all the layers are reduced proportionally to
the total thickness of the subsection.[5] Hence, the pro-
portion di/d0 is kept for all the layers, and dim = dm � di/
d0; and it is thus possible to estimate the final thickness
of each layer after thermoforming from the total thick-
ness before and after thermoforming.

Additionally, the temperature effect on the permeabil-
ity of each layer material Pm was determined by applying
the Arrhenius equation[19]:

Pm ¼ Pm_ref � exp Ep

R
1

Tref
� 1
T

� �� �
, ð5Þ

where Pm is the permeability of the polymer material at a
specific temperature T (293 K in this study); Pm_ref

(cm3�μm/m2�day�atm) is the reference permeability coef-
ficient measured at Tref (296 K); and Ep (kJ/mol) the acti-
vation energy of the permeability process. The values of
Ep for the materials of each layer are shown in Table 2.

3 | RESULTS AND DISCUSSION

3.1 | Analysis of thickness distribution

The box-plots in Figure 3 show the thickness distribution
for each thermoformed tray under the specified condi-
tions as a result of 30 measurements at each point. In
angle corner, taking into account that the thickness of
each point is related to the material stretching during
thermoforming, it can be observed that points P15, P16,
and P17 are critical, achieving a thickness reduction of
almost 90% with respect to the original thickness of the
coextruded sheet. On the other hand, points P8, P13, and
P20, which are close to the rim of the tray, present the
maximum thickness. It can also be observed that the

TABLE 2 Activation energy for oxygen permeation of the

packaging materials used in the study[17]

Packaging materials Ep (kJ/mol)

LDPE 42.700

EVOH 32 65.23

A-PET 37.70

ENGUIX ET AL. 3603
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thickness distribution is the narrowest in subsections
5 and 6 because they comprise the bottom edges of the
tray where the material undergoes the greatest stretching.
Peterson et al.[14] showed similar results; that is, a
decrease in wall thickness in proportion to the distance
down the mold. The rim almost preserves the original
thickness of the sheet; however, it must be kept in mind
that, as a general practice of film or sheet producers, the
original thickness is usually greater than the nominal.
For instance, a sheet with a nominal thickness of 450 μm
can have a real thickness of between 450 and 475 μm.

Comparing the behavior of the two types of 3D cor-
ners, that is, the rounded corners corresponding to cross-
section CS-2 (points P9, P10, P11, P12, P13) and the sharp
corners corresponding to cross-section CS-3 (points P14,
P15, P16, P17, P18, P19, P20), can provide useful insights.
It can be observed that points 16 and 17 of the sharp cor-
ner underwent a greater thickness reduction than points
P9 and P10, which are at the same depth of thermoform-
ing but correspond to the round corner. This is due to the
fact that, with the same quantity of material, sharp cor-
ners have a greater surface area, and the material is
stretched to adapt to this wider surface.

The variability of the thickness is more relevant at
points P7, P12, and P19 (Figure 3). These points corre-
spond to subsections s1 and s2, located in the upper part
of the walls of the tray, in the transition between the rim
toward the bottom of the tray. During the thermoforming
process, the thickness of a point is influenced by the con-
tact time between the material and the cold walls of the
mold. For instance, point P19 exhibits the greatest vari-
ability in most of the trays, because it is placed in the
sharp corner close to the rim, and this leads to more vari-
ability because of the longer contact time between the

mold and the material. It can also be observed that point
P2, corresponding to CS-1 in s8, at the bottom of the tray,
is thicker when thermoforming at lower temperatures.
This could be explained by the fact that at lower thermo-
forming temperatures, a milder stretching effect is pro-
duced on the bottom of the tray; in addition, the
stretching effect is more marked on the walls than on the
bottom. It must be taken into account that the measure-
ments depend on the perpendicularity between the probe
and the surface of the tray. Thus, at those points of the
wall with an angle over the vertical (points P7, P12, and
P19) the operator can introduce an error in the measure-
ment if the probe is not vertical.

It must be highlighted that for each A-PET/PE mate-
rial, the effect of the thermoforming temperature on thick-
ness is negligible, as observed in Figure 3 for the tray with
an initial thickness of 450 μm. Figure 4 shows the average
thickness of each subsection for the same tray. The thick-
ness distribution trend is the same for all the trays irrespec-
tive of the sheet thickness and the forming temperature. It
can also be observed in Table 3 that, in subsection s5, the
thickness is almost the same for all the trays except for
those of 600 μm and 650 μm, while in the remaining sub-
sections, differences are detected in proportion to the initial
thickness of the sheet.

