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Abstract :

High density polyethylene films (200 um) with an initial bimodal chain length distribution were aged in
ovens at 60°C, 70°C, and 80°C. Oxidation effects were characterized at the macromolecular scale to
measure the chain length distribution, the amount of crystalline phase, the type of crystallites, and the
thickness of the amorphous layer. Additionally, mechanical properties were measured using tensile tests.
Regardless of the aging temperature, the same behavior was observed: bimodal chain length distribution
became unimodal, the crystallinity ratio increased, the amorphous layer thickness decreased, and the
polyethylene became brittle. The embrittlement of the polymer is discussed, and two criteria are proposed:
a critical molar mass and a critical amorphous layer thickness. The latter appears to be independent of
the initial chain length distribution of the polyethylene.

Highlights

» Oxidation changes the chain length distribution from bimodal to unimodal. » Oxidation leads to the
embrittlement of the polymer. » An embrittlement criterion can be defined for polyethylene. » Critical
amorphous layer thickness can describe embrittlement with a value of 7.5 + 0.5 nm.
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1. Introduction

High density polyethylene (HDPE) is a commonly used polymer due to its low cost, ease of processing,
and high elongation at break. It is also one of the most widely produced polymers globally [1].
However, particularly in highly ‘technical applications, it has several limitations such as creep
resistance, which refers to material’s ability to resist deformation over time under constant loading.
Existing data have shown that HDPE deforms significantly under load, leading to failure [2—6]. To
prevent this creep, researchers have developed new HDPE formulations [7-11] that incorporate
bimodal chain length distribution [12—-15].

Bimodality in HDPE was first introduced in the 2000s [16] through a two-phase polymerization process
that generates a distribution of macromolecular chains consisting of both short and long chains.
Different catalysts such as chromium, Ziegler-Natta, or metallocene catalysts can be used to achieve
the desired molar mass distribution [17,18]. This type of material combines the best properties of both
low molecular weight fractions (rigidity, ease of processing, etc.) and high molecular weight fractions
(mechanical strength, resistance to melting, etc.) [17,19-22]. HDPE with a bimodal chain length
distribution is therefore highly desirable for demanding applications. However, the durability of this
bimodal material and its potential for embrittlement caused by oxidation are not yet fully understood.

Polyethylene (PE) is a polymer whose properties undergo changes over time due to oxidation, as the
presence of oxygen triggers an irreversible chemical reaction within the material. The chemical
mechanisms of polyethylene oxidation are well known and have been extensively studied, particularly
in terms of kinetics. This degradation leads to macromolecular processes such as chain splitting and
crosslinking, with the former being the most significant. PE oxidation leads to a decrease in the molar
mass of the material. This decrease in chain length increases macromolecular mobility at the local
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level, resulting in a higher degree of crystallinity as well as a reduction in the length of the amorphous
phase. One of the consequences of oxidation on the mechanical properties is polymer stiffening and
embrittlement. Numerous studies have demonstrated that PE transforms from a ductile to brittle state
during oxidation [3,17,23-25]. Research has shown that the transition from ductile to brittle behavior
can be explained by the critical molar mass concept, M'c[26]. If the average molar mass of the polymer
exceeds M', it will display ductile behavior, whereas a molar mass less than M'. will result in brittle
behavior. Previous studies have demonstrated that the M'. value for PE is approximatively 70 kg/mol
[26,27] and that it is not dependent on the initial molar mass of the polymer [17,26]. However, it is
unclear whether the concept of critical molar mass can be applied in the case of a bimodal chain length
distribution of PE. To answer this question, a PE with a bimodal chain length distribution was
accelerated aged in ovens and then characterized at the macromolecular scale in terms of its chain
length.

After describing the experimental details, the results are presented in two parts. First, changes at the
macromolecular scale due to aging are considered using techniques such as gel permeation
chromatography, small- and wide-angle X-ray scattering, and differential scanning calorimeter.
Second, the mechanical changes in the stress-strain curve are described, and a macroscopic
embrittlement criterion is chosen. It is important to note that the PE considered here is not stabilized
so as to reduce the aging temperature and duration. Finally, a conclusion is proposed.

2. Materials and Methods

2.1. Material

The samples studied here are the model HDPE with a bimodal chain length distribution; this resin is
classified as type PE100-RC by the PE100+ association. Moreover, to reduce the aging time, no
additives were added to the formulation. Materials were supplied by INEOS as pellets and then
processed by thermal compression to obtain 200 um thick films.

