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Opaque PET (Polyethylene terephthalate, PET filled with mineral nanoparticles) was recently introduced as dairy packaging, mainly for milk bottles. Since its production cost is lower than the transparent PET, the use of opaque PET is steadily increasing. However, its recyclability is nowadays an issue, and its presence in the household wastes weaken the existing recycling channels, despite being well established for transparent PET.

In this work, the opaque PET (rPET-O) is incorporated into recycled polypropylene (rPP) as a reinforcement, both originating from household wastes. rPET-O/rPP blends are not compatibilized such as to demonstrate that it is possible to obtain simply blends with added value that are also easily recyclable, one of many initiatives launched in Europe to turn wastes into resources, as a key to a more circular economy.

The tensile properties and the fatigue life of rPET-O/rPP blends are investigated by coupling in-situ digital image correlation and in-situ infrared thermography measurements. We demonstrate that such blends can be a potential substitute to rPP materials with low mechanical strength requirements (i.e., small storage boxes). Up to 30% by weight is added to the rPP, which improves both tensile properties (addition of 30%wt increases the elastic modulus by 35%) and the fatigue life (addition of 30%wt increases the fatigue life by one order of magnitude).

Incorporation of opaque PET into the PP recycling sector may be a new route to absorb some of the growing amounts of opaque PET, with the added benefit of obtaining a reinforced recycled PP without the need to modify existing recycled PP's existing methodologies.

Introduction

Climate strikes sweep Europe and further since a decade. The youths' climate protests are an effort to get politicians to move faster on dealing with climate change. They claim urgent, massive and transformational action for a safe future. Among their concerns, the fate of plastic is a major ecological issue. Directives are issued for sorting at the consumer stage, and after collection, the treatment of plastic wastes includes recycling, energy recovery and landfill. Although the total EU situation is improving, in many countries, landfill is still the first or second option of treatment for plastic post-consumer waste. In 2016 in EU, the recycling rate for plastic packaging wastes was higher than 40% for Czechia republic, Germany, Netherlands, Sweden, Ireland, Spain, UK, Estonia, Slovakia, Slovenia, Belgium, Norway, Portugal and Latvia, in contrast with 25% for Malta, Greece, France and Finland (Europe, 2018). France, among the worst record in Europe, has launched a new roadmap to achieve 100% of recycled plastics by 2025 (WWF, 2018). Amongst the wide variety of plastics, plastic bottles are one of the main threat. A million of plastic bottles are bought around the world every minute and this number will jump by another 20% by 2021. More than 480 billion plastic drinking bottles were sold in 2016 across the world, up from about 300 billion a decade ago (Guardian, 2017). But as their use soars across the globe, efforts to collect and recycle the bottles to keep them from polluting the oceans, and urgent actions are required, such as a more efficient sorting, collection and recycling. The readers are directed to a review by Rageart et al (Ragaert2017) for a comprehensive description of solid plastic wastes recycling pathway.

In regard to that alarming situation, the European Commission adopted in 2018 a strategy on plastics as a part of the transition towards a more circular economy. In this strategy, the only longterm solution targeted is to reduce plastic waste by recycling and reusing more. Although plastic is a fully recyclable material, only one third of the European production is at present recycled. Enhancing recycling would contribute to the aims of the European Union roadmap (Union, 2013). This is a challenge that citizens, industry, and governments must tackle together (Union, 2018).

Most plastic bottles used for soft drinks and water are made from polyethylene terephthalate (PET). Transparent polyethylene terephthalate (PET) is a material widely used for beverage packaging, mainly thanks to its food compliance, recyclability, high mechanical strength, chemical inertness and low oxygen permeability (Cladman et al., 1998;Karaman et al., 2015;Mestdagh et al., 2005;Welle, 2011). PET is the paramount choice for both still and carbonated water, soft drinks, oil, wine, and juices. In the case of dairy products, such as milk and yogurts, the use of PET has been ruled out for a long time. Indeed, its inherent transparency to visible light could not ensure optimum protection of vitamins and flavour (Soffert et al., 2006). This flaw may be fixed by the addition of pigments in PET, acting as UV-absorbing additive and oxygen diffusion preventer when in the form of mineral particles (Mestdagh et al., 2005). The so-obtained pigmented PET offers an equivalent level of protection of vitamins and flavour compared to HDPE (High-Density PolyEthylene) with a lower thickness (Moyssiadi et al., 2004), thus positioning PET on the top of the chart in terms of production cost. Moreover, the use of opaque PET gets out of the use of aluminium opercula while still offering safe opening and reclosing features. Among the mineral pigments, titanium dioxide TiO2 may be the most suited for food applications as an effective UV-blocker at relatively high concentrations (c.a. 4%wt) (Werink et al., 2009). However, the processability of PET/ TiO2 is low, as the high concentration of mineral particles leads to delamination of the bottles (Werink et al., 2009), mainly because of a reduction of the tensile strength and the strain at break (Han and Yu, 2006;Sánchez et al., 2014), i.e. the PET/ TiO2 blend is too brittle and cannot be stretched enough for injection stretch blow moulding. The use of additives, such as waxes (Lepage, 2005;Werink et al., 2009), helped to overcome those difficulties, and milk bottles made of opaque PET can now be found on supermarket shelves, easily spotted due to their sheen. PET/ TiO2 is referred as opaque PET in the following.

