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Abstract

:

The mechanical properties of virgin/recycled high-density polyethylene (HDPE) blends over the complete concentration range was thoroughly investigated in this work. In particular, a focus was made on the long-term properties via mechanical fatigue. Two different mixing methods, namely powder mixing (dry blending) and extrusion mixing (melt blending), were used to determine the effect of processing conditions on the tensile and fatigue behavior of the blends after compression molding. It was found that both tensile (modulus, ultimate strength) and fatigue performances were improved with increasing vHDPE content. Based on the obtained data, a correlation between the blends composition and mechanical properties is reported. Moreover, it was observed that increasing the vHDPE content led to slower crack propagation rate, probably due to less defects (contamination) in the blends. Finally, a negligible difference in mechanical properties (fatigue resistance) between both mixing approaches was observed, but samples produced via powder mixing showed less viscous dissipation (heat generation) as the vHDPE content increased, leading to lower surface temperature rise which can be an advantage for specific applications.
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1. Introduction


Petroleum-based polymers can leave noticeable environmental footprint after their service life. Still today, most of the synthetic polymers end up in landfills and oceans, while only a small percentage is recycled. For example, only 9% [1] and 5% [2] of waste plastics were recycled in Canada and USA, respectively, despite years of effort. Recent studies reported that plastics will contribute to 15% of the global carbon budget with respect to greenhouse gas emissions (GHG) by 2050 under the current production rate [3]. However, a stringent cap for carbon emission has been set globally as 45% reduction in CO2 emissions compared to 2010, which must be achieved by 2030 [4]. This situation conflicts between increasing demands for plastics and more concern for environmental protection, which must be balanced. Therefore, the producers, policy makers and researchers are now under pressure to take responsibility and find solutions for this challenge. This is why several investigations focused on recycling polymers (plastics) to convert the conventional linear economy of the plastics industry into a circular one [5,6,7,8,9].



Mechanical recycling is one of the most effective and commonly used approaches to tackle the plastics residues problem. From an engineering point of view, the challenges of the polymer recycling industry are related to difficulty to predict and obtain consistent/uniform/stable mechanical properties depending on the source/origin of the material and the recycling process used [10]. The source/origin can affect the molecular weight distribution because the recovered plastics can be a mixture of resins with different molecular properties. For example, neat-recycled HDPE could contain HDPE with different molecular weights. In another case, the recycled HDPE could be contaminated by other polymers with different resins such as polystyrene (PS), polyethylene terephthalate (PET), etc. in open-loop recycling. Additionally, the presence of low molecular weight impurities, such as solvent residues (esters and alcohols), additives and other degradation products, can influence the molecular weight [11,12,13]. In addition, the recycling conditions, such as temperature, pressure and speed, can modify the molecular weight distribution resulting in significant mechanical and rheological changes. This is because, on the one hand, mechanical degradation of the polymer occurs due to high shear and elongational rates preferentially breaking the polymer chains near their midpoint [14,15,16]. It was found that the molecular weight (MW) at the peak of the molecular weight distribution (MWD) of degraded polyacrylamide was shifted to the left (lower values) by about 50% of the highest MW compared to a virgin polymer sample. On the other hand, polymer backbones (long chains) start to break (scission) at high temperature and these macroradicals then attach to unsaturated ends of other chains producing chain branching during thermal degradation [17].



For example, high-density polyethylene (HDPE) shows different behaviors during extrusion. At higher temperatures, the longer chains having higher entanglements probability are subjected to pulling/elongational stresses [17,18]. Furthermore, the dissolved oxygen (high oxygen content) leads to thermo-oxidative chain scission of the polymer backbones. In contrast, shear-induced chain scission dominates over chain branching at low oxygen content [18,19]. On the other hand, shorter chains are less sensitive to mechanical stresses, but more incline towards chain branching [19,20,21]. Another observation was that chain branching is the dominant phenomenon up to about 30 extrusion cycles [5,20,21], while chain scission dominates between 30 and 60 extrusion cycles [5,22]. Finally, crosslinking shows the highest probability for higher number of recycling cycles [5,23,24]. Therefore, these parameters will control the variation of mechanical properties, such as modulus, toughness, ultimate strength, deformation at break, fatigue resistance and so forth.