Pellets were placed in the mold, heated to 150 °C at a heating rate of 8 °C/min, and then pressurized
at 3 bar for 5 min. Finally, the temperature was reduced to room temperature at a rate of 13 °C/min
under pressure (3 bar). A quality procedure was carried out to ensure that the material had not
oxidized during this _process and that it was homogeneous in terms of crystallinity, thickness, and
mechanical properties. To ensure that the materials are not degraded during processing, the chain
length distribution was measured before and after, and the results are similar. The main characteristics
of the samples produced according to this method are summarized in Table 1.

Table 1: Main properties of the polyethylene films used in this study

Characteristics Standard method Value
Type of polyethylene PEIQO_RC with‘a I?iqual
chain length distribution
Thickness 238 £ 10 um
Crystallinity ratio ISO 11357-2 64+1%
Melting temperature ISO 11357-2 130+1°C
Temperature a't the start of 1SO 11357-2 8442 °C
melting
Oxygen induction time at 200 °C ISO 11357-6 0.17 £0.03 min
Tensile modulus ISO 37 1.40 £ 0.09 GPa
Yield stress ISO 37 26 + 1 MPa
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Tensile elongation at break ISO 37 682 £ 94 %
Tensile stress at break ISO 37 38 £ 6 MPa
2.2. Thermo-oxidative aging

The aging of the material was carried out in temperature-controlled ventilated ovens (type UFB500
from the Memmert company) at three temperatures: 60 °C, 70 °C, and 80 °C. Particular attention was
paid to the aging conditions. To ensure that the results obtained during the accelerated aging process
could be extrapolated to service temperatures, the maximum temperature was limited to 80 °C, which
is below the initial melting temperature of HDPE. Among others, this avoids temperature-induced
microstructural changes that have already been observed in other studies [28—31]. The use of low
temperatures with reasonable aging times was possible thanks to the HDPE model and its formulation
without added stabilizers. In addition, for the three aging conditions under investigation, due to the
use of 200 um thin films and temperatures below 100 °C, oxidation was homogeneous across the
thickness. In other words, there was no diffusion-limited oxidation effect in this study.

2.3. Gel permeation chromatography

Gel permeation chromatography (GPC) was used to measure the chain length distribution and its
evolution with aging. Samples of about 20 mg were dissolved in stabilized trichlorobenzene for 2 hours
at 160 °C. They were then injected at 150 °C into a set of two 8.0 mm x 300 mm Agilent Mixed-B ID
columns at a flow rate of 1 ml/min. A differential reactive index detector was used to perform the
detection. Calibration was carried out in advance with polystyrene over a molar mass range from 500
to 8,000,000 g/mol. Chain length data were fitted with a single or double Gaussian distribution using
Origin® software. Details are provided in the Results section below.

2.4, Differential scanning calorimeter
Differential scanning calorimeter (DSC) measurements were performed using a Q200 device (TA
instrument) according to ISO 11357-2 [32]. Testing was performed under a nitrogen flow (50 ml/min)
at a rate of 10 °C/min. Three samples were tested per condition using 5-10 mg of material. The
crystallinity ratio was calculated using Equation 1:

AH
Xc =zpo  (Eal)

Where y is the crystallinity ratio, AHg is the measured melting enthalpy (J/g), and AHf0 is the melting
enthalpy of a fully crystalline PE and taken to be equal to 293 J/g [33,34].

2.5. X-ray measurements

Small- and wide-angle X-ray scattering (SAXS/WAXS) measurements were performed on a Xeuss 2.0
apparatus (Xenocs) equipped with a micro source using Cu Ka radiation (A =1.54 A) and point
collimation (beam size: 300 x 300 um?). The sample-to-detector distance, around 15 cm for WAXS and
1.5 m for SAXS, was calibrated using silver behenate as the standard. Through-view 2D diffraction
patterns were recorded on a Pilatus 200k detector (Dectris). Integrated intensity profiles were
computed from the 2D patterns using Foxtrot® software. The long period was computed using
Equation 2.

