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Abstract 

Ocean pollution by microplastics, i.e. small pieces of plastic of less than 5 mm, is one of the major concerns for 

the future of our planet. Secondary microplastics formation is due to fragmentation of macroplastic waste. This 

fragmentation can be attributed to environmental loadings such as waves, winds and tides, coupled with a change 

in mechanical properties of polymers induced by UV and seawater ageing. This study aims to characterize and 

understand changes in the mechanical behaviour of Polyethylene Terephthalate (PET) induced by hydrolysis, 

especially for high degradation levels. Thin films (200 microns) of PET were aged in water at temperatures from 

110°C to 80°C for up to 150 days. Embrittlement occurs with chain scission during hydrolysis when molar mass 

of the polymer falls below 17 kg/mol. When the polymer is brittle, i.e. for high levels of degradation, the stress at 

break decreases linearly with the molar mass, and can be described by a simple mathematical expression. 

 

1.Introduction 

 

The presence of plastics in the oceans, from the surface to sea floor sediment, from coastal zones to open sea, has 

been presented in the literature since 1972 and the first papers on the subject [1-3]. The consequences of this 

invasion of the oceans by plastics are currently being investigated by the scientific community. Most of the 

questions are related to the impact of small pieces of plastics on marine life and on the food chain [4,5] and their 

identification in a marine environment [6-8]. When considering microplastics, defined as plastics of less than 

5mm [9], two types exists. Primary microsplastics are defined as unaged plastics, such as plastic pellets, whereas 

secondary microsplastics are based on macroplastics such as plastic bottles or bags that are aged and then 

fragmented into smaller pieces. 
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We will focus here on this second case, with a general objective to understand the formation of microplastics and 

the influence of ageing on their behaviour. From a polymer degradation point of view, the understanding of 

microplastic formation needs to consider new open questions related to fracture mechanisms in polymers due to 

extended ageing. Usually the study of polymer degradation is focused on a specific application [10] and limited 

to a decrease of design properties such as elongation at break for rubber [11]. Here, as there is no defined end of 

life for these polymers, large degradations will occur so we have to consider the impact of extensive degradation 

on their fracture behaviour. 

The present study is focused on Polyethylene Terephthalate (PET) because this kind of polymer is widely used in 

industry [12], especially for plastic bottle production [13,14],  and has been found as microplastics in the ocean 

[15]. Degradation of PET has been widely studied in the past and it was one of the first polymers studied in 

terms of ageing in 1959 [16]. It is well know that PET undergoes both oxidation [17,18] and hydrolysis [19], 

both of which lead to chain scission in the polymer. It has been chosen to focus this study mainly on hydrolysis 

of the polymer because the chemical reactions are known [20], the main influencing parameters have been 

studied, and prediction of this degradation is possible using a kinetic model [21,22]. Considering mechanical 

property change during degradation, it is well known that semi crystalline polymers undergo a transition from 

ductile behaviour (i.e. when plasticity occurs) to brittle behaviour (i.e. purely elastic behaviour) with chain 

scission. This transition occurs when the molar mass decreases below a critical molar mass value (usually named 

M’ c) [23]. The M’c value for PET is not clearly defined in the literature. Even if it is known that M’c is about 5 to 

20 times the Me value (Me, entanglement molar mass) a clear critical value during hydrolysis has not been 

determined. However, this M’c value is necessary for life time prediction of polymer in industrial applications. 

Because here we are focussed on microplastic formation, it is necessary to consider property changes even when 

the molar mass is lower than M’c, i.e. for high degradation. This requires first an accurate determination of M’c. 

Then, a special attention will be paid to the decrease in fracture properties for high levels of degradation which 

has not been documented previously, and needed some specific development in terms of testing to be able to 

characterize very brittle samples. Several ageing temperature (all above Tg) will be considered here in order to be 

able to determine a general behaviour and avoid being specific to one ageing condition. The originality of this 

study is to consider the mechanical behaviour of a commonly used polymer at very high degradation levels, 

whereas previous studies have not considered mechanical properties after embrittlement. This study does not aim 

to estimate an embrittlement time in natural ocean conditions (i.e. temperature below 30°C) but rather to 
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consider in detail the mechanical behaviour of highly degraded PET. It should be noted that extrapolation to low 

temperatures can only be done with an accurate value of activation energy below Tg, which is not available yet. 

