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Introduction

Polymers have become indispensable in many areas of
our lives including the packaging industry, offering ver-
satile solutions such as films, sheets, bottles and foam
containers. Their light weight, durability, and adapt-
ability make them ideal for transporting, protecting and
preserving products across various sectors. One such
application is the use of bi-modal high-density poly-
ethylene (PE-HD) in detergent bottles, as its unique
molecular structure provides an excellent balance of
strength, durability, and environmental stress crack resis-
tance, ensuring reliable performance during storage and
handling. Currently, most industries are facing increas-
ingly stringent restrictions on recycling quotas and CO,
emission targets. In the European Union, the so-called
“Green Deal” sets a target that 55% of all plastic pack-
aging waste should be recycled by 2030 [1]. Polymer
product engineers are therefore facing the challenge
of manufacturing with the required portion of recy-
clates while still fulfilling the quality standards of their
customers.

Among the polymers most commonly used as post-con-
sumer recycled (PCR) polymers are thermoplastics such
as polyethylene (PE), polypropylene (PP) or polyethylene
terephthalate (PET) [2]. Thermoplastics allow for easy
recycling by remelting the material and repeatedly pro-
cessing it into the desired final shape. However, the use
of PCR polymers does not come without any disadvan-
tage. During processing (e.g., injection molding), materi-
als such as PE exhibit two distinct degradation processes
[3]: Chain scission and crosslinking due to recombination
of polymer chain parts. Furthermore, a thermo-oxidative
degradation can occur.

Importantly, the effect of these degradation mechanisms
may not affect the relevant mechanical properties in the
same way. Depending on which of these reactions domi-
nates during reprocessing, the changes in mechanical
properties will be different for each specific situation. For
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example, an increase in Young's modulus or a decrease
in elongation at break is observed when crosslinking
reactions dominate. Likewise, a scission reaction may
produce the opposite outcome. Therefore, the individual
properties must be studied separately, depending on the
application of the final product [3].

In the following, the creep behavior of a bi-modal PE-HD
polymer typically used in detergent bottles was investi-
gated using the DMA 303 Eplexor®.

A static stress of 1 MPa was chosen for these experi-
ments. This simulates a real-life scenario where your
plastic product is placed under the weight of your other
purchases and left in a hot car on a summer day. Tem-
peratures of 50°C and above are not uncommon when
your car is left in the hot summer sun for extended peri-
ods of time.

The difference between each of the three PE-HD samples
is the number of extrusion cycles the material has under-
gone. Here, PE-HD polymers that have been extruded
once (x1), three times (x3) and seven times (x7) are
compared.

Creep

Creep is the permanent, time-dependent deformation at
elevated homologous temperatures, which is the tem-
perature, T, normalized on the melting point, T _, of the
material,

T

Thom =

Tm
caused by a constant applied stress below the elastic
limit. Because semicrystalline polymers have rather low
melting points, their homologous temperature in service,
even at room temperature, is relatively high compared
to other material classes such as metals or ceramics. This
fact requires designers of polymer products to be aware
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of this deformation mode, as it can lead to undesirable
consequences if the creep behavior of the material is not
well understood. An illustrative example is shown in fig-
ure 1, which displays the bottom of a PET plastic bottle.
Here, the polymer deformed under the increasing pres-
sure of the air trapped inside the bottle due to the ele-
vated temperatures that occur in a car in summer. Both
factors resulted in permanent deformation of the reus-
able plastic bottle, rendering it unusable for its intended
reuse.

During creep, materials undergo three distinct stages,
referred to as primary, secondary or steady-state and ter-
tiary creep.

When stress is applied, the material will immediately
deform elastically according to the Young’s modulus of
the material. As time increases, the strain rate decreases
until it reaches the second stage, where the strain rate
remains constant. Once a threshold strain is reached,
the material tends to start necking. This causes a local
increase in stress that further accelerates the strain rate
until the material fails [4].

Tensile creep measurements, such as those performed
here, are covered by the ASTM D2990 and ISO 899-1
standards.

The creep experiments were performed according to the
Stepped Isothermal Method presented in [5], where the
load is kept constant and the temperature is increased
stepwise. This method is important for the accelerated
testing of the long-term creep behavior of polymer
samples.