2
Lp - QmTZx (Eq 2)

Where Ly, is the long period (nm) and ;45 (nm) the maximum of the correlation peak.
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The amorphous layer thickness was defined by Equation 3 from the long period L,, (previously defined
using Equation 2 from SAXS measurements), and the crystallinity ratio (from DSC measurements) was
defined using Equation 4.

lg = L, — lc (Eq3)

Ly pa

— 2P (gq4
Pc—Xc (Pc—Pa) ( q )

le = X¢

Where [, and L, are respectively the amorphous and crystalline layer thicknesses (nm), and p, and p,
are respectively the amorphous and crystalline phase density (g/cm?3) taken to be equal to 0.863 and
0.997 g/cm3[35].

2.6. Tensile testing

Tensile testing was carried out on an Instron 5966 machine at 21 +2 °C and 50 + 5 % relative humidity.
Testing was performed on dumbbell specimens at a constant displacement rate equal to 10 mm/min.
Test specimens are type 3 according to 1ISO37 [36] and obtained by die cutting. Three samples were
tested per condition so as to ensure the reproducibility of the result. The force was measured with an
Instron 500 N load cell, and the strain was obtained with an Instron AVE2 video extensometer.
Engineering strain and stress were reported, while no corrections were made for thickness or width
changes induced by necking.

3. Results

3.1. Changes at the macromolecular scale during aging

During oxidation, both crosslinking and chain scission occur within the amorphous phase of polymers
[37,38]. To quantitatively characterize these processes, GPC measurements were performed. Results
obtained for PE aged at 60 °C, 70 °C, and 80 °C are presented in Figures 1a, 1b, and 1c, respectively.
Three main comments can be made based on these results. First, an increase in elution time is
observed with aging, which indicates that chain scission is the predominant process during oxidation.
This behavior is in accordance with current knowledge of the oxidation of PE with a unimodal chain
length distribution [39—41]. Second, a change occurs in the shape of the curve. In the initial state, there
are two distinct peaks that tend to form a single peak during aging. In other words, the bimodality of
PE tends to disappear during oxidation, suggesting that longer chains are more sensitive to oxidation
than shorter ones. The origin of this behavior is still under investigation. Finally, the transition from
bimodal to unimodal distribution is observed for all the temperatures considered in this study (i.e., 60
°C, 70 °C, and 80 °C).
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Figure 1: GPC results obtained after aging for polyethylene with a bimodal chain length distribution
at 60 °C (a), 70 °C (b) and 80 °C (c)

The analysis of GPC results generally allows us to define three characteristic quantities relating to the
chain length of a polymer, namely molar mass by number (M,), molar mass by weight (My), and
polydispersity index (Ip) [42,43]. Here results are polystyrene equivalent. In the case of a bimodal
polymer, defining these quantities is complex, as the chain length distribution cannot be described by
a single Gaussian curve. It is therefore necessary to fit the curves using several Gaussians, two in our
case as shown in Figure 2a. During aging, the chain length changes, and the fit can be achieved by a
single peak, showing a transition from bimodal to unimodal. For example, Figure 2b shows the curve
fit for a 5-day aging period at 80 °C, while considering a bimodal distribution (two Gaussians, blue
curve) and a unimodal distribution (one Gaussian, red curve); in both cases, the R? factor exceeds 0.99.
In the following, we arbitrarily consider that an aged sample has a unimodal chain distribution when
the curve can be fitted using a single Gaussian with a coefficient of determination greater than 0.99. It
is thus possible to define a value of My, as a function of aging time as shown in Figure 3. These results
will be used to define an embrittlement criterion in the Discussion section.
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Figure 2: Data fitting of gel permeation chromatography results for unaged polyethylene (a) and
polyethylene aged for 5 days at 80 °C (b)
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Figure 3: Changes in My, during aging at 60 °C, 70 °C, and 80 °C for polyethylene with an initial
bimodal distribution (M, is only calculated when gel permeation chromatography results can be
described using a single Gaussian curve with a R? factor above 0.99)

This section focused on an experimental description of the macromolecular changes that occur during
the oxidation of PE with an initial bimodal chain length distribution. As expected, the process of chain
scission predominates. Moreover, it becomes clear that the chain length distribution is modified by
oxidation in the case of PE with an initial bimodal distribution. In the next section, we will assess the
impact of aging on the microstructure of polymers.