The presence of the opaque PET recently raised concerns about the threat it may represent for the PET recycling industries (Cotrep, 2015(Cotrep, , 2013)). Opaque PET cannot be tolerated in the loop of transparent PET recycling since the latter is recycled almost uniquely into transparent sheets and bottles. Opaque PET may be incorporated into coloured PET up to 15%wt without noticeable loss of processability, but this quantity is not enough to absorb the increasing amount of opaque PET launched on the market as milk bottles. The presence of opaque PET will give immiscible blends with lower processability and reusability when found in other plastic recycling stream, damaging the recycling industries (Eriksen2019).

While uncontrolled blending is clearly unacceptable, blending is a relatively recent recycling route to obtain materials from post-consumer waste with added value. For instance, Curtzwiller et al (Curtzwiller2019) mixed post-consumer polyethylene/polypropylene blends with virgin polypropylene to obtain a material with higher mechanical and barrier properties. Matias et al (Matias2020) blended recycled and virgin PP and PET to manufacture water pipes. Addition of PET increased the flexural properties of the blends, and pipe produced from compatibilized blends with a maleic acid showed properties similar to commercial pipes. Zander et al (Zander2019) used compatibilized blends of PET/PP from household wastes to produce 3D-printable filaments with tensile strength similar to that of commercial filament. Those recent works show that blending is a credible alternative to obtain materials with high added value.

In our case, we aim to propose an alternative route of recycling the opaque PET. As the appearance of milk bottles composed of opaque PET may deceive consumers because its appearance is close to other milk bottles, usually composed of PP and/or PE. It is of interest to evaluate its impact when found in small quantities, as it may be the case in the recycling stream of PP bottles, giving uncompatibilized blends of unknown composition. Therefore, in this specific case, the presence of small quantities of opaque PET in a PP matrix is a relevant issue. It is especially interesting to try to add value to this peculiar blend, as an alternative route to recycle opaque PET without threatening existing recycling methodologies.

Our contribution focuses on the incorporation of recycled opaque PET (rPET-O), as a reinforcement, into recycled PP (rPP), both being collected from household wastes, without compatibilizer. We demonstrate that the addition of small quantities (up to 30%wt) of rPET-O into an rPP matrix is beneficial on the tensile properties and mechanical lifetime of the blends. Mixing rPET-O with rPP produces a material that may be used in the same application where rPP is used alone, without the need to modify the existing equipment, such as extruded small transport boxes. Specifically, we evaluate the impact of the addition of rPET-O in a rPP matrix on the tensile properties and fatigue life of the blends, through tensile tests and coupling digital image correlation and infrared thermography. Electronic microscopy is used to understand the failure mechanism as a function of the amount of rPET-O added to the rPP matrix. Readers are directed to a detailed and comprehensive investigation for the short-term mechanical properties of the blends (impact, energy of fracture) (Santana2020).

Materials and methods

Materials

The materials selected for our study were collected from household plastic wastes organized by Suez, specialized in wastes treatment. They were sorted by hand to separate milk bottles (opaque PET) and caps (PP) from other bottles. The opaque PET bottles were thoroughly washed and dried, before being grinded into flakes. Recycled PP (rPP) was provided in the forms of pellets also by Suez.

Blends were manufactured from a mixture of flakes of the aforementioned opaque PET (rPET-O) and recycled PP (rPP) by extrusion by IPREM, UPPA, Pau, France. It shall be emphasized that, in the one hand, the rPET-O is a "new" material, i.e. recycled at most once -hence the flakes. In the other hand, rPP was already recycled, the number of cycle it withstood being not known.

Specimens for mechanical characterization were obtained by injection moulding. For that, the pellets of blends were dried overnight at 120°C before injection moulding, with the profile temperature, from the hopper to the nozzle as follows: 220°C -220°C -215°C -215°C. The injectionmoulded samples were then stored in a desiccator until testing. Blends containing 10%wt, 20%wt and 30%wt of rPET-O are labelled respectively as "1090", "2080" and "3070". Those quantities were chosen so as the rPET-O acts a reinforcement for the rPP matrix. rPP samples were taken as reference, such as to evaluate how the incorporation of rPET-O into rPP impacts the properties of the blends. Samples were 125mm long, 12mm wide and 3mm thick (supplementary figure S1). Scatter on the measured lengths was less than 0.2mm across all the samples tested. 5 samples per test and composition were used.

It is worth noting that opaque PET contains TiO2 nanoparticles on average 2%wt measured by thermogravimetic analysis (TGA) (Maxt2019). We did not have the possibility to control this amount throughout our study. This amount may vary in our samples as we work with milk bottles collected from household wastes

Methods

Tensile test

Tensile tests follow the ISO 527-1 and ISO 527-2 standards, with an electromechanical tensile test device (Instron 5500R) equipped with a 5 kN load cell, inside a thermo regulated laboratory at 23 °C. Tensile test specimen were prepared according to the aforementioned procedure (Section 2.1), with final dimension. The crosshead speed was 10mm/min. The tests run until failure of the samples. Load and displacement of the crosshead were recorded during the tests. The Ultimate Tensile Strength (UTS) is defined as the maximum load a sample reached during a tensile test. The elastic modulus was computed from the stress-strain curve as the slope in the strain interval [0.005%, 0.025%] following the ISO 527-1 standard. The UTS, the elastic modulus, as well as the strain at failure were noted. The yield point was computed following the standard, as the value of the intersect between a straight line of slope equals to the elastic modulus, starting at 0.025 strain, with the strain-stress curve. Five specimens for each blends were tested.