Experimental
The Material

The PE-HD samples used for these creep experiments
exhibit a bi-modal molecular structure. The bi-modal
molecular structure of PE-HD is particularly relevant for
detergent bottles due to its ability to provide an opti-
mal balance of high strength, toughness, and environ-
mental stress crack resistance. This structure consists of
a combination of short-chain and long-chain molecules,
enhancing the material’s rigidity and impact resistance
while maintaining flexibility. These properties make bi-
modal PE-HD ideal for packaging aggressive chemicals
and heavy liquids, such as detergents, that require dura-
ble and leak-proof containers.

The polymer samples were manufactured by twin screw
extrusion as the initial step, followed by a drawing
process resulting in sheets with a thickness of about
0.75 mm. From these, dog-bone-shaped samples were
cut out along the machine direction, i.e., along the extru-
sion direction of the sheets. The thickness and width
of the reduced section of the samples were approx.
0.75 mm and 4 mm, respectively. The length of the sam-
ples was controlled by the clamping length of the ten-
sion sample holder and was set to approx. 20 mm for all
experiments.

1 Image of a reusable plastic bottle left for too long in a hot car in summer.
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DMA Measurements DSC Measurements

The definition of the measurements was performed in  Before the measurement series, a correction measure-

the NETZSCH Proteus® DMA software. All parametersare  ment was performed with empty crucibles to sub-

summarized in table 1. tract from the sample measurements the heat-flow
contribution and baseline effects stemming from the
crucibles. The temperature and heat flow sensitivity
calibration were performed with adamantane (C, H,,),
water, indium, bismuth and tin. All necessary parame-
ters used for this experiment series are summarized in
table 2.
Measurement Results

Table 1 Oyerview of the measurement parameters used for the DMA creep experiments

Parameter Value

Instrument DMA 303 Eplexor®
Measurement mode Tension

Sample dimensions ~0.75 mm x =3.9 mm x 20 mm
Atmosphere Static air

Creep Measurement

Temperature Isothermal at 25 ... 120°C (5°C steps, each step for 1 h)
Conctact stress 1 MPa

Statical load type Stress

Target value 1 MPa (100 % limit)

Table2  (yerview of the measurement parameters used for the DSC experiments

Parameter Value

Instrument DSC 214 Polyma

Sample mass ~10...12 mg

Crucible Al Concavus®, 30 ul (pierce, cold welded)
Temperature interval -160°C ... 190°C

N, 40 ml/min (purge 2)

Atmosphere N, 40 ml/min (protective)
Cooling device CC200 LN, cooling
Heating rate 10 K/min
Cooling rate 10 K/min
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DMA Creep Experiments

The results of the creep experiments for all three PE-HD
polymers extruded for different numbers of cycles are
summarized in figure 2. The black, red, and blue curves
represent the data for the samples extruded one, three
and seven times, respectively. The solid curves show the
elongation of the sample as static strain; the correspond-
ing temperatures are displayed as dash-dotted curves.

Ingeneral, it can be observed that the strain rate increases
with increasing temperature for all investigated poly-
mers. In particular near the onset of the melting point,
the strain rate increases significantly.

Far below the melting point of PE-HD, which is around
125°Cto 135°C[7], there is a clear relationship between
the creep resistance and the number of extrusion
cycles. The more cycles the material has been through,
the higher its creep resistance. At high temperatures,

close to the melting point of PE-HD, the strain rate for
U0 x7 (blue curves) accelerates more with increasing
temperature compared to UO (black curves) and UO x3
(red curves)

At the end of the isothermal step at 85°C (48000
s), the UO sample shows a total strain of 4.01%, the
U0 x3 one of 3.70%, and the U0 x7 one of only 3.40%.
At the end of the creep measurement at 120°C, the total
strain is nearly identical for the U0 x7 and U0 samples,
with a total strain of 9.68% and 9.66%, respectively. The
U0 x3 sample shows the best creep performance over
the entire time/temperature program with a total strain
of 9.28%. It should be noted that the thermal expansion
plays a role in these stepwise temperature protocols as
well. Thus, this factor needs to be taken into consider-
ation when comparing the total strains for each of the
samples at a given temperature.