3.2. Changes in the microstructure during aging
PE is a semicrystalline polymer with a crystalline phase that can be affected by oxidation. This part of
the study focuses on the nature and amount of crystalline changes during aging.
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First, we consider the nature of crystallites for which WAXS was conducted. Figure 4 shows the results
for PE obtained with the bimodal chain length distributions in the initial state. Two distinct peaks at
values of 28 equal to 22° and 24° were observed for PE samples, respectively corresponding to the 110
and 200 orthorhombic reflections according to the Miller indices. It therefore appears that no change
occurs in the crystalline nature of the polymers during aging.
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Figure 4: Wide-angle X-ray scattering results obtained after aging for polyethylene with an initial
bimodal chain length distribution at 60 °C (a), 70 °C (b), and 80 °C (c)

Second, the amount of the crystalline phase is considered. To investigate changes in the crystallinity
ratio in the material during aging, DSC tests were performed. Figure 5 shows the thermograms
obtained during aging at 60 °C, 70 °C, and 80 °C. Results indicate that the melting temperature for
unaged material is approximately 130 % 1 °C. Slight increases in the melting temperature can be noted
due to the fact that the chain length decreases with aging. By integrating the DSC signal, it is possible
to measure the amount of the crystalline phase in the polymer. Figure 6 depicts the clear increase in
the crystallinity ratio during oxidation. As an example, the initial crystallinity ratio is equal to 64 + 1%
in the unaged material and increases up to 73 + 3% after 12 days of oxidation at 80 °C. This increase is
well known in the literature and can be explained by the chemi-crystallization process observed
numerous times in PE [17,44]. It can be described by the fact that due to the chain scission process,
the chain length decreases. This decrease leads to an increase in macromolecule mobility, which allows
the macromolecules to be integrated into the crystalline phase, thus leading to an increase in the
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crystallinity ratio. It is worth noting that no changes in crystallinity ratio is observed when the polymer
is aged under vacuum meaning that the observed increase in crystallinity is not related to a potential
annealing of the PE.
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Figure 5: Differential scanning calorimeter results obtained after aging for polyethylene with an initial
bimodal chain length distribution at 60 °C (a), 70 °C (b), and 80 °C (c)
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Figure 6: Changes in the crystallinity ratio (y.) at 60 °C, 70 °C, and 80 °C for polyethylene with an
initial bimodal distribution as a function of aging time

Finally, we focus on the thickness of the amorphous layer (l.), as it is known that variations in
crystallinity levels can reduce the amorphous phase in PE during oxidation. To do so, SAXS tests were
carried out. Changes in the thickness of the amorphous phase during aging are shown in Figure 7.
During oxidation, and regardless of the aging temperature considered here, a decrease in the thickness
of the amorphous phase is observed. As an example, the thickness of the amorphous layer decreases
from 10.5 nm to 7 nm after 42 days of aging at 70 °C. The SAXS results clearly show that oxidation leads
to a decrease in the thickness of the amorphous phase.
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Figure 7: Changes in the amorphous layer thickness (l.) at 60 °C, 70 °C, and 80 °C for polyethylene
with an initial bimodal distribution as a function of aging time

The aim of this section was to characterize changes in the PE microstructure during oxidation based
on three main parameters: the nature of the crystalline phase, the crystallinity ratio, and the thickness
of the amorphous layer. It is clear that the initial bimodal chain length distribution does not modify the
changes of the PE microstructure during oxidation. Regarding PE with a unimodal chain length
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distribution, we did not observe any changes in the nature of the crystallites. However, we highlighted
an increase in the degree of crystallinity due to the chemi-crystallization process, thus leading to a
reduction in the thickness of the amorphous phase. The next section is dedicated to the mechanical
properties of the PE and, more especially, to the embrittlement induced by oxidation.

3.3. Changes in engineering stress-strain curves induced by

oxidation
The mechanical response of PE film is characterized here using a uniaxial tension test. Let us first focus
on the results obtained for the unaged bimodal PE. The engineering stress-strain curve in Figure 8 can
be described as follows:

- Initially, a linear and elastic part is observed. Young’s modulus is determined at this stage.

- Then a deviation from linearity occurs with increasing stress up to a maximum (@) defined as
the yield stress oy. The corresponding strain noted as €, was measured.

- After the yield stress, the stress decreases, and the deformation becomes heterogeneous due
to the formation of a neck in the specimen (@). Necking propagation occurs, and the stress
remains almost constant while the nominal strain increases.