A wide range of studies havereported on the changes in mechanical properties after polymer recycling, but different resins behave differently. For example, the mechanical performance of reprocessed polyethylene terephthalate (rPET) was reported to be about 56–70% less for tensile strength compared to a virgin one. Moreover, the impact strength of rPET was reduced by 93–98% [25]. Therefore, significant loss of mechanical properties for rPET is not desirable to return the polymer for new applications. The elongation at break of recycled polypropylene (rPP) was reported to decrease by 30% compared to virgin PP after nine recycling cycles [9,26]. High-density polyethylene (HDPE) was reported to lose hardness and modulus only after ten cycles [23], while the modulus (E) of recycled polystyrene (rPS) can drop by 30% combined with limited reduction in hardness (3%) after eight reprocessing cycles [27].



However, several studies were performed to improve the specific mechanical properties after recycling. For example, the tensile strength of recycled high impact polystyrene (rHIPS) was slightly increased after four cycles, while the tensile strength was improved by 125% after 4 cycles for a HIPS nanocomposite (HIPS + 5 wt.% clay) [28]. Recycled polyvinylchloride (rPVC) did not show significant reduction in its modulus and tensile strength, but improved impact strength was reported [29]. The elastic modulus of rPP can be increased by around 18% after nine recycling cycles [9]. Recent studies also reported that the tensile strength of rHDPE specimens manufactured via 3D printing increased by 23% after 5 recycling cycles. The flexural and impact strengths were also found to increase by 19% and 53% after three and two, respectively [6].



Hence, to control the performance of regenerated/recycled materials from waste plastics, different strategies, such as re-stabilization, rebuilding, compatibilization and addition of additives/fillers, are usually applied [30]. However, blending recycled resins with virgin ones is a simple and easy method to mitigate the overall properties of recycled polymers. For example, blending virgin/recycled HDPE up to 70% of recycled contents can provide similar mechanical and rheological properties as the virgin HDPE when compatibilizing agents, such as linear low-density polyethylene (LLDPE), was added [31]. Mixing medium density polyethylene (MDPE) with rHDPE at 50/50 was reported to give the best impact resistance. It was also found that specimens prepared by compression molding can achieve better impact resistance than rotational molding due to better compaction [32]. Another experimental study reported that increasing the rHDPE weight content can significantly decrease the flexural and tensile strength of v/rHDPE blends [33].



The current literature has identified the uncertainty about the mechanical properties of recycled polymers and methods have been developed to resolve this challenge. However, most of the work focused on improving the tensile, impact and flexural properties of recycled polymers. Unfortunately, very limited information is available on how these modifications affect the long-term properties, such as the fatigue behavior of recycled polymers. Furthermore, the mechanical characterizations are mainly performed under quasi-static conditions (uniaxial tensile) and cannot provide fatigue information under dynamic loadings [10]. This information must now be determined to better understand the relationships between recycling (processes and conditions) on the fatigue performance of recycled polymers to reuse them properly. Additionally, recycled polymers are often contaminated (impurities). Therefore, it is necessary to investigate the differences between recycled and virgin resins from both a chemical and mechanical perspective.



The aim of this study is to determine the effect of blending virgin polymers with recycled ones on both the tensile (short term) and fatigue (long term) properties. In addition, the effect of different mixing approaches, such as powder mixing (solid/dry mixing) and extrusion (melt mixing), are compared. The long-term mechanical properties of these materials are significant for structural, safety and design purposes. However, these dynamic properties under cyclic loadings are not well understood and studied. Therefore, this investigation is based on the commodity polymer HDPE, which was selected as a proof of concept to address these concerns.




2. Results and Discussion


2.1. Morphology Analysis of v/rHDPE Blends


Morphological characterization by scanning electron microscopy (SEM) allows to investigate the structural organization and composition. The surface structure of the blends prepared by powder mixing for a vHDPE concentration of 0 wt.%, 60 wt.% and 100 wt.% can be observed in Figure 1a–c, respectively. Then, the surface morphology of specimens from extrusion mixing at the same vHDPE concentration can be found in Figure 1d–f. A layered structure can be observed in all tested materials. Although all these blends were prepared by different methods (PM vs. EM) at different vHDPE weight concentration, there is no significant difference of their general morphologies. This indicates that both preparation methods cannot be used to differentiate the performances as described later.