Stress stat. /MPa
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DMA 303 Eplexor 20
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2 Static strain (solid curves), temperature (dash-dotted curves) and static stress (dashed curves) as a function of time. The black, red and
blue curves represent the data for the sample extruded one (U0Q), three (U0 x3) and seven times (U0 x7).
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DSC Experiments

The results of the DSC measurements are shown in fig-
ure 3. All three samples display similar melting behavior.
The average peak temperature of the melting event is at
137.4°C+0.3°C.However, thereare minordifferencesthat
can be observed in the melting enthalpy and the shape
of the melting event. As the amount of extrusion cycles
increases, the total melting enthalpy drops from 204.5J/g
to 196.5 J/g. These values are in good agreement with
the values of semicrystalline PE-HD [7]. Correspondingly,
a lower crystalline fraction has been determined; it drops
from 69.78% to 67.07%. The most striking difference is
the shape of the melting event. All three samples show a
convolution of two different distinct melting events. This
manifests as a shoulder on the left side of the melting
peak. With increasing extrusion cycles, the left shoulder
appears to become more pronounced as the low molec-
ular weight fraction increases.

Discussion

Two mechanisms are discussed in literature that can lead
to a change in mechanical properties for scissoring and
crosslinking reactions. Regarding creep, polymers with a
higher degree of crosslinking usually exhibit better creep

DSC /(mW/mg)
[4.2]

DSC 214 Polyma

Arena® furnace

Corona® sensor

Al Concavus® crucibles 30 pL (pierced and cold welded)
LN2 cooling (CC200)

Heating rate: 10 K/min

EZE
.

resistance [3]. The results obtained here suggest that
the improved creep resistance stems from crosslinking
that is the dominant mechanism during repeated extru-
sion cycles. However, the sample extruded seven times,
demonstrating optimal performance in the creep tests,
showing lower creep resistance above 100-105°C com-
pared to the other two samples. This might be related to
the crystalline fraction within the samples. A lower melt-
ing point raises the homologous temperature.

In this regard, the DSC measurements reveal no change
in the melting temperature of any of the samples. How-
ever, distinct minor changes such as the lower melting
enthalpy of UO x7 and U0 x3 as well as the change in
the shape of the melting event might account for the
observed change in the creep behavior of the sample.
The two overlapping endothermic melting events indi-
cate a bimodal size distribution of the crystallites present
in the polymers.

Above the glass transition, but below the melting point
of the polymers, the volume fraction of the amorphous
microstructure determines the creep behavior. Based
on the DMA creep results, it is possible that the poly-
mer chains within the amorphous volume increasingly
become more crosslinked with higher extrusion cycles.

Peak: 137.2°C
Peak: 137.2°C
Peak: 137.7 °C

Complex Peak(ISO):
Area: 204.5 J/ig
Complex Peak(ISO):
Area: 197.2 J/ig
Complex Peak(ISO):
Area: 196.5 J/g

U0 x3 o
1 - \
U0 x7 _ + t
O 4
14 | exo
-100 -50 0 50 100 150

Temperature /°C

3 Heat-flow curve of the three PE-HD samples as indicated. Only the first heating runs are shown. The curves have been shifted vertically

along the DSC axis for better clarity.
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With increasing temperature, the volume fraction of the
crystallites plays an increasingly important role in terms
of the creep behavior. The DSC results suggest a lower
volume fraction of crystallites present for the U0 x3 and
U0 x7 samples. However, this depends on the size dis-
tribution of crystallites for each sample. Smaller crystal-
lites tend to melt earlier than larger crystallites. Based on
the melting events observed, the fraction of the lower-
melting crystallites present in the samples increases with
a higher number of extrusion cycles. Thus, at higher
homologous temperatures, the low-melting crystallites
have a growing influence on the creep behavior.

But an exact interpretation must be treated with cau-
tion, as it is difficult to draw certain conclusions without
knowledge about the microstructure and the additives
used within the polymer.

Conclusion

Most common thermoplastic polymers have a low melt-
ing point. This makes them susceptible to creep effects
at ambient and elevated temperatures. When elevated
temperatures occur, such as those in cars on hot summer
days, one must be careful not to expose these products
to such high temperatures for extended periods of time.
Static forces from heavy weights (e.g., other consumer
products) placed on the plastic products, combined with
elevated temperatures, can cause creep in a short period
of time. In the worst case, plastic bottles or other plastic
products may lose their primary use function due to per-
manent deformation. It should be noted that creep also
occurs at lower temperatures, but on a longer time scale.
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