- Under large strain, it is interesting to note that an instability occurs between points @ and
@, which can be attributed to the appearance of a second necking in the sample during the
tensile test. This second necking leading once again to a decrease in the engineering stress

- From a strain above 500%, the engineering stress increases again, and structural hardening
takes place until specimen failure. Stress and strain at break can be measured, noted
respectively as o, and &p.

’ -
¢= Second
40 4 necking
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3
?., 0
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necking

T
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AL / Ly (%)

Figure 8: Stress-strain curve for the initial bimodal polyethylene

The stress-strain curve described above resembles that of material with an initial unimodal distribution
[45].

As the polyethylene is deformed, the high molecular weight chains are stretched and align along the
direction of the applied stress. Due to their long chain lengths, these high molecular weight chains
create a highly entangled network that resists further deformation, leading to strain hardening. This
network strengthens under strain, making it harder for the material to continue deforming.
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Oxidation leads to modifications in the profile of the tensile stress-strain curve of the polymers. Figure
9 presents typical stress-strain curves obtained as a function of the aging times at 60 °C, 70 °C, and 80
°C. For the sake of readability, the abscissa scales are not the same in order to accommodate the
mechanical responses during aging. It is observed that for each aging temperature, the structural
hardening gradually decreases with an increasing aging time. In addition, strain at break decreases. For
the longest aging times, no necking occurs in the sample, and the stress and strain at break are close
to the yield (Figures 9e, 9j, 90). This phenomenon may be explained by the decrease in the tie
molecules. In fact, as oxidation occurs, chain scissions occur in the amorphous phase, leading to a
decrease in the concentration of the tie molecules. At a significant stage of oxidation, the stress can
no longer be transferred to the crystallites via the amorphous phase [7,10].
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Figure 9: Stress (in MPa) as a function of the strain (%) curve for polyethylene with an initial bimodal
distribution aged at 60 °C (a,b,c,d,e), 70 °C (f,g,h,i,j), and 80 °C (k,I,m,n,0)

Figure 10 depicts the variation in Young's modulus as a function of aging time for the three specified
temperatures: 60, 70, and 80°C. It can be observed that the modulus exhibits an increase with aging
at all temperatures.
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Figure 10: Evolution of the Young’s modulus as a function of aging time for polyethylene aged at 60
°C,70°C, and 80 °C

Figures 11a and 11b illustrate the increase in Young’s modulus and yield stress, respectively, as a function
of the crystallinity ratio. An increase in Young's modulus is observed with the increase in the crystallinity
induced by the degradation process. This increase can be described using an empirical mixing rule, such as
the following:

E=EX.+E,(1-X,)

where E is the modulus of the polyethylene, X, is the crystallinity ratio of the polymer, E, is the modulus
of the amorphous phase fixed at 40 MPa[46], and E. is the modulus of the crystalline phase, which is
determined (determined to be around 2.1 GPa.

Considering now the yield stress, as illustrated in Figure 11b, a slight increase is observed with the increasing
crystallinity ratio. The interpretation of these results is challenging. However, it is worth noting that a linear
relationship between yield stress and crystallinity ratio was previously demonstrated by Humbert et al. for
polyethylene[47].This relationship has been explained by the fact that X, represents the product of
crystallite thickness and the stress concentration on the crystallites due to stress transmitters.
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Figure 11: Evolution of the Young’s modulus (a) and Yield stress (b) as a function of the crystallinity
ratio Xc
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Considering the mechanical changes in the stress-strain curve, several transitions appear to occur in
the characteristics during aging.

3.4. Choice of macroscopic embrittlement criterion

A common method used when studying embrittlement is stress monitoring. According to Brown [48],
ductile failure is observed when oy > o, and brittle failure when oy = 0,. Thus, the transition between
ductile and brittle failure is the first point when o, and o, are equal. After this transition, the failure
becomes brittle. In Figure 12, the ratio between yield stress and stress at break as a function of aging
time is plotted. According to Brown, the points with an ordinate less than or equal to 1 are not ductile.
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Figure 12: Evolution of the ratio between yield stress and stress at break as a function of aging time
for polyethylene aged at 60 °C, 70 °C, and 80 °C

However, in this study, ductile failure with a large difference between g, and €, and a stess ratio near
to or less than 1 can be observed for different curves as in Figures 9b, 9¢c, and 9m and identified in
Figure 12. Indeed, the material undergoes hardening at the end of the test. Therefore, to overcome
this ambiguity and obtain an embrittlement criterion, both stress and strain should be considered.