Fatigue test

Uniaxial Tension-Tension fatigue tests were performed following the ISO 13003:2003 standard, in a load-control mode on a servo-hydraulic fatigue machine (Schenck retrofitted Instron) equipped with a 32kN load cell. Fatigue specimen were prepared according to the aforementioned procedure (Section 2.1), and thus had the same dimension that the tensile test specimen. All the specimens were loaded by a 5 Hz sinusoidal wave (see supplementary figure S2) form at a constant loading amplitude based on tensile tests data. A PID loop was used to ensure that the applied load was respected. The parameters P, I, D and delay were first defined with the tested material. The load ratio, R, was defined as the ratio of the minimum to the maximum tensile stress, as follows:

𝑅 = 𝜎 %&' 𝜎 %()
with σmax being defined as follows:

𝜎 %() =
%𝑈𝑇𝑆 * 𝑈𝑇𝑆 100

The ratio R was set at 0.1 for all experiments, according to the standard ISO13003:2003.

For each set of materials (neat and blends), five levels of fatigue load were applied, from 95 %UTS to 75 %UTS, by step length of 5%. From fatigue tests, the number of cycles a sample can withstand, for a given %UTS, allowed to draw an S-N curve. The samples withstanding 1 million cycles without breaking were considered fatigue resistant, represented by "run-out" arrows on fatigue data. Therefore, the fatigue tests were stopped after 1 million cycles according to the standard. Fatigue tests focused on the rPP, taken as the reference, and its associated blends. Five specimens for each blends were tested.

InfraRed Thermography (IRT)

Infrared temperature fields measurements were performed by an InfraRed camera CEDIP© Jade III MWIR retrofitted FLIR© titanium SC7200. This device has a thermal resolution of 25mK at 30°C. The detector used was a mid-wave Indium Antimonide (InSb) detector associated with a 50 mm sensor covering a spectral range from 3.60 to 5.10 μm. The detector had a resolution of 320 x 256 pixels.

The sample was laid out 870 mm far from the detector, carefully oriented perpendicular to it, with a pixel resolution of 0.48 x 0.58 mm². The integration time was set at 15 µs to obtain a measuring temperature range between 20 °C and 100 °C. Infrared movies were recorded at a frequency of 5 Hz without any averaging.

The emissivity factor of PP was assumed to be at 0.97. All the measurements were performed at 23°C in a thermo regulated room. A reference sample painted with black paint, with an assumed emissivity factor of 0.98, was fixed as to be seen by the camera to record all the temperature changes in the test laboratory. Temperatures subtracted by the reference temperature are referred to as relative temperatures, while temperatures measured directly on the samples as referred to as absolute temperatures.

Digital Image Correlation (DIC)

Aramis 2M cameras benchmark coupled to the Gom© Aramis DIC software were used to record displacements the samples underwent. A 50 mm focal length sensor was used. A reference image was recorded just before launching the fatigue tests. Images were acquired at a rate of 5 Hz and had a resolution of 1624x1236 pixels, and a spatial resolution of 60 microns, in both directions. Displacements were deduced by subtracting the reference image to the subsequent images.

Computation led to the deformation samples withstood during fatigue tests

Differential Scanning Calorimetry (DSC)

Power compensated DSC from Mettler (DSC 1 Star System) was used to check the morphological change before and after fatigue tests. The DSC scan comprises two steps (i) an ascending temperature sweep of 10°C.min-1, from -40°C to 280°C (ii) a descending temperature sweep of 10°C.min-1, from 280°C to 40°C, both runs preformed under nitrogen atmosphere (50mL/min). Any morphological changes would be seen during those sweeps when comparing reference samples (i.e., before fatigue) to tested samples. We focused on the behaviour of the melting of the rPP during the first heating run, and its hot crystallization during cooling run, as an attempt to asses any structural changes induced during the fatigue tests. Second heating runs erased any structural modification induced by the fatigue tests and seen on the first run. The analysis of the locus of failure was performed for all sets and all %UTS tested during the first run (heating + cooling). The crystallinity has been computed by taking the ratio of the enthalpy of the hot crystallization of the rPP by the reference enthalpy for a fully crystalline polypropylene (ca. 207 J/g).

Backscattered Scanning Electron Microscopy (SEM)

The morphology of cryo-fractured surfaces of samples was analysed by Inspect F50 field emission gun scanning electron microscope operated at 5-10 kV. Samples were previously carbon-coated (Leica EM ACE200 coater) to allow backscattered electrons observations.

X-Ray Diffraction (XRD)

X-Ray Diffraction-XRD measurements were performed on a D-Max Rigaku rotating anode X-ray diffractometer. Graphite monochromatic Cu-Ka radiation served as a radiation source. The scanning range was 5-35° at the rate of 4°.min-1 and a step length of 0.02°.