3.2 | Oxygen permeation inside the tray:
data and modeling

3.2.1 | Measured oxygen concentration

The evolution of the measured oxygen concentration ver-
sus time for the structure of 450 μm thermoformed at the

FIGURE 3 Average final thickness

distribution of the PET/PE trays with an

initial thickness of 450 μm
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predefined temperatures is shown in Figure 5, whereas
the measured concentration corresponding to the average
of the four thermoforming temperatures for each sheet
is shown in Figure 6. The oxygen content inside the
tray depends both on the residual oxygen after closing
the lid and on the composition and initial thickness of
the barrier layers, irrespective of the thermoforming
temperature, since the temperature has been shown to
have a mild influence on thickness distribution. Con-
trary to what was expected, no clear trend is observed
between the initial thickness of the A-PET/PE sheets
(450, 550, 600, 650 μm) and the oxygen permeation
through the package walls, which disagrees with
Kvalvag et al.[6] As for the A-PET/PE/EVOH/PE struc-
ture (750 μm), the EVOH increases the oxygen barrier
of the tray, presenting substantial differences in the
oxygen concentration against the A-PET/PE structures.
These results are in accordance with the permeability
data found in Buntinx et al.[5]

3.2.2 | Oxygen concentration modeling

When comparing the measured and calculated O2 con-
centrations for A-PET/PE polymer combinations, the
measured values are higher than the calculated ones (Fig-
ures 5 and 7). In the case of the structure with EVOH (A-
PET/PE/EVOH/PE), the calculated and measured values
are very similar (Figure 7). Pettersen et al.[14], who com-
pared the measured and calculated OTR of thermo-
formed A-PET/PE and a polymer combination
containing EVOH (PS/EVOH/PE), obtained similar
results. However, other studies, such as that by Buntinx
et al.[5] found that the measured OTR values of thermo-
formed A-PET/PE trays are a good approximation to the

FIGURE 4 Average final thickness of each tray

subsection after thermoforming for PET/PE trays with an initial

thickness of 450 μm
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calculated, except for the packages with the highest draw-
ing depth, where the measured values are also higher
than the calculated, these differences being greater for
the thickest sheet. Those authors emphasized that oxygen
permeates the amorphous sections of the material more
easily than the crystallized. Thus, the lower the crystallin-
ity degree of the polymer, the greater the permeability.[5]

In fact, Lu and Hay[3] reported that orientation decreased
as the temperature rose in the range between 75�C and
85�C, due to the relaxation of molecular chain segments.
Based on this, Pettersen et al.[14] point out that other fac-
tors besides the area and thickness are influencing the
OTR values, which are the two parameters taken into
account to calculate the oxygen permeation in the pre-
sent study. Hence, the high O2 concentration measured
in this study can be due to the fact that other process
parameters, such as the thermoforming temperature or
the drawing depth, were not optimally chosen for the A-
PET/PE polymer combinations.

The assumption made in Equation (1) that OTRi is
proportional to the area of the subsection (A(si)) and

inversely related to the average thickness of the layer of
the subsection (di) does not consider that during the ther-
moforming process, molecular changes can occur that
significantly alter the permeability of the material. That
is, depending on the heating process, the temperature
distribution in the sheet, the stretching of each sub-
section of the tray, and the cooling process in the thermo-
forming mold, the permeability of the material could be
different. The thermoforming process will thus affect the
final properties of the packaging structure based on the
material's intrinsic and inner features, such as chemical
structure, crystallinity, glass transition temperature, and
free volume.[20–23]

The calculated and measured O2 concentration values
have been plotted in Figure 7, while Table 4 gathers the
regression results for each fit, including the lower and
upper limits of the 95%-confidence interval both for the
intercept and the slope as well as for the coefficient of
determination. The measured and calculated values do
not agree except for the 750 μm samples, which corre-
spond to the structure with EVOH. However, for the rest
of the thicknesses, a good linear correlation between the
calculated and measured values, with R2 coefficients of
over 0.92, except for the 600 μm A-PET/PE trays.