2.2. Thermal Properties


2.2.1. Differential Scanning Calorimetry (DSC) Analysis and Melting Flow Index (MFI)


Figure 2 compares the DSC thermograms of virgin and recycled HDPE showing similar thermal behaviors. As reported in Table 1, the melting/crystallization temperature are very similar, but the crystallinity level of rHDPE (55.7%) is much lower than vHDPE (72.8%). This indicates that, there are more regularly aligned polymer chains in vHDPE compared to rHDPE. The intermolecular bounding is more significant in vHDPE resulting in higher strength leading to oriented chains when subjected to deformation. Table 1 reports MFI of r/vHDPE and it is observed that, the MFI value of vHDPE (0.67 g/10 min) is one order of magnitude lower than that of rHDPE (6.7 g/10 min). This indicates higher viscosity of vHDPE compared to rHDPE.




2.2.2. Thermogravimetric Analysis (TGA)


TGA is an important characterization to determine the thermal stability of HDPE since the recycling and regeneration processes can cause degradation and further affect their long-term properties [34]. Figure 3 presents the weight curves as temperature increases with their corresponding derivative (DTG) in both air and nitrogen atmosphere. Figure 3a shows that the degradation onset is around 400 °C for rHDPE in nitrogen, while the value for vHDPE is about 20 °C higher (420 °C). This indicates a reduced thermal stability of the recycled material under nitrogen. However, Figure 3b shows that the maximum degradation temperature occurs around 500 °C in nitrogen regardless of the polymer (virgin or recycled). In addition, rHDPE has more residues (at 850 °C) compared to vHDPE indicating possible impurities (ashes/inorganics) from its use/recycling.



TGA in an oxidative environment is much more informative as shown in Figure 3c,d. To begin, the onset degradation temperature is shifted to lower temperatures around 290 °C compared to nitrogen (400–420 °C). The presence of oxygen leads to oxidation and thermal degradation which is easier to initiate (lower temperature). The TGA curves are also different from the smooth ones obtained in nitrogen as the degradation in air is more complicated. This is why more information can be obtained via DTG (Figure 3d) where multiple peaks can be seen. However, rHDPE has generally stronger peaks than vHDPE under an oxidative atmosphere. This can be attributed to the presence of more impurities/additives associated with the recycled origin of these materials resulting in less thermal stability in oxidative environment as well.





2.3. Tensile Test


Quasi-static tensile tests can provide important information on the mechanical properties of a material and Figure 4 presents the stress–strain curves of typical samples. It can be seen that rHDPE has a lower modulus (E) and ultimate strength (σU) than vHDPE regardless of the mixing methods. For both treatments, increasing the vHDPE content in the blend can improve the modulus (E) and ultimate strength (σU) as shown in Figure 4a,b. However, the elongation at break does not give a general trend with respect to the vHDPE content.



To quantify these improvements, Figure 5 plots how the modulus (E) and ultimate strength (σU) change with vHDPE content for both mixing methods. Compared to rHDPE, E and σU are both increased by about 10% when 50 wt.% of vHDPE is blended via powder mixing. On the other hand, including 50 wt.% of rHDPE in the blend would not significantly reduce the mechanical properties of vHDPE as only 18% and 13% decreases are observed for E and σU, respectively. Similar trends are observed for extrusion mixing indicating again that the processing method is not the main factor here.



To extract the relationship between the vHDPE content and modulus (E)/ultimate strength (σU), linear regressions were performed for both blending methods (powder mixing and extrusion mixing). It is interesting to note that both methods give similar results. Figure 5 shows that the slope for the modulus fit (dE/d(%vHDPE)) gives 1.61 for powder mixing, while a value of 1.38 is obtained for extrusion mixing. The difference is even less for tensile strength (dσU/d(%vHDPE)): 0.0364 (PM) vs. 0.0366 (EM). These results indicates that the blending method has a negligible effect on both parameters.




2.4. Dynamic Fatigue Characterization


2.4.1. Strain–Life Curve


The fatigue lifetime (Nf) is correlated to the applied strain amplitude (ε0) for vHDPE, rHDPE and their blends prepared under different conditions. Figure 6 presents the strain–life curves, which generally follow a power-law correlation as [35]:


   ε 0  = A  N f m   



(1)