Results and discussion

3.1. Characterization of the blends before fatigue

Microscopic observations

SEM images of the cryogenic fracture surfaces of rPP and rPET-O are given in figure 1 (a) and 1 (b). These images show that both rPET-O and rPP are, as expected, homogeneous. TiO2 nanoparticles can be observed as bright spots in the PET sample. rPP also contains inorganic additives, mainly metals, seen as bright spots as well, that are added mainly as fillers to improve rPP processability (Eriksen et al., 2018). Figure 1 (c-e) shows the cryogenic fracture of the different injected polymer blends. The dark continuous phase corresponds to the rPP and the light dispersed phase to the rPET-O. The dispersed phase domains of rPET-O in the blends are not homogeneously distributed in the rPP matrix and the TiO2 nanoparticles are mainly in the rPET-O domains. Some orientation of the rPET-O may be seen in the blends, especially in figure 1 (d) and 1 (e), probably due to the injection moulding process. The blends characterization shows two independent phases morphology due to the incompatibility between the two polymers. Figure 1 (c) shows the lack of adhesion between the rPET-O and the rPP matrix due to this incompatibility. 

Thermal analysis by DSC

As-moulded samples have been tested by DSC (see supplementary figure S3 for an example of comparison of scans of 3070 blend, rPP and rPET). A summary of the phenomenon's attribution can be found in the supplementary materials (table S6).

During the heating run, rPP exhibits a large melting peak at 165 It is worthy to note that some traces of polyolefin are present, proving that the rPP has already been recycled. Even though it is known that PE may influence PP thermal behaviour even at low concentration (Blom et al., 1998), we suppose that the quantity of PE is the same for all the samples used herein, as they come from the same batch. For this reason, its presence is assumed not to influence the observations thereafter.

The impact of the presence of TiO2 has been evaluated by Matxinandiarena et al. (Maxt2019). It was concluded that the TiO2 already present in the rPET-O has no influence on the crystallization rate of neither rPP, rPET-O nor their blends.

Also, the presence of melting peaks and the absence of cold crystallization peaks indicate that both rPP and rPET-O are already crystallized in the blends after injection moulding, with 42% and 27% of respective crystalline rate on average for all the blends studied. During tensile tests, rPET-O behaves as a brittle material while rPP behaves as a ductile material, with a pronounced yielding. A high dispersion was recorded for the rPP and 1090's strain at failure, mostly because a pronounced viscoplastic behaviour (see Maxt2019 for an example of strain-stress curves). Blends are mostly ductile and fail before attaining their lower yield stress (The lower yield stress is defined as the stress at which the material undergoes an arbitrary permanent deformation at constant stress). As shown in table 1, the incorporation of rPET-O in rPP enhances its elastic modulus and diminishes its strain at failure. The UTS is lower for the blends than for rPET-O and is close to that of rPP, possibly due to a lack of adhesion between phases that prevent stress transfer. rPP being the rich phase, it bearded most of the load, hence blends, values close to that of rPP. rPET-O/rPP blends prepared in a partner laboratory (Maxt2019) by a two steps process -from flakes to pellets, the from pellets to specimen by compression moulding -show similar properties as reported in table 1. Tensile tests performed on blends directly from flakes showed higher tensile properties (unpublished results, Kharghanian2019), with an elastic modulus 20% higher and a strain at failure 50% lower. This kind of degradation was expected, and it emphasizes on the merit of blending rPET-O with rPP to counter-balance the degradation endured during moulding.

Tensile properties

Sample

Controlled addition of TiO2 (unpublished results, Maxt2019) showed that 1%wt of TiO2 added on top of the already present TiO2 in the blends did not change the tensile properties, while addition of 5%wt increased the elastic modulus of 15% on average. However in our blends, the amount of TiO2 is not above 0.6%wt (2%wt of TiO2 present in 30%wt of rPET-O in the blends), thus limiting its impact on the measured properties. Figure 2 shows that rPET-O has a beneficial effect on the fatigue life of rPP. For high fatigue loads down to 90%UTS, the reinforcement effect is light and it is masked by a large data scattering. Nonetheless, a trend may be drawn, as blends with 30%wt of PET tend to resist longer to fatigue solicitation. For moderate (85%UTS) to low fatigue load (down to 75%UTS), the effect of rPET-O is obvious. 1090 bends behave overall as PP, so 10%wt of PET seems not enough to obtain a reinforcing effect. 2080 and 3070 blends are much more resistant to fatigue solicitation. At 85%UTS, 2080 blends have a tenfold increase in fatigue life compared to rPP. At 75%UTS, 2080 blends have a fatigue life that is 200 times longer, while 3070 blends reached the fatigue limit, i.e., they withstood one million cycles. Moreover, rPP did not reach the fatigue limit at 70%UTS, while this limit was attained by 1090 and 2080 blends. This shows that rPET-O may be a reinforcement of rPP, as the rPET-O at the very least did not degrade the rPP properties. Thus, rPET-O/rPP may be a substitute to rPP for similar applications.