For the A-PET/PE trays, the slope is always higher
than 1 because the measured O2 concentration values
are higher than the calculated, as commented on above.
In addition, as the A-PET/PE trays thicken, the slope of
the line increases. This could be attributed to the relaxa-
tion effect of the molecular chains that try to recover the
most energetically favorable state.[24] This relaxation is
more marked for the greatest thickness. In fact, for these
thicker sheets, when the heating time lengthens, the
thermal inertia increases, favoring losses in molecule
orientation, which in turn, could increase the crystallin-
ity. Hence, the final permeability properties will depend
on the contribution of both relaxation effect and crystal-
linity increase. Liu et al.[25] stated that the amorphous
phase of PET dedensifies during crystallization, thereby
increasing the permeability of the amorphous phase and
reducing to some extent the other effects of orientation

FIGURE 5 Evolution of the

measured and calculated oxygen

concentration versus time for the

structure of 450 μm at each

thermoforming temperature

FIGURE 6 Measured oxygen concentration in the package

headspace versus time for the thermoformed packages with

different thicknesses. Each line represents the average

concentration for all the thermoforming temperatures used for each

thickness
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and crystallization. Amorphous phase dedensification is
responsible for increased oxygen permeability despite
the growth of impermeable crystals.[25] Hiltner et al.[26]

came to the same conclusion, stating that the unex-
pected high gas permeability of crystalline PET is
explained by the dedensification of the amorphous
phase.

The regression analysis for the trays of 750 μm with
an EVOH barrier (Figure 7) shows a good regression
coefficient and a slope of nearly 1, since the predicted
and observed values are very similar. This could mean
that in sheets with EVOH, the thermoforming process
does not seem to change the molecular orientation and
crystallinity or that the changes do not affect the final
permeability properties of the material. The barrier prop-
erties of EVOH are attributed to the inherent high degree
of crystallinity and also to the size and distribution of the
crystals. EVOH has a high crystallization rate as opposed
to other thermoplastic polymers. Nevertheless, during
thermoforming, the stretching of the polymer improves
the orientation of the polymer chain originating lower
oxygen permeability which compensates for the thickness
reduction.[20] EVOH polymers can crystallize as the size
of the hydroxyl groups is small relative to the space avail-
able in the crystal structure.[27] The changes in the crys-
tallization of EVOH caused by the thermoforming
process will depend on the strain rate, being lower when
the strain is higher.[21]

The slope of the regression equations can be used to
correct the simulated OTR for the A-PET/PE trays. In
this way, the subsections contributing the most to the
OTR of the tray can be detected. The contribution of one
subsection to the OTR depends on the combined effects
of both the surface area and the thickness. Thus, as can
be observed in Figure 8, s8 and s6 are the subsections with
the greatest contribution to OTR; s8 because it is the sub-
section with the greatest surface area and s6 due to its
low thickness values (Table 3).

Different headspace volumes can be tested so as to
estimate the influence of the headspace on the final oxy-
gen concentration. A comparative test has been carried
out with an empty tray of PET/PE/EVOH/PE 750 μm of
1800 cm3 volume (Figure 8) and considering a food prod-
uct that almost fills all the volume of the package, reduc-
ing the headspace to 10 cm3 (Figure 9). As can be
observed in Figure 9, this low headspace volume causes
the rapid increase of the oxygen concentration inside the
package.

The model also enables the evaluation of the potential
deformation of the package by depressing or swelling
effect, which is very important when it is necessary to
guarantee both the integrity of the packages and a good
presentation for consumers. With this aim, the model
evaluates the global pressure inside the tray, adding all
the partial pressures of the gases in the headspace
(e.g., CO2, N2, and O2). In Figure 10, it can be observed
that for a tray with an initial 100% N2 concentration, oxy-
gen enters the package faster than nitrogen exits it, as
oxygen presents a greater permeability than nitrogen.
Consequently, over-pressure would happen at the

FIGURE 7 Calculated versus measured oxygen concentration

in the package headspace for the different sheets at all the

thermoforming temperatures
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beginning of the storage time, which would be asymptoti-
cally reduced over time.

It is common practice in the industry to use an esti-
mated average thickness of a tray based on the initial
thickness of the sheet in order to estimate the OTR of the
thermoformed tray. The average thickness of a thermo-
formed tray is estimated considering that the volume of
the sheet does not change after the thermoforming pro-
cess and that the initial area of the sheet changes from
42,500 mm2 to 85,600 mm2 for the thermoformed tray.
For instance, for a PET/PE tray with a thickness of

450 μm thermoformed at 110�C, an average thickness of
223.42 μm has been calculated. When comparing the oxy-
gen concentration of trays simulated considering the
measured thickness with that simulated using an average
thickness, the oxygen concentration values are higher in
the former. For instance, on day 200, the oxygen concen-
tration reaches 4.93% with the measured thickness, 10%
higher than the oxygen concentration estimated when
considering the average thickness of the tray, which
reaches 4.47%, which confirms the results of Kvalvag
et al.[6]