The prefactor A and power-law index m are listed in Table 2. The m values are close to each other and independent of the vHDPE content (0–100%) or the mixing method (PM vs. EM). This is expected since they have similar molecular structures/properties which are controlling the mechanical properties of polymers, such as fatigue [36]. For this reason, the power-law index m was averaged for each method: m1 = −0.439 (PM) and m2 = −0.442 (EM). Since both values are very close, m’ was set as −0.44 for easier comparison between the different blends (composition effect). A similar exponent m’ allows to compare the prefactor A to quantify the fatigue difference between them [10,36]. Table 2 shows that the prefactor A is generally increasing with the vHDPE content indicating the improvement of fatigue lifetime for both mixing methods. It is interesting to note that specimens prepared by powder mixing (PM) shows better fatigue performance than extrusion mixing (EM) since PM has higher A than EM for a similar m’. This is understandable as the materials go through more thermal and mechanical degradation during the extrusion process causing a possible reduction in their mechanical properties. Although, with increasing vHDPE content the fatigue lifetime shows positive correlation, it is noticeable that a small amount of vHDPE (e.g., 25 wt.% vHDPE) does not significantly improve the fatigue resistance of the blends, especially under large strain amplitudes.



To more clearly show the trend between the vHDPE content and the fatigue lifetime for both mixing methods, Figure 7 plots the fatigue lifetime for different strain amplitudes. It can be seen that adding more vHDPE into the blends improves the fatigue resistance for all the conditions investigated. For example, increasing the vHDPE content from 25% to 90% for specimens prepared by powder mixing (extrusion mixing) can increase the fatigue time by a factor of 0.48 (1.28) to 2.19 (5.45) when the strain amplitude was changed from 0.24% to 1.19%. Considering the experimental uncertainties, it can be concluded that adding more vHDPE with better mechanical properties than recycled one can improve the fatigue resistance of the blends, especially as the strain amplitude increases.



To further investigate the mechanical properties of the samples, different strain rates (  ε ˙   = 5 mm/min to 100 mm/min) under tensile testing were applied on both virgin and recycled HDPE; i.e., to determine their strain rate hardening behavior. Figure 8 shows that both virgin HDPE (PM and EM) can reach higher Young’s modulus (E) and ultimate strength (σU) than recycled ones at similar strain rate, but E and σU are increasing with increasing strain rate. The value for σU can reach almost 20 MPa at ε = 6.03% at a strain rate of 100 mm/min for PM virgin case (Figure 8b), which is more than 33% higher than PM recycled case (~15 MPa at ε = 5.38%) in Figure 8a under the same condition. Similar trends can be confirmed for the extrusion mixing method (Figure 8c,d) except that the corresponding values (E, σU) are lower than for powder mixing. Therefore, virgin polymers with better mechanical properties than recycled polymers can be highly helpful to improve the fatigue resistance of recycled polymers under large amplitude loading conditions because such virgin material can sustain higher stress at larger strain.




2.4.2. Crack Propagation


The crack propagation results are shown in Figure 9 for blends with different vHDPE content under various strain amplitudes. Increasing the strain amplitude from 0.24% to 1.19% implies faster crack growth regardless of the vHDPE content and mixing method (PM or EM). However, the crack propagation can be slowed down by introducing more vHDPE, with better mechanical properties compared to the recycled one, into the blends for a given strain amplitude and this effect is even more apparent at larger strain amplitude. For example, the crack propagation rate for blends produced via powder mixing (extrusion mixing) with 25 wt.% vHDPE at ε0 = 0.24% is around 5 × 10−5 (8 × 10−5) mm/cycle. The value is reduced to 3 × 10−5 (4 × 10−5) mm/cycle when the vHDPE content is increased to 90 wt.%. This represents a crack growth rate reduction of 40% and 50% for powder mixing and extrusion mixing, respectively. On the other hand, the crack propagation rate for blends prepared via powder mixing (extrusion mixing) with 25 wt.% vHDPE content at ε0 = 1.19% is around 2 × 10−3 (4 × 10−3) mm/cycle. For the 90 wt.% vHDPE blends, da/dn decreases to 8 × 10−4 (6 × 10−4) mm/cycle which represents a 60% and 85% reduction for powder mixing and extrusion mixing, respectively.




2.4.3. Loss Factor (tanδ)


The dimensionless loss factor (tanδ = E″/E’) represents the ratio between the loss modulus and storage modulus. To compare the effect of the vHDPE content on the fatigue behavior of the blends under small (0.24%) and large (1.19%) strain amplitude, the values are reported in Figure 10. The loss factor decreases with the number of cycles for all these investigated cases indicating that viscous effects are comparably decreasing during the cyclic loadings. In addition, the loss factor is found to be strongly dependent on the test load level with the highest loss factor at the highest strain amplitude (1.19%). This is expected as the level of irreversible deformation increases with higher loading level. At a strain amplitude of 1.19%, crack initiation is easier compared to lower strain amplitudes and these cracks can significantly decrease the storage modulus (E’) resulting in significant changes in the loss factor (tanδ). Furthermore, the loss factor decreases with increasing vHDPE content for the powder mixing approach, which is not clearly observed for extrusion mixing. The recycled polymer has a stronger viscous behavior than the virgin one and introducing more virgin polymer decreases the viscous contributions in the blends. This is probably the reason why this effect is not well identified for extrusion mixing since the virgin material was extruded once similar to the recycled materials.