Fatigue tests

The data also shows a high scattering. This may be explained, in the one hand, by the inhomogeneity of the blends, as seen by SEM before fatigue (figure 1). This lack of homogeneity gave a variation in the frequency of the phenomenon leading to failure, for which a general description is given in section 3.3.3. In the other hands, the load applied by the device compared to the yield strength of the materials may also have influenced the fatigue life, as detailed in section 3.3.4

Adjustment of the experimental data by a logarithmic law (eq. 1) may point towards different damaging mechanism, depending on the PET content.

𝑈𝑇𝑆 = 𝑎𝑙𝑜𝑔(𝑁) + 𝑏 (eq. 1)

Fitting parameters have been computed for the rPP and its associated blends (see supplementary figure S4 for graphic representations of each fit). Two straight lines may be drawn for rPP and 1090 blends, with a change of slope at 80% UTS, while one unique straight line suffices for 2080 and 3070 blends, hence pointing that the addition of rPET-O influences the damaging mechanisms. While the fitting parameters have no real physical significance, they are nearly identical for 2080 and 3070 blends. We may suppose that a similar damage mechanism occurs for those blends, while different ones may occur at different UTS level for 1090 blends and neat rPP.

Digital image correlation supports well the differences pointed out between rPP and 1090 blends on one hand, and 2080 and 3070 on the other hand. Only DIC for rPP and 3070 blends, under a 90%UTS fatigue load are reported herein, as they are pretty similar for 1090 and 2080 blends respectively. An 80%UTS fatigue load gives similar DIC results as 90% UTS, for a given blend. Figure 3 shows pictures sampled during a fatigue test for rPP and 3070 blends, under a 90%UTS fatigue load, as well as the corresponding DIC longitudinal section (i.e., along the length). Extensive deformation and whitening appear in the case of the rPP, the sample being greatly elongated before failure. By eyes, the localization of the onset of fatigue crack is rather difficult to make, as many sites (figure 3 (a)) may correspond to the onset failure. Interestingly, DIC shows that the corresponding deformation prior to failure is localized, meaning that only a narrow part of the sample took all the load, leading to failure. On the other hand, 3070 blends are barely deformed, weakly elongated and the failure occurs with limited deformation. Here, optical observation allows to easily spot the onset of failure, as it appears as the strong white spot, often on a side of the samples (figure 3 (b)). As shown by DIC analysis, the deformation did not increase much, and the localization of the locus of failure is quite difficult. Thus, up to 10% of rPET-O, the deformation is strongly localized and may be easily spotted by DIC. The incorporation of rPET-O changes this behaviour and homogenizes the deformation distribution across the entire sample, possibly limiting its damaging and thus extending its fatigue lifetime. In-situ increase of the (absolute) temperature was measured by taking 5 cross-sections (i.e., along the width) of the sample. Figure 4 represents the recorded temperature elevations, at three moments: t0, t1/2 and tfailure denote the beginning of the test, the middle of the test and the moment prior to failure, respectively. Figure 4 (a) represents a set of in-situ measurements for rPP under a 90% UTS fatigue load. It is seen that the first part of the test, up to t1/2 (about 500 cycles), the sample heats up homogeneously. Before failure, the zone near the locus of failure (identified as "section5") heats up about 30°C more than the rest of the sample. This measurement correlates well with the DIC, supporting a strong local deformation. Figure 4 (b) represents similar measurement for 3070 blends. Heating is quite low and homogenously spread over the sample. This correlates well with DIC measurements. Table 2 gathers the absolute temperature recorded prior to failure for all blends, at 90%UTS and 80%UTS, as well as the in-situ trends of the temperature evolution, which are similar for 90%UTS and 80%UTS. The temperature rises quickly for rPP, and the addition of rPET-O lowers the heating rate of the samples as well as the temperature at failure. The lower temperature at failure for 2080 and 3070 blends point toward a change in damaging mechanism. Indeed, fast heating rate and high temperature at failure are typically attributed to fatigue failure (Luo2020). This points toward the same direction as seen by DIC, e.g. the delocalization of the damaging for high rPET-O content blends, as a change in damaging behaviour. Another important feature is that in any cases, the maximal temperature a sample may reach is inferior to the Tg of rPET,-O which was measure at 70.5°C. The rPP presents a large scatter at 90%UTS, denoting a highly heterogeneous character. Oppositely, 3070 blends are quite stable and do not heat much. It shall be noted that the less rPET-O content, the steeper and faster the temperature rises. It is noteworthy that very weak temperature elevation was recorded during fatigue tests under 70%UTS. The possible heating mechanisms and their influence on the failure mode are discussed in details in section 3.3.2.

Samples

Temperature When observing the locus of failure (supplementary figure S5), it is observed that 1090 blends behave similarly to rPP, while 2080 blends behave as 3070 blends. rPP samples exhibit fatigue failure, accompanied by extensive elongation and a strong whitening, suggesting macromolecular chain orientation. Oppositely, 3070 blends exhibit quasi-static failure, as if it was very brittle (Gupta and Purwar, 1984). Many tiny white streaks appear not only on the locus of failure but over a large zone around it. It is then interesting to investigate how the fatigue solicitations may have impacted the structure of the blends.

