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Abstract :

Depending on the nature of a given polymer and the environment, the rate of degradation can vary
significantly, from a few hours up to tens of decades. In the polymer aging community, it is therefore a
true challenge to obtain an understanding of the loss in properties of a given polymer within a reasonable
time frame. The present work presents a novel approach to decrease that time. Within this study the
decrease in mechanical properties of the polyethylene terephthalate under hydrolysis process has been
followed via the Essential Work of Fracture method (EWF-m) and compared to the more classical tensile
test. The degradation has been accelerated by increasing temperature, (from 60 °C up to 110 °C). Results
show a rapid decrease in the non-essential work of fracture compared to the maximal stress at break
obtained by tensile test. It appears that fracture properties can be used for both time/temperature
superposition as well as the determination of the critical molar mass. Moreover, as fracture properties are
very sensitive to degradation, it appears that it is possible to decrease aging time/temperature using EWF.

Highlights

» Fracture properties are more sensitive to chemical degradation than classical tensile properties. » It
is possible to reduce aging duration and/or temperature thanks to fracture results. » Structure/properties
relationships can be described using fracture results.
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1. Introduction

Polymers are widely used because of their intrinsic properties such as ease of processing,
low thermal conductivity, low density and the ability to undergo large deformation [1]. One of
their limitations is their durability, particularly when subjected to environmental degradation.
Indeed, polymers undergo degradation over time that can be reversible (physical) or irreversible
(chemical). For long term use (from 20 to 80 years), it is necessary to ensure the durability of
the material over the defined time range.
The study of polymer durability is generally done over relatively short durations (usually less
than 3 years), which are small compared to the duration in service. It is thus necessary to
accelerate the aging. Generally, acceleration is done by increasing the aging temperatures to
ensure that a loss of mechanical properties can be observed within the aging duration. It is then
necessary to extrapolate from the high temperatures to the service temperature either using an
empirical approach [2-4] or physical models [5-6]. The quality of this extrapolation depends on
many parameters such as the number of degradation processes involved, the potential couplings
between degradation processes, the homogeneous or heterogeneous character of the
degradation and the temperature range used for accelerated aging [7-9]. Very high aging
temperatures can lead to different degradation processes from those that will take place in
service. There is therefore a trade-off between the temperature range used and the aging times

involved in polymer durability studies. To overcome these limitations, highly sensitive



experimental approaches have been developed in the past with the aim to decrease aging
temperatures, such as oxygen consumption [10-12] but also molar mass measurements [13-14].
The latter is particularly interesting because it is relevant for all aging processes, not only
oxidation. Here, with the same purpose, we propose to use a very sensitive mechanical
characterization technique at the first stage of aging, the crack propagation, coupled with molar
mass measurements.

Crack growth tests consist of measuring the energy necessary to propagate an existing defect,
contrary to classical tensile tests where it is considered that there is no initial defect.
Interpretation of these tests can be, for polymers, complex because the energy provided to the
specimen during the test is not exclusively used to propagate the crack but also for other
processes such as deformation at the crack front or the appearance of plastic strain in the
specimen. The concept of Essential Work of Fracture (EWF) was introduced to overcome these
difficulties. It allows the dissociation of the energy essential to propagate the crack from the
energy consumed by the other processes [15, 16]. This characterization method has been widely
used with PET, for which many papers have been published [17-20]. An excellent review can
be found in [21]. However very few studies have considered changes in crack propagation
properties during chemical degradation (the work of Barany [22] for example only focused on
plasticization of PET by water). Aside from PET, the study of embrittlement through EWF tests
was performed by Fayolle et al. in 2004 on polypropylene [23]. In that study, tests were
performed on samples with different molecular weights tested at different temperatures. From
these tests, a change from ductile to brittle behaviour was identified with EWF-m but there was
no comparison with tensile test results. Their work was then extended in [24] where a decrease
in fracture properties (using EWF-m) was observed while no change in elongation at failure

observed. Finally, another study was carried out on PTFE in [25] where the assessment of



embrittlement was made through EWF tests. These studies demonstrate that the EWF-Fracture
Test Method provides an interesting tool to investigate degradation at the early stages of aging.
The objective of the study proposed here is to highlight the interest of crack propagation tests
in the context of polymer aging. We have chosen to illustrate this interest via the hydrolysis of
PET for 3 main reasons: the chemical mechanisms of hydrolysis of PET are known in the
literature [26-30], the mechanical mechanisms involved in the crack propagation test are
available in the literature [21] and finally the results from tensile tests on the same material
under simulated aging conditions (materials, temperature, etc...) were recently performed by
the authors [31].