2.5. Energy Generation and Surface Temperature


Section 2.4.3 reported a decrease in the viscous effect of the blends (tanδ) during fatigue tests, which will have a direct effect on the heat generation. Investigation on the heat generation, calculated via Equation (2), as a function of the number of cycles is displayed in Figure 11. The heat generation decreases with the number of cycles until the ultimate destruction of the specimen. Notably, increasing the vHDPE content can reduce the heat generation for powder mixing as shown in Figure 11a. The average energy generation rate is about 60 J/m3 before crack onset for 50 wt.% vHDPE blends, which is 19.5% higher than for the virgin HDPE generating around 51 J/m3 under the same testing conditions. This information suggests that introducing vHDPE into the blends produced by powder mixing can improve the fatigue resistance, but also better controls the heat generation under cyclic loadings compared to use extrusion mixing. However, this trend is not well observed in extrusion mixing (Figure 11b). Such difference is associated with the fact that the extrusion of virgin material can modify its viscoelastic behavior making it a less well-suited mixing method in this case in terms of heat generation under fatigue. Even a single extrusion step of the vHDPE can apparently change its behavior as compared in Figure 11a,b.



The energy generation of specimen during fatigue test can be more intuitively observed by its surface temperature during fatigue tests. The surface temperature of specimen firstly increases and ultimately reach a plateau value during fatigue tests until a final drop due to crack initiation. The difference between the initial temperature and final plateau value is defined as ΔTPlateau and plotted in Figure 12. Larger strain amplitude produces higher energy generation for both powder and extrusion mixing. Noticeable temperature (>1 K) can be identified at a strain amplitude above 0.7% for both powder and extrusion mixing. A quadratic relation (Equations (2) and (3)) between ΔTPlateau and ε0 can be observed regardless of the processing method. It is interesting to determine the difference between the temperature rise of vHDPE before and after extrusion. The plateau temperature of vHDPE from powder mixing is in the lower end of investigated cases (Figure 12a). However, an extrusion step imposes some changes on the material. This also corresponds to the heating generation behavior in Figure 11. These differences can be attributed to the mixing method which influence the viscous effect as discussed above.





3. Materials and Methods


The recycled high-density polyethylene (rHDPE) was sourced from rigid HDPE bottles and provided by Service Conseil Sinclair (Canada). In fairness, the mechanical properties of recycled polymers could be worse [23,25,26,27] or better [6,28,29]. This dilemma for rHDPE constrains its large-scale application in practice due to this uncertainty [10]. Therefore, including virgin HDPE A60-7019 (Solvay, Alpharetta, GA, USA) was investigated as a possible approach to regain stable mechanical properties for rHDPE. The rHDPE was mixed with vHDPE at six different mass concentrations (25% to 90% vHDPE), which can be referred to Table 3. The pure rHDPE and vHDPE were also included as experimental benchmarks.



To obtain homogeneous mixture, the r/vHDPE were blended either by a powder mixer (Toastmaster Mini, Boonville, MO, USA) for 6 min at room temperature or were extruded at 170 °C in a Leistritz ZSE-27 (40 L/D) to produced pellets. Then, the pellets were pulverized (Powder King, Phoenix, AZ, USA) to produce a 500 μm powder (Figure 13). The prepared blends were hot pressed at a temperature of 160 °C into notched specimen with dimensions of length l = 13 mm, width w = 45 mm and thickness h = 1.3 mm as shown in Figure 14. The V-notch was in the middle of one long side with an angle of 45°.



Figure 14 shows that both blending methods (powder and extrusion mixing) delivers completely different appearance of the specimen. The specimen belonging to extrusion mixing has a more homogeneous surface (color/texture) than the one produced by powder mixing. Streaks due to various pigments from rHDPE can be easily observed from the surface of powder mixing specimen. This could be unattractive for applications requiring uniform appearance (aesthetics) but might be a cost reduction process when possible (hidden parts, internal layers, etc.).