Characterization of the blends after fatigue

Electronic microscopy

In order to obtain a better understanding of the role of the rPET-O, SEM experiments have been performed. Figure 5 shows the SEM characterization of the different polymer blends after a 90%UTS of fatigue load. Images reveal that in the case of 1090 blends, the rPP matrix is indeed strongly deformed and elongated. On the other hand, rPET-O phase keeps its spherical shape overall, even if some stretched rPET-O are spotted. Some gaps, possibly former trapped air bubbles, are also spotted. Elongation seems stronger around the gaps, which would support their roles as stress concentrators. Many vacancies pattern the rPP observed surface and would correspond to debonded rPET-O domains due to the lack of adhesion between polymer phases. Figure 5 (a) and(b) shows that in the case of 90%UTS, the stretching of the matrix is not uniform. Some parts of the sample are stretched and form fibrils. On the other hand, non-deformed parts seem to be melted, and this melting effect looks stronger for 80%UTS load in figure 5 (c) and (d)). It may be supposed that since at this fatigue load, the fatigue life was longer, the macromolecules had more time to flow and to adapt to the direction of solicitation. Moreover, even though the heating was weaker, the macromolecular chains spent more time at an elevated temperature. Thus, the macromolecular flow induced by the fatigue loading of the rPP on the rPET-O was more pronounced, explaining that rPET-O is found more fibrillated and that rPP has a pronounced melted appearance in the case of an 80%UTS than a 90%UTS. Figure 6 shows SEM images for 3070 blends. 2080 SEM pictures are similar to 3070 ones and are not shown. The rPP matrix is barely deformed, and the rPET-O is surprisingly stretched, especially for a 90%UTS fatigue load (figure 6 (a) and (b)). Holes witness of debonding are spotted, but have an elongated shape, meaning that fibrils of rPET-O debonded during failure, rather than spheres. More fibrils debonded during an 80%UTS fatigue test (figure 6 (c) and(d)). Numerous gaps are spotted, and the rPP matrix seems to be more deformed for this fatigue load. 

Influence of the rPET-O content on the fatigue failure

Thus, during fatigue, both the rPP and the rPET-O were deformed. Up to 10% of rPET-O, the PP matrix takes the solicitation. The fatigue tests were performed at a temperature above its glass transition (Tg), meaning that rPP was already in a rubbery state. The fatigue solicitation induced the flow of the matrix. This flow was accompanied by plasticization and internal friction, two dissipative phenomena leading to a temperature rise during the test, which, in turns, facilitated the flow of the matrix. However, the maximum temperature reached by the sample was below the glass transition of rPET-O, meaning it was in its glassy state. Being rigid in its glassy state, we may suppose that rPET-O disturbs the flow of the matrix. Its presence as small particles may provoke shear yielding of the matrix (Liang2000, Jang1985). As a consequence, the matrix imposed some shear to rPET-O, the latter stretched due to shear. It is reasonable to say that rPET-O may only be stretched at a temperature very close to its glass transition. For that, rPET-O must have absorbed some of the heating of the matrix to be stretched. The thermal conductivity of neat PP is 0.1 to 0.22 W.K-1.m-1 while for those of neat PET is 0.15 to 0.44 W.K-1.m-1. For our recycled polymers, the thermal conductivity is assumed to be slightly higher due to mineral fillers, even if their measurements have not been done. Thus, the deformation of the rPP matrix would serve as a heat source for the rPET-O stretching. Despite a poor adhesion at the rPP/rPET-O interface, physical contact between the components would help to transfer heat. Since the thermal conductivity is higher for rPET-O than rPP, rPET-O may have accumulated the heat from both the rPP heating and the friction created by the physical contacting. Accumulation of heat in the rPET-O fillers would help to enhance the fatigue life of the 1090 blends compared to rPP, as it would reduce the heating of the matrix by concentrating it within the rPET-O. We may finally conclude that, for the rPP samples and 1090 blends, the fatigue failure would primarily be caused by thermal effects, i.e. the heating of the sample induces a mechanical weakness, increasing the thermal impact. This is supported by the fact that the temperature rises sharply prior to failure (table 2), typical of a fatigue failure mode (Luo2020).

Oppositely, in the 2080 and 3070 blends, the stress applied to the sample was mostly transferred to the rPET-O fillers, given their extensive deformation (figure 6). It may be supposed that, despite a poor adhesion between phases, stress transfer was possible thanks to the spatial distribution of the large rPET-O domains, close to each other (Figure 1 (e)), enhancing the physical contacting between phases. Their large size may have hindered shear yielding of the matrix, hence a brittle-like failure (Liang2000). Heating would arise from friction at the interface between the rPP and the rPET-O. Since these domains are close, induced shearing by the fillers on the matrix would create internal friction within the matrix, hence a rise of temperature and a "melted-like" appearance of the rPP matrix in figure 6. Lower fatigue load led to longer fatigue life and lower heating, but the matrix spent more time under forced "frictional melting". Thus, for the 2080 and 3070 blends, the failure is mainly caused by mechanical effects rather than by thermal effects. Indeed, in this scenario, a lower temperature rise may be seen as an increase in loading frequency, in accordance with the timetemperature principle (William1971). As reported for other polymeric blends, a higher loading frequency is beneficial on the fatigue life (Eftekhari2016), added to the fact that stiffer materials generally have longer fatigue life due to an increase in elastic modulus (Wang2019).