In this paper we will first present the PET used, and experimental considerations such as ageing conditions and 

characterization. Then ageing results will be described in terms of molar mass change, crystallinity ratio and 

tensile behaviour during ageing in water at 105°C.  The effect of ageing temperature will then be considered. 

Finally, based on these results, a general interpretation of decrease in stress at break will be proposed. 

 

2.Materials and Methods 

2.1. Material 

 

The material of interest here is a polyethylene terephthalate (PET) manufactured by extrusion and supplied by 

CRITT Polymeres. This PET grade (Silar 874 C80) is commonly used in plastic bottles and was received in the 

form of polymer films of 200 µm thickness. It has a density of 1.37 g.cm-3 and an initial crystallinity ratio of 7%. 

Working with polymer films rather than bulk specimens allows us to obtain a more homogeneous degradation 

through the thickness of the film. All specimens were recrystallized thermally before ageing at 110°C (the 

highest ageing temperature) for 30 minutes until a stable crystallinity ratio was reached (Xc=33%). Initial molar 

mass and polydispersity index were measured to be 31.4 kg/mol and 2.4 respectively. 

 

2.2. Method 

2.2.1. Ageing 

 

Two types of ageing conditions were considered here, below and above 100°C. Those performed below 100°C 

(80°C and 90°C) were conducted in deionised water tanks at atmospheric pressure. Those performed at 100°C, 

105°C and 110°C were conducted in pressure vessels at 15 bars in order to work with deionized water in the 

liquid state during ageing. After each ageing condition, samples were dried in desiccators at 0% humidity and 

ambient temperature until the weight was stabilized. The drying process is short (because of sample thickness) 

and performed at low temperatures compared to those that were aged, so further hydrolysis can be neglected. 

Also, the dry Tg was found to be 84 ± 1°C and the Tg at saturation, 70 ± 1°C, which ensures that all ageing 

conditions are above Tg, even for water ageing at 80°C. 
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2.2.2. Size exclusion chromatography (SEC) 

 

Molar mass was determined by SEC by the PeakExpert Company according to the Laun and al. method [24]. 

Samples of 10 mg were dissolved in 4 mL of hexafluoroisopropanol (HFiP). The dissolution was performed for 

24h at room temperature. The solution was then filtered using a PTFE membrane of 0.2 µm thickness. The 

separation was performed using a pre-column and two columns packed with 7 µm PFG particles, and 1000 Å 

and 100 Å pore size, the dimension of columns was 8mm ID x 300 mm length. The mobile phase was a mixture 

of HFiP + 0.05 mol/L potassium tri-fluoroacetate (KTFAc), flow rate was 1 mL/min and injection volume was 

50 µL. 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 5th order polynomial. Calculations are conventional and average 

molecular weights are expressed as PMMA equivalents. 

 

2.2.3. Differential Scanning Calorimetry (DSC) 

 

The degrees of crystallinity Xc were checked using DSC on Q200 equipment from TA Instruments at a heating 

rate of 10°C/min from ambient temperature to 300°C. Sample mass was around 10 mg for all tests performed 

here. The degree of crystallinity is determined as follows: 

 �� =
∆��

∆��
�	
∗ 100 Eq. 1 

Where ∆Hf is the enthalpy of fusion of the tested polymer and ∆Hf
0 the theoretical enthalpy of fusion for a 100% 

crystalline material, taken equal to 118 J/g [25]. An example of a DSC thermogram is shown in Figure 1 for the 

unaged PET. 
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Figure 1 : DSC thermogram of the unaged PET 

 

2.2.5. Mechanical properties 

 

Tensile tests were performed using a 10 kN capacity Instron machine with a 500 N load cell. Tests were 

performed at a crosshead speed of 1 mm/min until failure, at 21°C, using H3 dogbone specimens. The strain was 

measured by Digital Image Correlation (DIC) using the commercial software Aramis and a Basler camera. For 

each testing condition, four dry specimens were tested until failure. 