In this paper, a presentation of the material and techniques used in this paper will be provided
first with a detailed description of the EWF concept. Second, results from EWF tests in the
unaged state will be presented, followed by the effect of aging on the fracture properties
investigated at one specific aging temperature (105°C). The behaviour is then generalized to
other aging temperatures. Finally, it is demonstrated that the use of the EWF approach is more

sensitive to aging than classical tensile tests.

2. Materials and methods

2.1. Material

A Polyethylene terephthalate (PET) manufactured by extrusion was used in this study. It is a
PET grade commonly used in plastic bottles (Silar 874 C80) and was received in the form of
polymer films of 200 pum thickness. It has a density of 1.37 g cm®and an initial crystallinity
ratio of 7 %. All specimens were recrystallized thermally before aging, at 110°C (the highest
aging temperature considered in this study) for 30 min until a stable crystallinity ratio was

reached (X.=33%). This procedure leads to a thermally stable material before aging. The initial

molar mass and polydispersity index were 31.4 kg/mol and 2.4 respectively.



2.2. Aging

Aging was performed in deionised water at different temperatures ranging from 60 to 110°C
(60, 80, 100, 105 and 110°C). Aging conditions below 100°C were obtained in water tanks at
atmospheric pressure, while those performed above 100°C were carried out using pressure
vessels at a fixed pressure of 15 bars to ensure water remained liquid during aging. Following
aging, samples were dried in desiccators at 0% humidity and ambient temperature until the

weight was stabilized before testing.

2.3. Size Exclusion Chromatography (SEC)

Molar mass was determined using SEC by the PeakExpert Company according to the Laun and
al. method [32]. Samples of 10 mg were dissolved in 4 mL of hexafluoroisopropanol (HFiP).
The dissolution was performed for 24 h at room temperature. The solution was then filtered
using a PTFE membrane of 0.2 um pore size. The separation was performed using a pre-column
and two columns packed with 7 mm PFG particles, and 1000 A and 100 A pore size, the
dimension of columns was 8 mm ID x 300 mm length. The mobile phase was a mixture of HFiP
b 0.05 mol/L potassium tri-fluoroacetate (KTFAC), flow rate was 1 mL/min and injection
volume was 50 pL. The detection was performed using a Waters 2414 differential refractive
index detector and data treated with PSS WinGPC unity v7.5 SEC software. The calibration
was performed using poly(methyl methacrylate) standards supplied by PSS GmbH Mainz,
Germany, with molar mass ranging between 800 and 1,600,000 g/mol and the calibration curve
was adjusted with a 5" order polynomial. Calculations are conventional and average molecular

weights are expressed as PMMA equivalents.

2.4. Fracture tests — EWF



Essential Work of Fracture (EWF) was used throughout this paper to perform fragmentation
tests. This method is based on the total work of fracture (Ws), that can be divided in two
components, i.e. the essential work of fracture (We) and the non-essential work of fracture (Wp).
These two components respectively represent the inner (IPZ) and outer process zones (OPZ).
If we assume that both of these zones occur within the ligament, the total work of fracture can
be written as follows:
W = W, + Bwy,. L

Where we is the component associated with the essential work of fracture, Bwp the plastic
deformation component with B the shape factor associated with the form of the outer process
zone and finally L the ligament length. D-DENT specimens were used, the dimensions chosen
are shown in Figure 1 and the thickness of the films was 200um. Ligament lengths were chosen
to fulfil the plane stress conditions and ranged between 5 and 15 mm. These were obtained by
slitting the edges of the specimen on both ends using a sharp razor blade. Ligament lengths
were measured using a Leica microscope. A minimum of 10 samples was targeted for each
aging condition, however, due to the complexity in testing highly brittle D-DENT specimens
after aging, some specimens were broken before testing. Therefore, for some conditions there
were slightly less than 10 samples tested (for each condition, at least 7 specimens were tested).