Influence on the rPET-O content on the damaging

Incorporation of rPET-O within the rPP matrix changes its fatigue behaviour. Higher content of rPET-O increases the fatigue life, diminishes the overall deformation, prevents local heating and changes the mode of failure from fatigue failure to quasi-static failure. Especially, a strong whitening and an extensive elongation precede the failure in the case of rPP and 1090 blends, accompanied by strong and fast heating of the sample. This corresponds to dissipative phenomena, such as plasticization. Shear banding in the forms of tiny white streaks announces the failure of 2080 and 3070 blends, with a moderate to low heating. It is thus clear that the whitening and elongation -within the streaks as well -corresponds to macromolecular chain orientation. Since rPP mainly composes the matrix of the blends, rPP is responsible for the strong whitening and heating observed. Thus, rPP deforms plastically by chain extension. The macromolecular chains rub against each other and their friction creates heat. It may be assumed as well that trapped air bubbles may grow and expand during fatigue (Liu1997, Meneghetti2016), creating localized zones of stress concentration, which would compete against elongation and create more friction, thus high heating. Indeed, macroscopic air bubble could easily be spotted by eye on the locus of failure, while SEM before fatigue shows sub-micron bubbles, supporting the fact that voids due to the process grew during fatigue. While 1090 blends would be well described by the above scenario, 2080 and 3070 blends are radically different.

Since whitening is the witness of rPP failure, in the 2080 and 3070 blends, white streaks appears as weak points where the rPP failed and could support the load anymore. Thus, only the rPET-O was supporting the load in those zones, explaining a lower heating at failure (table 2). While only macroscopic white streaks have been seen by eyes, they may have existed at lower scales across the sample, explaining a low overall heating as well as a delocalized deformation, as recorded by DIC (figure 3).

In any cases, structural modification occurred within the materials. Chain breaking and shortening is a well-known side effect of recycling or re-processing of polymeric materials (Incarnato et al., 1999). Since the as-moulded polymers used are crystallized, it may be supposed that a wide variety of crystal domains exists in the material. Fatigue solicitations may induce additional chain breakages, but it may only slightly change the distribution of already existing crystal phases and do not affect the overall crystallinity. When comparing the results obtained with both DSC and XRD experiments on the failure zone of the fatigued samples to the reference, unfatigued samples, no significant difference is observed (supplementary tables S7 and S8), which supports the above hypothesis.

Influence on the rPET-O content on the fatigue life

Incorporation of rPET-O into rPP matrix allows changing the damage mechanism, failure shifts from mainly thermal effects for rPP and 1090 to primarily mechanical effects for 2080 and 3070 blends. Additionally, the incorporation of 30% of rPET-O strikingly increases the fatigue limit of the blends, since 3070 blends reach their fatigue limit at 75%UTS, while rPP samples fail to reach 1 million cycles at 70%UTS. Thus, the blends reach their thermomechanical equilibrium for a higher fatigue load than the rPP, highlighting the positive influence of the rPET-O on the fatigue life of the blends.

Since fatigue tests were performed in tensile-tensile mode, in-depth analysis of the behaviour of the blends during tensile tests was done. It is well-known that for viscoelastic materials, the tensile curves consist of 3 zones: elastic, viscoplastic and elastoplastic. The tensile yield stress (the tensile yield stress is defined as the load at which the material shifts from the elastic domain to the viscoplastic domain during a tensile test) for the materials tested, deduced from the experimental stress-strain curves, were compared with the stresses corresponding to 90%UTS and 70%UTS (see supplementary table S9). In the case of rPP, the stress applied during the fatigue tests is higher than the tensile yield stress at room temperature, meaning that the rPP samples are stressed in their viscoplastic domain from the beginning of the test. The deformation at the end of each set of cycles increases. Thus, at each cycle, the samples undergo an additional permanent plastic strain, this strain increasing at each cycle because of the continuous temperature rise. When the temperature rises, the yield stress diminishes in a linear mode (Hartmann et al., 1987). Thus, the difference between the applied stress and the yield stress increases during the test, meaning that the device pulls stronger on the sample at each cycle, hence a continuously increasing deformation. Reducing the fatigue load reduces the dissipative effects, thus easing the temperature rise, decreasing the amount of permanent deformation induced at each cycle, hence a longer fatigue life. However, some rPP samples did reach the fatigue limit set at one million cycles. For 70%UTS, the rPP samples were solicited near their viscoplastic domain (0.08 of strain, when the strain associated with the stress point is around 0.13 of strain). Some samples may have been solicited below their yield stress, hence they reach the fatigue limit.

In the case of the blends, the stress applied at 70%UTS is slightly above the yield stress for both 1090 and 2080, but below it for 3070. At this fatigue load, the fatigue tests were performed around the yield stress (close to the elastic domain of the blends), but at a temperature (room temperature) that was still above the glass transition of the rPP matrix. The plastic deformation observed during these fatigue tests results from the rPP matrix deformation, as it is highly unlikely that PET would plastically deform at those load and temperature. The fatigue limit was reached at 70%UTS thanks to the applied stress and deformation in the vicinity of the yield stress, and low heating of the sample.