The morphology of the specimens was examined via scanning electron microscopy (SEM, FEI Inspect F50, Hillsboro, OR, USA) to investigate the internal structure after different blending processes. The SEM was operated at an accelerating voltage of 15 kV providing magnifications of ×175 and ×750. The samples were first broken in liquid nitrogen and the exposed surface was covered by a Au/Pd conductive layer.



Thermal properties, such as melting and crystallization, were evaluated by differential scanning calorimetry (DSC). A DSC 7 (Mettler, Columbus, OH, USA) was used to report the heat flow as a function of time/temperature to characterize the phase transitions. The crystallinity (χ) was calculated according to DSC as:


  χ =   Δ  H m    Δ  H  m 0     100  



(2)




where ΔHm is the enthalpy of fusion of the specimen and ΔHm0 is the melting enthalpy of 100% crystalline HDPE (285.8 J/g) [37]. The tests were performed at a heating and cooling rate of 10 °C/min between 50 °C and 200 °C in a nitrogen atmosphere.



Thermogravimetric analysis (TGA) was conducted on a Q5000IR (TA Instruments, New Castle, DE, USA) to determine the thermal stability of the blends. A constant heating rate of 10 °C/min was applied to over a temperature range of 35 °C to 850 °C in both air and nitrogen.



The melt flow index (MFI) was determined following ASTM D1238 at a temperature of 190 °C and a weight of 2.16 kg. Each test was repeated for 3 times.



To begin with quasi-static tensile tests, the specimens were uniaxially stretched at a strain rate of 5 mm/min to compare the tensile properties. These measurements were conducted for three replicates on an Acumen 3 (MTS, Eden Prairie, MN, USA) with a 3 kN load cell. Moreover, fatigue characterization was performed on the same setup under strain-controlled sinusoidal loading with amplitudes (ε0) from 0.24% to 1.19%, which is within the linear stress–strain response of the materials obtained from their stress–strain (σ-ε) curves. The testing frequency was set to f = 5 Hz and the strain ratio was fixed as R = εmin/εmax = 0.3. The time series of force and displacement were recorded by a data acquisition device at a sampling rate of 200 points per cycle [38,39,40]. All these experiments were conducted at room temperature (~23 °C) and the surface temperature of the specimens was followed by a thermal camera (FLIR ThermoVision A320, Wilsonville, OR, USA) at a sampling rate of 35 Hz. The obtained data were analyzed by an in-house MATLAB code based on short-time Fourier transform (STFT). This technique can convert the stress signal from the time (t) domain into the frequency (ω) domain to reconstruct the change of linear and nonlinear mechanical fatigue parameters, such as modulus (E’, E″) and higher harmonics (I2/1, I3/1,…) in time, respectively. More details on the theory can be found in the literature [38,40,41,42].



Under cyclic loadings, the work imposed to the specimen is partly dissipated (Wdiss) as heat due to viscous and plastic effects inside polymers. The dissipated energy (Q), associated with the viscous effect, depends on loss modulus (E″) and strain amplitude (ε0) as:


  Q =  W  d i s s   = π  ε 0 2   E ″     ε 0     



(3)







E″ is independent of the strain amplitude (ε0) in the linear regime but depends on ε0 in the nonlinear regime (large strain amplitude) [43]. The dissipated energy can increase the surface temperature of the specimen which is governed by Fourier law as:


  q =  Q t  = k   ∇ T  



(4)




where k is the thermal conductivity and ∇T is the temperature gradient generated.



To obtain the crack propagation rate (da/dN) as a function of the number of cycles (N), a method of correlating the crack propagation rate with the change of complex modulus (E*) for notched specimens in tension–tension derived from massive experimental investigations is applied [44]:


    d a   d N   =   d      E *     E 0 *        d N   w  



(5)







In Figure 15, the complex modulus E* is normalized to its initial value (   E * 0   ) and the slope of the        E *     E 0 *        is proportional to the crack propagation rate by a factor related to the specimen width (w).