All tests were performed at 1 mm/min on an Instron testing machine using a load cell of 500 N.
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Figure 1 : Dimensions of the EWF specimens used in this study — Deeply double edge

notched specimen

3. Results

3.1. Fracture properties with unaged samples

Crack propagation tests were first performed on the unaged specimens, to provide a
baseline for the following tests performed after aging. First, load-displacement plots at different
ligament lengths are shown in Figure 2.a. Then, the total work of fracture Wt is plotted as a
function of ligament length, in order to identify the EWF parameters in the unaged state in

Figure 2.b.



m— | =15mm

N
o
o
(&)
(@)
n
\
)
]

N

(@

\
\

W, (kJ/m?2)
w
o
LY
\

N
o

— 3
PW,= 2.5 MJ/m

10} W_= 15.0 kJ/m2
0 1 1 R2=0.93
0.0 0.5 1.0 1.5 0— . .
5 10 15

Displacement (mm
p (mm) Ligament length (mm)

(@) (b)

Figure 2: EWF tests in the unaged state (a) Load-displacement plots (b) Specific
essential work of fracture as a function of ligament length
Results from Figure 2.a show that as the ligament length decreases, the maximum
displacements at failure and associated loads decrease accordingly. Also, the failure occurs just
after ligament yielding.
Results in Figure 2b show that as the ligament length increases, Ws increases accordingly. From
the slope and intercept of this plot, we are able to identify the EWF parameters, i.e., pwp and

We, respectively equal to 2.5 MJ/m?® and 14.9 kJ/m2.

3.2. Impact of hydrolysis on fracture properties

3.2.1. Aging at 105°C

Specimens were then aged according to the method described in 2.2., i.e. in deionised water.
Here results from fracture tests performed after aging at 105°C are presented. First, load-
displacement plots are shown for different aging durations on Figure 3, for a ligament length of

10 mm.
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Figure 3: Load displacement plots for L=10 mm for different aging durations in water at
105°C

Figure 3 clearly demonstrates that aging in water has a significant effect on the fracture
behaviour of PET. After 1 day of aging, the material experiences a slight increase in both its
maximal load and displacement at failure. On the other hand, for aging durations longer than 1
day, the properties at failure are greatly decreased. Also, no ligament yielding is observed
before failure while it was seen earlier with unaged samples. This shows that the material now
exhibits a brittle behaviour. These results were for a ligament length of 10 mm. To generalize
this behaviour, Figure 4 now compiles Ws as a function of all ligament lengths tested at this

aging condition (i.e. 105°C) for different aging durations.
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Figure 4: Effect of aging at 105°C on the fracture energy in PET
After 1 day of aging, fracture properties are fairly similar to those in the unaged state.
However, for longer aging times, the slope of the curves flattens and tends to reach a value of
0. From these plots the essential (we) and non-essential (Bwp) work of fracture parameters are
identified for each aging condition, and are respectively plotted as a function of aging time in

Figure 5.a and Figure 5.b.
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Figure 5: Effect of aging at 105°C on EWF parameters (a) we (b) pwp

Results from Figure 5.a show that the essential work of fracture parameter (we), which is related
to the energy necessary to propagate a crack, starts to increase at the early stages of aging (from
15 kJ/m2 in the unaged state up to 21 kJ/m? after 1 day at 105°C). Afterwards, for longer aging
times, we seems to decrease linearly until it reaches zero after 7 days of aging. In Figure 5.b,
the non-essential work of fracture parameter (Bwyp), which is related to the energy induced by
plastic deformation around the crack tip, decreases linearly from 2.5 MJ/m? in the unaged state
down to zero after 3 days of aging. Afterwards, no further change in Bwy is observed as it
stabilizes at values close to 0 MJ/m®. These results show that aging has a significant effect on
the fracture properties of PET.