 

3. Results 

 

First, only one ageing temperature, 105°C, will be considered, in order to describe the different phenomena that 

are observed and linked to water ageing. The water diffusion process was not considered here, due to the fact 

that the samples are thin (200 microns) and water temperature is high (up to 110°C). This means that diffusivity 

is also high. Therefore, the time needed to reach saturation within the different specimens is very short compared 

to the ageing times considered in this study. To support this, in reference [26], results from water permeation 

data on PET can be found over a wide range of temperatures and humidity conditions. In particular, the authors 

state that at 70°C and humidity conditions between 10-30% relative humidity, the diffusion coefficient is 8.0.10-

12 m²/s. For our study, this means that on polymer films 200µm thick, saturation will be reached after 16 minutes 

of water exposure. So at the higher temperatures used in the study, water sorption will be even faster. 
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3.1. Molar mass changes during ageing in water at 105°C 

 

SEC results for PET aged in water at 105°C for several ageing durations are presented in Figure 2. We can 

observe that ageing leads to a shift of the curve from higher elution volume to smaller ones without large change 

in the curve shape. This is clear evidence of a reduction of the molar mass during ageing, see Figure 3. 

Moreover, it is worth noting that the width of curves, that is related to the polydispersity index (about 2.4 here), 

is not affected by ageing. 
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Figure 2 : SEC elution behaviour as a function of ageing  

The initial molar mass Mn0 was measured to be equal to 31.4 kg/mol. Then, it is shown in Figure 3 that the molar 

mass decreases throughout ageing until a final value of 3.8 kg/mol after 14 days of ageing. This is clear evidence 

of a chain scission process during ageing. 
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Figure 3: Changes in molar mass as a function of ageing  

 

Based on SEC measurements, it can be concluded that an irreversible degradation occurs when PET is immersed 

in water at high temperatures. This degradation was expected and is attributed to the hydrolysis of the 

amorphous phase of the polymer that leads to chain scission, i.e. a decrease in Mn. In addition to the water 

ageing shown here, ageing in air and under vacuum at 110°C has been performed for durations up to 3 months 

and no evolution in the mechanical properties has been observed. These results indicated that, in this study, the 

main degradation mechanism is indeed hydrolysis rather than oxidation. 

 

3.2. Crystallinity changes during ageing in water at 105°C 

 

Crystallinity is plotted as a function of ageing time in water at 105°C in Figure 4. A large increase in crystallinity 

ratio is observed, as Xc increases from 33% for unaged samples to values higher than 50% for samples aged for 

14 days at 105°C. 
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Figure 4: Changes in crystallinity as a function of water ageing  

 

The increase in crystallinity during ageing is related to the well-known chemi-crystallization process; when 

chain scission occurs in the amorphous phase of a polymer the mobility of macromolecules is increased and so 

offers new possibilities for crystallites to be formed [27]. The chemi-crystallization process depends on the 

mobility of macromolecular chains meaning that this behaviour is specific to ageing above Tg; this point is 

discussed in detail in the discussion section. This process has been highlighted during many previous 

degradation studies of polymers above Tg [19,21]. The relationship between chain scission and crystallinity will 

be considered in the discussion section, particularly for high levels of degradation. 

 

3.3. Mechanical Properties 

The aim of the current study is to try to identify a brittle/ductile transition as a function of ageing as well as a 

change in mechanical properties for high levels of degradation. To do so, specimens were tested under tension 

until failure as a function of ageing time. Stress-strain plots as a function of ageing are shown in Figure 5. 
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Figure 5: Change in Stress-Strain curves aged in water at 105°C at different ageing times 

 

First, the unaged specimens all exhibited a ductile behaviour followed by necking at approximately 6% yield 

strain, which is a behaviour commonly reported for unaged PET in the literature [28]. A yield stress of 

approximately 75 MPa was measured, which is close to values presented in the literature for specimens with 

crystallinity ratios close to 30% [28,29]. It may be noted that as stated in [29], the yield stress is not affected by 

the molecular weight in the range from 16.5 to 27 kg/mol, which is the case here. For these unaged specimens, 

tests were not performed until failure, since the neck propagated within the tabs, and did not allow a valid strain 

at failure to be obtained. However, it may be noted that this particular value is not the main purpose of the study, 

since the aim is to identify a brittle-ductile transition and not a ductile-necking transition, i.e. the conditions 

when microplastics can be formed.  