4. Conclusions


Redirecting recycled polymers into production streams is a technical challenge due to their unpredictable mechanical properties depending on their source/origin and recycling process. To find potential approaches to stabilize the mechanical properties of recycled polymers, especially long-term fatigue performance, which should be cost-effective and easy, blending virgin polymers with recycled ones under different processing approaches, namely powder mixing and extrusion mixing, was thoroughly investigated. This was carried out via different characterization methods: morphology, thermal stability and mechanical properties. A total of six concentrations of virgin/recycled polymer blends ranging from 25% to 90% of vHDPE were prepared and firstly characterized by SEM, DSC, TGA and MFI before being tested under cyclic loadings (ε0 = 0.24–1.19%, R = 0.3 and f = 5 Hz) to understand their mechanical fatigue behavior. The results were compared with both the virgin and recycled HDPE.



The experimental results indicate that introducing virgin HDPE with better mechanical properties than recycled one into blends improve the Young’s modulus, ultimate strength and fatigue lifetime regardless of being prepared by powder mixing and extrusion mixing, but the trends were not clear for the elongation at break. Increasing the vHDPE content led to higher Young’s modulus, ultimate strength and fatigue resistance. This improvement was more apparent at higher strain amplitudes (ε0 = 1.19% vs. 0.24%). This trend was also confirmed for the effect of vHDPE content on the crack propagation rate: more vHDPE seemed to slow down the crack propagation, especially at higher loading conditions. This gives a clear and important message that only small amounts of virgin material is required to obtain similar fatigue performance to virgin resins under small strain amplitudes. It also represents a cost-effective approach to reuse a high amount of recycled materials in blends for the conditions investigted. It was also found that introducing higher vHDPE content into the blends was able to reduce the viscous behavior and further decreased the heat generation and surface temperature rise when the specimens were prepared via powder mixing, while this pattern was not clear for the blends prepared by extrusion. A critical strain amplitude (ε0 ≈ 0.8%) seemed to necessary to produce a 1 K surface temperature rise for powder mixing, which is 12.5% higher compared to ε0 ≈ 0.7% for extrusion mixing. This difference between powder mixing and extrusion mixing suggests that, although both methods can provide similar mechanical properties improvement (especially for fatigue resistance), extrusion mixing led to more homogeneous samples (more uniform appearance). Nevertheless, the relationships between heat generation and vHDPE content is more difficult to predict, especially for extrusion mixing. This is why more work is needed to complete the analysis via different mechanical characterization (flexion, impact, etc.).
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Figure 1. SEM micrographs of the morphology (×750) of: (a,d) vHDPE, (b,e) 60 wt.% vHDPE + 40 wt.% rHDPE and (c,f) rHDPE. The top row (a–c) is powder mixing (PM), and the bottom row (d–f) is extrusion mixing (EM). 
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Figure 2. DSC thermograms of vHDPE and rHDPE. 
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Figure 3. Weight curves and their derivative as a function of temperature for v/rHDPE in: (a,b) nitrogen and (c,d) air. 
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Figure 4. Effect of vHDPE content on the tensile stress–strain curves of the blends for both processing methods: (a) powder mixing and (b) extrusion mixing. Tensile tests are performed at a strain rate of 5 mm/min. The red springs indicate the oscillation of elongation at break. 
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Figure 5. Effect of vHDPE content on the tensile modulus (E) and ultimate strength (σU) of the blend for both processing methods: (a) powder mixing and (b) extrusion mixing. Standard deviations are shown as shaded areas. 
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Figure 6. Strain–life curves of the rHDPE/vHDPE blends for both processing methods: (a) powder mixing and (b) extrusion mixing. 
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Figure 7. Correlation between the vHDPE content and the fatigue lifetime (Nf) under different strain amplitudes for both processing methods: (a) powder mixing and (b) extrusion mixing. 
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Figure 8. Stress–strain curves at different strain rates for the virgin and recycled HDPE prepared by: (a,b) powder mixing (PM) and (c,d) extrusion mixing (EM). 
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Figure 9. Crack propagation rate at different strain amplitudes as a function of the vHDPE content for both processing methods: (a) powder mixing and (b) extrusion mixing. 
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Figure 10. Effect of the vHDPE content on the fatigue behavior under different strain amplitudes for the blends processed by both mixing methods: (a–d) PM and (e–h) EM. 
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Figure 11. Heat generation as a function of the number of cycles for different vHDPE content during fatigue testing at ε0 = 0.24%, R = 0.3 and f = 5 Hz for the blends produced via: (a) powder mixing and (b) extrusion mixing. 
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Figure 12. Surface temperature rise of the blends with different vHDPE content during fatigue tests at ε0 = 0.24–1.19%, R = 0.3 and f = 5 Hz for samples produced via: (a) powder mixing and (b) extrusion mixing. 
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Figure 13. Schematic workflow of the specimen preparation by powder mixing (PM) and extrusion mixing (EM). 
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Figure 14. Appearance comparison (surface image) of typical specimens prepared by powder mixing (left) and extrusion mixing (right). 
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Figure 15. Typical time evolution of the normalized complex modulus (       E *     E 0 *       ) as a function of the number of cycles during a fatigue test of vHDPE in tension–tension at ε0 = 0.24%, f = 5 Hz and R = 0.3. Red line indicates the slop. 
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Table 1. Melting and crystallization temperatures with their corresponding crystallinity degree and MFI of virgin and recycled HDPE.
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	Resin
	Tm (°C)
	Tc (°C)
	χ (%)
	MFI (g/10 min)