If we now compare these changes in both we and pw, with the decrease in maximal stress
measured in tensile tests during aging at 105°C, i.e, in the same condition (see figure 6 below,
from [31]), it clearly appears the aging time necessary to observe a decrease in the mechanical

properties is much shorter based on fracture properties than on maximal stress.
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Figure 6: Maximal stress from tensile tests after aging at 105°C, from [31]

In fact, the maximal stress starts to drop after more than 5 days of aging whereas here Bwy is
equal to 0 after only 3 days of aging. This means that fracture properties are more sensitive to
degradation than classical tensile properties. This is of interest for the polymer aging
community because it could not only significantly reduce the time needed to age samples but
also allow the use of lower aging temperature for better lifetime prediction. However, it is
necessary to answer two main questions.

- First, can the time/temperature extrapolation based on fracture properties be compared to that
from tensile results?

- Second, is it possible to propose relationships between the macromolecular network of the

polymer and its fracture properties based on EWF testing?

3.2.2. Time/Temperature superposition based on fracture properties

12



To answer the first question raised above, the fracture properties after aging at different

temperatures are considered in the next section.

3.2.2.1. Fracture tests after aging at different temperatures

Fracture tests were performed on specimens aged at different temperatures (from 60°C

up to 110°C). Results are shown in Figure 7.
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Figure 7: Effect of ligament length on fracture energy after aging performed at (a) 60°C
(b) 80°C (c) 100°C (d) 110°C

From the results in Figure 7, it is clear that a common behaviour is observed for all the aging
temperatures considered here. At the early stages of aging, the slope decreases slowly until it
reaches a zero value for each aging temperature. After extensive degradation, the slope stays at
zero value and the intercept slowly decreases until it reaches zero as well. These modifications
in the fracture behaviour are clear evidence that changes are occurring upon hydrolysis and are
occurring at all the aging temperatures investigated here.

Here again, it is worth noting that the fracture properties are much more sensitive to aging than
those based on the maximal stress obtained from tensiles tests (see Figure 8 from [31] for
comparison). For example, at 80°C with EWF-m large changes are observed in the slope (i.e.
Bwp) after 30 days, whereas no change is observed in maximal stress over the first 60 days of
aging. Also, while no changes are observed concerning the maximal stress at the early stages
of aging, it is particularly interesting to take a look at the strain at break, known to be more

sensitive but also more scattered, Figure 8.b.
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Figure 8: (a) Changes in maximum stress (from tensile tests) as a function of aging at
different temperatures, from [31] (b) Changes in strain at break as a function of time
3.2.2.2. Time/Temperature superposition based on fracture properties
An important aspect is now addressed: Can the decrease in fracture properties at
different temperatures be described using an Arrehnius law? If yes, how are these results
relevant to existing extrapolation based on classical tensile properties? To do so, the fracture
properties obtained at 105°C are used as a reference and are associated with an acceleration
coefficient a; of 1. An adjusted acceleration factor a: is also associated with each aging
temperature considered here to attempt to describe the loss in mechanical properties. Results
are shown in Figure 9.a and Figure 9.b for both we and Bwy, respectively. The accelation factors

are then found in Table 1.
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Figure 9: Fracture properties shifted using an acceleration coefficient (a) we (b) pwp

Table 1: Accelation factors for all temperatures investigated in this paper

Temperature (°C)  Acceleration factor at

60 0.005
80 0.07
100 0.6
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In the same way as for the results presented in Figure 5, the trends concerning both fwp

and we are similar. This shows that a common behaviour is observed at all aging temperatures

considered here. Figure 10 now shows an Arrhenius plot that confirms that the loss in fracture

properties (both Bw, and we) can be described using this equation with an activation energy of

121 kJ/mol. It may be noted that this value is very close to that obtained through tensile test

(115 kJ/mol) in [31] and from literature [33, 34]. At this stage, it clearly appears that using

fracture properties it is possible to reduce the aging time necessary to observe a decrease in the

polymer behaviour. Moreover, it has been shown that accelerating factors induced by the

increase in aging temperature are the same here as those using classical tensile tests.