For this purpose, the ratio between yield stress and stress at break as a function of the ratio between
yield strain and strain at break is plotted in Figure 13. The horizontal red line is Brown’s condition of
brittleness. The vertical red line corresponds to failure strain equal to yield strain. It is not possible to
go beyond this line, because failure strain obviously represents the maximum strain possible. Inspired
by Figure 9, the stress ratio (o,/0y) between 0.8 and 1.2 and strain ratio (g,/€p) between 0.77 and 1 are
defined as a brittle area. In this study, 12 points are in this area, represented by hollow points in the
different graphs below.
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During aging, we first observe an increase in the stress ratio up to a maximum without any changes in
the strain ratio. This is followed by a decrease in the stress ratio down to 1 and fluctuations around it
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Figure 14a plots the strain ratio as a function of aging time for the three temperatures studied here. In
the case of aging at 60 °C, the strain ratio is close to zero up to 100 days. At this point, the ratio
increases dramatically and reaches the embrittlement zone. The same behavior is visible for other
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Figure 14: Evolution of strain ratio (a) and strain at break (b) as a function of aging time for
polyethylene aged at 60 °C, 70 °C, and 80 °C
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Due to the hyperbolic tangent curve, a characteristic embrittlement time can be defined for each aging
temperature. Table 2 shows the characteristic ductile/brittle transition times obtained for the different
temperatures studied. The values are obtained by determining the time required to obtain a strain
ratio equal to 0.77 by linear regression for the rapidly increasing part.

Table 2: Characteristic ductile/brittle transition times obtained for the different temperatures studied

Aging temperature (°C) 60 70 80

Characteristic ductile/brittle

. 240 47 12
transition times (days)

Figure 14b shows failure strain, instead of strain ratio, plotted as a function of aging time. The same
data appear in Figures 14a and 14b, but they are presented in a different way with the hollow points
representing the brittle failures. The trends for strain ratio and strain at break during aging appear
similar. In the second case (Figure 14b), it can be established that embrittlement occurs when g is less
than or equal to 10%.

In the literature, some authors [17,37,49] use drop-in strain at failure as an embrittlement criterion.
This criterion will be used to compare our results from the material with an initial bimodal distribution
to those of the unimodal material.

To conclude this section on the effect of oxidation on the stress-strain curve of a PE with a bimodal
chain length distribution, it is clear that degradation leads to significant changes in the failure
characteristics: the PE changes from a ductile to brittle response for all temperatures considered in
this study. An embrittlement criterion was established using strain ratio for the PE aged in this study.
The remaining question is to define a criterion that is independent of the aging conditions to predict
the embrittlement of the PE, which would allow for lifetime predictions.

4. Discussion

During oxidation, bimodal PE failure changes from ductile to brittle. This paper aims to evaluate
macromolecular criteria to describe this mechanical embrittlement, which should be independent of
the aging temperature and the initial chain length distribution.

4.1. Critical molar mass

The embrittlement of semi-crystalline polymers is often described by a critical molar mass (M'¢)
defined as follows: when the polymer molar mass is greater than M',, the polymer exhibits ductile
behavior, but when the molar mass is less than M', it can exhibit brittle behavior.

According to Figure 15a, which plots strain ratio as a function of polymer molar mass for the three
studied temperatures, there appears to be a critical molar mass for PE with an initial bimodal chain
length distribution. In particular, when M, is above 150 kg/mol, the strain ratio is less than 0.1,
indicating ductile failure. When My, is close to 100 kg/mol, the failure tends to be brittle. This study
defines a critical molar mass of about 100 kg/mol for the PE considered.