Conclusion

The work presented in this study demonstrates that opaque PET could be introduced into recycled PP to increase the recycling rate of opaque PET, without compatibilization. rPET-O, used in small quantities (up to 30%wt) as a filler, increased the tensile and fatigue properties.

The impact of rPET-O (recycled opaque PET) into rPP (recycled PP) on the tensile and fatigue properties of rPP/rPET-O blends was evaluated. We showed that the tensile properties and the fatigue life of rPP were increased by the incorporation of rPET-O. 10% by weight showed only a slight improvement, but the addition of 30% by weight of rPET-O increases the rPP's elastic modulus by 35% (from 0.9 GPa to 1.3 GPa) and reduces its strain at failure by 90%. The fatigue life of blends was importantly increased with 20%wt of rPET-O, up to an eightfold increase. The addition of 30%wt of rPET-O shifted the fatigue limit of rPP by one level, the former reaching its fatigue limit at 75%UTS fatigue load, while rPP failed at 100000 cycles for the same fatigue load. In-situ digital image correlation and infrared thermography gave similar information. Both techniques showed that the incorporation of rPET-O shifts the damaging behaviour in fatigue from fatigue failure (strong whitening and elongation into the fatigue solicitation direction) to quasi-static failure (brittle failure with shear banding), pointing towards a reinforcement effect of rPET-O on the rPP fatigue life. Backscattered electron microscopy evidenced that rPP and 1090 blends failed mainly from thermal effects, while 2080 and 3070 blends failed mainly from mechanical effects. Thus, the fatigue life of recycled polypropylene is enhanced by the incorporation of recycled opaque PET.

We therefore propose, as a concept, that the recycling sector of PP may incorporate some rPET-O into the recycling loop (we would recommend up to 10%wt), thus providing an additional route to absorb some of the steadily increasing quantity of opaque PET to be recycled, by using the existing blending route, to produce items with low mechanical requirements, such as small storage boxes. We believe that the uncompatibilzed rPET-O/rPP blends, as prepared herein, can be recycled straightforwardly by simply including them anew into the rPP recycling circuit, thus pushing the recycling of opaque PET in the direction of a more circular economy.

Figure 1 .

 1 Figure 1. SEM images of cryogenic fracture surfaces of neat polymers and associated blends. a) rPET-O. b) rPP. c) 1090 blend. d) 2080 blend. c) 3070 blend.

  o C, followed by degradation of a polyolefin contamination at 235 o C. This peak includes a secondary melting also attributed to some polyolefin contamination at 127 o C. rPET-O shows a cold crystallization peak at 115 o C, and a melting peak at 252. Its Tg is also visible at 70 o C. Blends share the same features regardless of the rPET-O amount, namely a large rPP melting peak, a secondary melting peak at 127 o C, a degradation peak at 235 and the melting of rPET-O at 247 o C. The Tg of the rPET-O is not visible on the blends. During the cooling run, rPP exhibits one hot crystallization peak at 127 o C, within which lies a secondary peak at 115 o C, attributed to polyolefin contamination. rPET-O as one hot crystallization peak at 219 o C. Blends have both crystallization peaks of rPP and rPET-O, respectively at 125 o C and 220 o C.

Figure 2 .

 2 Figure 2. S-N curves of rPP and the three blends studied. Note that at 70%UTS, some of the rPP samples failed around 960000 cycles.

Figure 3 .

 3 Figure 3. Sampled pictures at the beginning of the fatigue test and before failure under a 90%UTS, their respective deformation assessed by DIC. (a) rPP and (b) 3070 blend.

  In-situ evolution of the heating during fatigue test, and associated temperature of the zone of failure of the samples. In-situ absolute temperature elevation during a 90%UTS fatigue load. t0, t1/2 and tfailure denote the beginning of the test, the middle of the test and the moment just prior to failure, respectively. (a) rPP. (b) 3070.

Figure 5 .

 5 Figure 5. SEM images of the locus of failure after fatigue tests for the 1090 blends. (a) Failure zone of 1090 blends after a 90%UTS fatigue load. (b) Zoom of image (a). (c) Failure zone of 1090 blends after an 80%UTS fatigue load. (d) Zoom of image (c).

Figure 6 .

 6 Figure 6. SEM images of the locus of failure after fatigue tests for the 3070 blends. (a) Failure zone of 3070 blends after a 90%UTS fatigue load. (b) Zoom of image (a). (c) Failure zone of 3070 blends after an 80%UTS fatigue load. (d) Zoom of image (c).

Table 1 .

 1 Tensile properties of the neat materials and associated blends.

		Elastic modulus (GPa) UTS (MPa)	Strain at failure (%)
	rPP	0.92 ± 0.3	22.3 ± 0.3	104 ± 35
	10/90	1.01 ± 0.18	22.7 ± 0.5	29.4 ± 9.3
	20/80	1.2 ± 0.14	21.8 ± 0.4	13.1 ± 2.4
	30/70	1.3 ± 0.11	20.9 ± 0.6	7 ± 1.6
	rPET-O	1.71 ± 0.32	48.7 ± 8	3.4 ± 0.8
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