Figure 10: Arrhenius highlighting the acceleration factors associated with fracture
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The second question that was addressed was whether it is possible to propose a relationship

between the macromolecular network and the mechanical properties after aging, this is the

aim of the following section.
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4. Discussion - Structure/Properties relationship based on fracture properties

InPET, it is possible to describe the transition between ductile and brittle behaviour considering
a critical molar mass (M’¢). If My, is above this value, the polymer exhibits a ductile behaviour
whereas if My is below M’c, then the polymer is brittle [35]. The M’ value is known for PET
and is equal to 17 kg/mol [31]. In order to check whether the EWF test can be used to determine
this value we first present the changes in My as a function of aging time for all the data points
considered here, Figure 11. Results show that for a given temperature, the molar mass decreases
continuously from 31 kg/mol until it reaches values close to zero. Such a result is in agreement
with those in the literature [36-38]. Moreover, the lower the temperature, the slower the
hydrolysis rate. This behaviour also follows an Arrhenius law. The acceleration factors were

determined and were found to be very similar to those presented in Table 1.
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Figure 11: Effect of aging at different temperatures on the molar mass

Using data presented in Figure 7, it is possible to plot fwp as function of My, see figure
12.a. Bwp is also directly compared with results from Figure 8.a concerning the maximal stress.

It appears that when Bwy is above 0 then the material exhibits a ductile behaviour whereas when
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Bwp is equal to O then the polymer is brittle. And so, it is possible to determine a value for the
critical molar mass M’c. This value is here around 17 kg/mol, i.e. in accordance with existing
data in literature and results obtained considering maximal stress. However, the shapes of the
two plots are quite different. On one hand, for molar masses above 17 kg/mol, the maximal
stress is constant around 70 MPa while Bw, decreases linearly over the same molar mass range.
On the other hand, for molar masses less than 17 kg/mol, the maximal stress decreases linearly
while Pwp equals zero. In terms of methodology towards the identification of polymer
embrittlement, the EWF method has a major advantage over uniaxial tensile tests. At the very
early aging stages, changes in Pwp are observed while the maximal stress is constant. This
means that from EWF results obtained after short aging durations, changes in fwp can be
extrapolated towards the identification of a critical molar mass. In the polymer degradation
community, such a methodology is very powerful because it can significantly reduce aging
duration or temperature. For example, considering EWF-m, Bwp is equal to 0 after
approximately 30 days of aging at 80°C whereas it takes 75 days to observe a decrease in
maximal stress using tensile tests. The same goes for aging at 60°C where brittle behaviour was
observed after 20 months using EWF-m and 3 years using tensile tests. Finally, fw, was
compared with the strain at break data as a function of My, Figure 12.b. It appears that no clear
correlation is observed, meaning that the loss in strain at break is not due to the loss in fw.
However, as discussed in [13], the decrease in strain at break during aging may be associated

with a decrease in tie molecule concentration.
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Figure 12: (a) Maximal stress (b) Strain at break from tensile tests as a function
of molar mass compared with Bwp as a function of molar mass

5. Conclusion

In this paper, the fracture properties of PET were investigated during hydrolytic aging
using the Essential Work of Fracture at different temperatures. First, results have shown that a
significant decrease in the non-essential work of fracture (Bwp) was observed during aging and
that the PET exhibited a change from ductile to brittle behaviour. Second, it has been
demonstrated that it was possible to identify a critical molar mass M’c based on fracture
properties. Finally, when compared to results obtained from tensile tests after aging, it was
shown that the EWF test was more sensitive to aging, which could significantly reduce the time
needed to age samples in durability studies. Additionally, this means that it is also possible to

lower the aging temperature to temperatures closer to service temperature, which would greatly

enhance the lifetime prediction.
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