To compare the values of M'c between the unimodal distribution and the initial bimodal distribution,
it is necessary to use strain at break as the embrittlement criterion. Figure 15b shows the result of this
study and the literature points for unimodal distribution PE [25]. It is clear that both materials have a
critical molar mass. However, a difference in value is observed. For PE with an initial unimodal chain
length distribution, the M'c value is about 70 kg/mol, while for PE with an initial bimodal chain length
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distribution, the M'c value is about 100 kg/mol. In fact, the critical molar mass depends on the initial
chain length distribution of the polymer.
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Figure 15: Determining the critical molar mass based on strain ratio (a) and strain at break compared
with existing data from the literature[26] (b)

4.2. Amorphous layer thickness

Another parameter commonly used to describe polymer embrittlement during aging is the amorphous
layer thickness. As chain scission occurs in the amorphous phase of the polymer during aging, there is
an increase in chain mobility, resulting in an increase in the crystallinity ratio and a decrease in the
amorphous layer thickness, as shown in Figure 7. This overall process is known as chemi-crystallization.
This decrease in amorphous thickness can also describe the embrittlement of semi-crystalline
polymers during aging [26]. It was previously shown that critical thickness exists [26] and can be
defined as follows: when the amorphous layer thickness is above this critical value (I'a), the polymer
exhibits ductile behavior, and when the amorphous layer thickness is below I’;, the polymer has brittle
behavior.

Figure 16a shows the measured strain ratio as a function of the |, value for the PE aged at the three
temperatures considered in this study. It clearly appears that when the amorphous layer thickness
exceeds 7.5 nm, the PE failure is ductile regardless of the aging condition (time or temperature).
Conversely, when |, is below 7.5 nm, then the polymer failure can be brittle. As a matter of fact, a
critical layer thickness can be defined for the PE considered in this study about 7.5 nm.

To compare the values of I',c between the unimodal distribution and the initial bimodal distribution, it
is necessary to use strain at break as the embrittlement criterion. According to Figure 16b, the data
obtained here using a PE with an initial bimodal distribution of chain lengths is similar to that available
in the literature for PE with a unimodal distribution. This suggests that this criterion can be used to
describe embrittlement in PE, regardless of the initial distribution of the chain length.
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Figure 16: Determining the critical amorphous layer thickness (I’ac) based on strain at break from this
study (a) and comparisons with existing data from the literature[26] (b)

Finally, determining whether polymer embrittlement is caused by a decrease in the chain length or
amorphous layer thickness is complex because these two factorsare related [50]. Therefore, defining
an embrittlement criterion based on physical considerations remains challenging. When comparing
the results obtained from a bimodal chain length distribution with existing data on unimodal chain
length distributions, it appears that the M'. value differs for the two types of PE, whereas the ', value
remains the same. This suggests that embrittlement in semi-crystalline polymers is governed by the
thickness of the amorphous layer. Although we lack solid evidence, this strong suggestion is a crucial
step toward understanding polymer embrittlement during aging. It will require future studies to be
confirmed.

Conclusions

PE with an initial bimodal chain length distribution (known as PE100-RC) was oxidized in air at three
different temperatures (60 °C, 70 °C, and 80 °C). The material formulation and aging conditions were
carefully selected to ensure homogeneous oxidation throughout the sample thickness and to keep the
aging temperature below the melting process onset. Macromolecular characterizations were
conducted to measure changes in the distribution of the chain length, the type and number of
crystallites, and the thickness of the amorphous layer. Meanwhile, mechanical properties were
determined using tensile tests.

This study found that during oxidation, the chain length distribution changed from bimodal to
unimodal, which is a significant result. Meanwhile, oxidation caused an increase in crystallinity and a
decrease in the thickness of the amorphous layer. In terms of mechanical behavior, the results
indicated that oxidation caused the polymer to become brittle according to the embrittlement
criterion based on the ratio between yield strain and strain at break established in this study. These
findings are independent of the aging temperature range examined in this study.

Two distinct macromolecular embrittlement criteria can be defined for PE with an initial bimodal chain
length distribution. Based on the molar mass of the polymer, if the PE has a molar mass above 100
kg/mol, it is ductile, whereas if My, is below this value, it is brittle. This behavior is the same as for PE
with a unimodal chain length distribution. However, based on existing data, the value of M'c seems to

Page 18|21



Journal Pre-proof

be higher for the PE considered here. The critical amorphous layer thickness (I'x) is found to be 7.5
0.5 nm, which is similar to the existing value for unimodal PE in the literature.

The use of SEM micrographs of the sample surface obtained by electron backscatter diffraction can
facilitate the completion of the understanding of the relationship between microstructure and
embrittlement. This will enable the observation of the appearance of microcracks and crevices during
aging, which can then be related to crystallite density.
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