Once the specimens were aged, even for a short period, they did not exhibit the same behaviour and no necking 

was observed. From 1 to 4 days of ageing, the specimens failed in a ductile manner and a yield stress was 

identified. On the other hand, after 5 days of ageing, all the specimens failed within the purely elastic part of the 

stress-strain curve, i.e. in a brittle manner. Once this brittle behaviour was identified and for ageing times longer 

than 5 days, the maximum stress decreases, from 63 MPa down to 22 MPa after 14 days of ageing, Figure 6.a, 

which represents a significant drop. It may be noted that testing such brittle polymer films is not an easy task and 

great care must be employed when performing such mechanical tests, particularly during handling of specimens. 

Concerning the strain at failure as a function of ageing, Figure 6.b, it also decreases, from approximately 9 % 

after one day of ageing down to values below 1 % after 14 days. 
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Figure 6: Changes in mechanical properties as a function of ageing at 105°C in water (a) Maximum stress (b) 

Strain at failure 

 

As a conclusion on the tensile behaviour, it clearly appears that the fracture of PET is strongly affected by the 

degradation in water at 105°C. During hydrolysis, an embrittlement of the polymer is observed that leads to a 

large decrease in both strain and stress at break whereas Young's modulus remains almost constant. 

Because this study aims to consider the relationship between mechanical properties and the extent of hydrolysis 

in a general manner ageing was also performed at other temperatures; 80, 90, 100 and 110°C. Results are 

presented in the next section. 

 

3.4. Influence of ageing temperature 

 

The results presented in the previous section were obtained after ageing at 105°C. Here, all the results obtained  

after ageing at 80, 90, 100 and 110°C will be compared. For the two following figures and to simplify the 

presentation, the x-axis has been plotted on a log scale in order to compare different properties at different 

ageing times and temperatures on the same figure. First, the changes of molar mass and crystallinity ratio at 

different temperatures are shown in Figure 7.a and Figure 7.b respectively. 
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Figure 7: Changes in (a) molar mass and (b) crystallinity ratio as a function of ageing time at different 

temperatures 

 

For all the ageing temperatures considered here, the same behaviour is observed; a decrease in Mn and an 

increase in the crystallinity ratio. However, Figure 7.a clearly shows that the hydrolysis rate is increased with 

ageing temperature.  This behaviour can be described using an Arrhenius law and an activation energy Ea of 115 

kJ/mol is obtained, which is in agreement with existing literature results [16,30,31]. Activation energy is 

calculated with a shift factor aT using 105°C as the reference temperature independently for all properties 

considered here. Similar results are obtained concerning the crystallinity ratio, Figure 7.b, i.e. an increase in the 

ageing temperature results in an acceleration of the chemi-crystallization process and crystallinity ratios close to 

50% are reached. It may be noted that the activation energy determined here cannot be used to extrapolate results 

to lower temperatures, i.e. temperatures around 20°C. It has been stated in the literature [32] that the activation 

energy below Tg (glassy state) is different to that above Tg  (rubbery state), which makes an extrapolation using 

an activation energy determined above Tg invalid. In [32], the activation energy is approximately half of that 

above Tg (around 1.8, these tests were performed on PET fibres at a pH of 14). To illustrate these results, Figure 

8 shows an extrapolation using an Arrhenius approach at 20°C using both Ea values. First, we consider an 

extrapolation at 20°C using the activation energy determined above Tg and second using the same activation 

energy divided by 1.8 because the activation energy is lower below Tg.  
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Figure 8: Extrapolation at 20°C (i.e. below Tg) in water of Mn decrease as a function of aging time in two cases. 

First using an activation energy determined above Tg (rubbery state) in this study and secondly considering that 

the activation energy is different in the glassy state (1.8 ratio [32]). 