TABLE 4 Regression results using measured OTR as the criterion

Thickness
(μm) Predictor b

b 95% CI
[LL, UL] beta

beta 95%
CI [LL, UL] sr2

sr2 95% CI
[LL, UL] r Fit

450 (Intercept) �0.61** [�0.79, �0.43] R2 = 0.981**

450 Calculated 1.76** [1.68, 1.83] .99 [.95, 1.03] 0.98 [0.97, 0.99] 0.99** 95% CI [0.97, 0.99]

550 (Intercept) �0.64** [�0.79, �0.49] R2 = 0.978**

550 Calculated 1.84** [1.76, 1.93] .99 [.95, 1.03] 0.98 [0.96, 0.98] 0.99** 95% CI [0.96, 0.98]

600 (Intercept) �1.06** [�1.71, �0.41] R2 = 0.788**

600 Calculated 2.15** [1.82, 2.48] .89 [.75, 1.02] 0.79 [0.66, 0.85] 0.89** 95% CI [0.66, 0.85]

650 (Intercept) �1.33** [�1.62, �1.05] R2 = 0.953**

650 Calculated 2.59** [2.42, 2.76] .98 [.91, 1.04] 0.95 [0.92, 0.97] 0.98** 95% CI [0.92, 0.97]

750 (Intercept) 0.11* [0.01, 0.22] R2 = 0.925**

750 Calculated 0.92** [0.84, 1.00] .96 [.88, 1.05] 0.93 [0.87, 0.95] 0.96** 95% CI [0.87, 0.95]

Note: A significant b-weight indicates that the beta-weight and semi-partial correlation are also significant. b represents unstandardized regression weights.
Beta indicates the standardized regression weights. sr2 represents the semi-partial correlation squared. r represents the zero-order correlation. LL and UL
indicate the lower and upper limits of a confidence interval, respectively.* indicates p < .05. ** indicates p < .01.
Abbreviation: OTR, oxygen transmission rate.

FIGURE 8 Contribution of each subsection to the calculated

oxygen concentration in the package headspace versus storage time

for PET/PE 450 μm and PET/PE/EVOH/PE 750 μm thermoformed

at 110�C (headspace 1800 cm3)

FIGURE 9 Contribution of each subsection to the oxygen

concentration to the calculated oxygen concentration in the

package headspace versus storage time for PET/PE/EVOH/PE

750 μm thermoformed at 110�C (headspace 10 cm3)
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4 | CONCLUSIONS

The characteristics of a thermoformed packaging depend
on variables, such as the initial sheet thickness, the depth
and design of the mold, and the thermoforming parame-
ters (temperature, heating time, pressing time, forming
time, and pressure). In this study, the effect of the initial
thickness and thermoforming temperature on the final
thickness and OTR of the thermoformed trays' for two
packaging materials (A-PET/PE and A-PET/PE/EVOH/
PE) were studied. It has been observed that the range of
the thermoforming temperatures does not affect the
thickness distribution of the thermoformed trays, and
nor, therefore, the OTR. 3D corners at the bottom of the
tray undergo the greatest thickness reduction, decreasing
by around 90%. The OTR of each tray has been measured
experimentally and also estimated by considering the sur-
face area and the average thickness of the different sub-
sections of the thermoformed tray, which determine their
contribution to the global OTR. However, the subsections
affected by the thickness of these critical points have a
small surface area, exhibiting a mild influence on the
global OTR.

For A-PET/PE trays, the measured OTR is higher
than that estimated with the model, while a good estima-
tion was observed for the A-PET/PE/EVOH/PE trays.
This means that other factors besides the area and thick-
ness are influencing the OTR values of the A-PET/PE
trays, these factors are more evident for the highest thick-
ness values. From the reviewed literature, this can be
attributed to changes in the polymer, such as the relaxa-
tion effect of the molecular chains of A-PET/PE, which
affects the molecular orientation caused by the tempera-
tures used in the thermoforming process, and also to the

dedensification of the amorphous phase during the crys-
tallization. In the case of the structure with EVOH poly-
mer, the permeability of the material seems to remain
unchanged, which according to the literature can be
attributed to the orientation of the polymer chains during
thermoforming. Thus, for the purposes of making an
accurate estimation of OTR and depending on the poly-
mer combination, studies are needed that evaluate the
permeability changes brought about by the thermoform-
ing process in order to correct the OTR estimation. In this
way, the OTR model can be improved and can assist the
selection of the sheet and the lid with compensated bar-
rier properties to guarantee the shelf life of a packaged
product. However, it should not be forgotten that design-
ing proper packaging implies not only the selection of the
material and the thickness of the sheets, but also other
considerations beyond the scope of this article, such as
mechanical properties and eco-design principles.
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