 

Results in Figure 8 show that depending on the activation energy used in the calculation, degradation times are 

quite different. While considering an activation energy equal to that determined above Tg, embrittlement (see 

later in the paper for its definition) would occur after 500 years of immersion whereas using an activation energy 

in the glassy state, it will take approximately 20 years. These two approaches show that the time to 

embrittlement is clearly overestimated when using an activation energy determined in the rubbery state to 

extrapolate to immersion temperatures below Tg. Therefore, aging tests below Tg are necessary when an accurate 

extrapolation is needed, but this type of study takes time, as shown in Figure 8." 

Then, the maximum stress values obtained from all the tests performed in this study are compared in Figure 9, 

again using the log scale x-axis at the different temperatures of interest. The maximum stress was preferred as a 

criterion to follow degradation rather than the strain at failure, as it was considered to be the most pertinent 

parameter here.  
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Figure 9: Changes in maximum stress as a function of ageing time at different temperatures 

 

Results show that for each temperature studied here, the same behaviour is observed. The maximum stress drops 

slightly initially, and the embrittlement of the polymer then leads to a large reduction. A critical time can be 

identified at each ageing temperature when the maximum stress drops significantly, and this corresponds to 

brittle failures. It may be noted that this embrittlement of PET during hydrolysis has already been observed by 

Pickett and Coyle [33] at different temperatures and humidity conditions using a bending test. However, SEC 

measurements were not performed and no tensile mechanical criterion was proposed. The aim of this study is 

therefore to extend that work, as the aim is to characterize the mechanical properties of PET after extensive 

degradation and embrittlement, and to relate properties to SEC results. 

 

4. Discussion 

 

This section will discuss the results presented previously in order to understand the mechanical property loss 

during PET hydrolysis. First, the chemi-crystallization process will be considered and then focus will be placed 

on the establishment of a relationship between mechanical behaviour and the hydrolysis process. 

 

4.1. Chemi-crystallization 

 

In section 3.1, it was shown that the predominant degradation mechanism observed here is hydrolysis, which 

leads to a significant drop in the molar mass as a function of ageing. This induces a chemi-crystallization process 
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which has an effect on the crystallinity ratio that increases during ageing. This change is now plotted as a 

function of molar mass for all the ageing temperatures considered here, Figure 10. 
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Figure 10: Changes in crystallinity ratio as a function of molar mass at different ageing temperatures 

 

Results plotted in Figure 8 show that the evolution of the crystallinity ratio as a function of molar mass is 

independent of the ageing temperature. These results show that a master curve exists between Xc and Mn when 

ageing is performed above Tg. This behaviour cannot be extrapolated for aging under Tg. In fact, due to low 

mobility chemicrystallization will probably not  occur when the amorphous phase is in the glassy state. 

 

4.2. Identification of a critical molar mass M'
c based of the maximum stress criterion 

 

Tensile tests were then performed until failure for a wide range of ageing temperatures above Tg and a wide 

range of ageing times (Figure 11). For each ageing temperature of interest here, a ductile-brittle transition was 

identified at a given ageing time.  
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Figure 11 : Determination of critical molar mass based on the maximum stress criterion 

 

Based on Figure 11, it is shown that the relationship between the maximal stress and Mn is independent of the 

ageing temperature (within the temperature range considered here). When the molar mass is above 17 kg/mol, 

the maximum stress is constant for the temperatures of interest and the polymer exhibits a ductile behaviour. For 

Mn values below 17 kg/mol, the maximum stress decreases and a brittle behaviour is observed for all the 

specimens studied here. The transition from ductile to brittle behaviour is related to a critical value of Mn that is 

commonly named M'c. For PET, and in tensile conditions here, the M'c is equal to 17 kg/mol; to the knowledge 

of the authors, this value has never been determined accurately during hydrolysis of PET. This value is compared 

with existing results from the literature for other polymers in Table 1.  

For PET, some results can be found in the literature where brittle failures have been identified and coupled with 

Mn values. In 1969, Stearne and Ward [29] worked with unaged PETs with different initial molar masses (27, 

18.5, 18, 16.5 and 11 kg/mol) and stated that brittle failures were identified on the specimens having an initial 

molar mass of 11 kg/mol. Their results represented a first step towards an identification of an M'c value for PET 

between 16.5 and 11 kg/mol, however without taking into account hydrolysis degradation. In 1996, Wang et al 

[14] have worked on the degradation of PET using UV radiation and identified brittle failures at Mn values 

below 11 kg/mol. Since then, we have not found any studies coupling brittles failures with Mn values during 

hydrolysis. Finally, it is usually admitted that M'c is proportional to Me with a factor from 5 to 10 [33]; For PET 

Me is equal to 1450 g/mol [34] meaning that the proportionality factor here is around 10. 

 

Table 1 : M'c values identified for various semi-crystalline polymers in the literature 
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Material  M' c (kg/mol) Xc (%) Taging (°C) Degradation Specimen Criteria  Reference 

PE 25 42-50 80-90 Oxidation H2, t=70µm σ < σ0 [34] 

PP 35 / 90 Oxidation H2, t=100µm / [36] 

PTFE 200 3-70 / Radiation H4, t=1mm ε=ε0/2 [37] 

PA11 13 / 90-140 Hydrolysis  t=3mm / [38] 

PA11 10 20-30 25-110 Oxidation  t=1mm ε=ε0/2 [39] 

 

Because secondary microplastics are subjected to very high degradation levels, it is important to consider the 

decrease of fracture properties when the polymer is brittle. A linear behaviour is observed between the maximal 

stress and Mn when the PET is brittle. Here the stress at break decreases with Mn and can be described using an 

empirical relationship, Eq.3: 

 ��� = � + � ×	�� (for Mn<Mc) Eq.3 

Where σmax is the maximal stress in MPa, Mn is the molar mass in kg/mol, A and B are constants identified with 

experimental data. Here A is equal to 0.9 MPa and B is equal to 3.7 MPa/mol/kg. 

This means that using existing kinetic models for PET hydrolysis [21,22,33] coupled with the new relationship 

established here, we are able to predict the embrittlement time of PET during degradation as well as the decrease 

in fracture properties when the polymer exhibits a brittle behaviour. Although this relationship has been 

established under ageing conditions where the chemi-crystallization process occurs, this kind of prediction will 

provide the first step in understanding the formation and the behaviour of PET microplastics in the oceans.  

However, the results presented here are based on ageing conditions above Tg, which induces chemi 

crystallization during ageing. This raises the following question: Can we identify a ductile-brittle transition of 

the PET during water ageing when ageing is performed below Tg, i.e. with no chemi-crystallization process? 

This is currently being studied by a series of lower temperature aging studies, but the kinetics are slow. The high 

water temperatures required to promote embrittlement in this material underline the need to integrate coupling 

with the other environmental factors, UV exposure and mechanical loading, into this study, in order to develop a 

general fragmentation prediction model. 
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5. Conclusion 

 

Two hundred micron thick films of PET have been aged in water at temperatures from 110°C to 80°C, for up to 

150 days. These were characterized in terms of molar mass, crystallinity ratio and tensile behaviour with the 

particularity of considering very high degrees of degradation. 

When immersed in water at high temperature, PET undergoes hydrolysis that leads to chain scission in the 

amorphous phase and so a decrease of molar mass. In the meantime, because the ageing temperature is above Tg, 

an increase of crystallinity is observed during hydrolysis due to the chemi-crystallization process. These changes 

in the PET microstructure lead to a modification of the tensile properties of the polymer. When Mn is above 17 

kg/mol a ductile behaviour is observed whereas when Mn is below 17 kg/mol a brittle behaviour is observed. In 

addition, the results clearly confirm that SEC measurement is a very useful experimental technique to 

characterize the degradation level of microplastics found in the oceans, provided that the unaged reference is 

known. 

Moreover, for higher levels of degradation, i.e. the domain of interest when considering microplastic formation, 

the maximum stress at break decreases linearly with the molar mass and can be described using an empirical 

equation. This result provides a first step towards the understanding of how PET microplastic fragments form in 

the oceans. Work is underway to couple this with UV exposure and mechanical loading parameters. 
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• Aging of PET in water at temperatures ranging from 80 to 110°C up to 150 days 

• Embrittlement of PET due to hydrolysis of the amorphous phase 

• Significant decrease in mechanical properties once the polymer is in the brittle state 

• Identification of a critical molar mass M'c 

• Linear relationship between the stress at failure and the molar mass when the polymer is in 

the brittle state 