	vHDPE
	130.8
	118.7
	72.8
	0.67



	rHDPE
	128.2
	115.9
	55.7
	6.7
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Table 2. Fitting parameters (m, m’ and A) of the Wöhler curves for powder mixing (PM) and extrusion mixing (EM).
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Cm (wt.%)

	
Parameter

	
0

	
25

	
50

	
60

	
70

	
80

	
90

	
100






	
PM

	
m

	
−0.396

	
−0.382

	
−0.456

	
−0.417

	
−0.474

	
−0.466

	
−0.449

	
−0.474




	
m’

	
−0.439 (−0.44)




	
A

	
53.41

	
59.32

	
61.44

	
66.82

	
65.08

	
70.69

	
77.99

	
83.02




	
EM

	
m

	
−0.394

	
−0.365

	
−0.455

	
−0.388

	
−0.435

	
−0.461

	
−0.531

	
−0.504




	
m’

	
−0.442 (−0.44)




	
A

	
38.04

	
51.32

	
57.21

	
72.75

	
71.85

	
58.53

	
55.02

	
59.2
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Table 3. Manufacturing (Mfr.) information and proportion of virgin/recycled HDPE during mixing.
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	Concentration

(wt.%)
	Mfr.
	1
	2
	3
	4
	5
	6
	7
	8





	rHDPE
	Services Conseil Sinclair
	100
	75
	50
	40
	30
	20
	10
	0



	vHDPE
	Solvay, A60-7019
	0
	25
	50
	60
	70
	80
	90
	100
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
10| n 10} &
. s » = . H
NI 2 y gt ats
i cw e .
a 2 a AL &
"y E) w0 @ 100 Hr‘" ED 0 @ 0

S HDPE.

S HDPE





media/file4.png
Heat flow (mW)

80

60

40

20

== =rHDPE

60

100 140
Temperature (°C)

180

220





media/file30.png
0 : : :
0 1 2 3 4

Number of cycle (cycle) x10°





media/file18.png
=€ 0=0.24% * € 0=0.44%
+ 60=0.28% -@- 60=1.19%

[—y
S
W

[—y
<
y ~

da/dN (mm/Cycle)

20 40 60 80 100
% vHDPE

da/dN (mm/Cycle)

107 b y T '
(b) —- €,=0.24% —gfg- € ~0.44%
€,~0.28% —@=€,=1.19%
10°F d
)
<
1 0—4 L
10 : ' ' '
0 20 40 60 80
%vHDPE

100





media/file21.jpg
= ain

Powder mixing

= bR

w

' '
Number of cycles (cyele)

w ' ' e
Number of cycle (cycle)





media/file26.png
vHDPE wt. %

6 x 1 min mixing @ RT

_--_-_—-ﬁ

s
-
-

..........

rHDPE wt. %

Extruder mixing Pulverization Compression,

(EM) T =160°C





media/file27.jpg
Powder mixing

FHIDPE






media/file3.jpg
80

60

Heat flow (mW)
o e
S S

o

=20

-40

= =rHDPE

60 100 140 180
Temperature (°C)

220





media/file22.png
@,

=
T LTS
L J »
¥pete
¥e

===0.5vHDPE
= =0.7vVHDPE
= vHDPE

\""M\v_: o b 2e

o

TETLLERL VI ° 0
a0 20,

-i—--_>~

[ ===0.5vHDPE

= =0.7vVHDPE

1.04
Number of cycles (cycle)

= vHDPE

10°

Number of cycles (cycle)

Byt 0,
Extrusion mixing






media/file19.jpg





media/file7.jpg
®)

Extrusion mixing

ey





media/file28.png
Powder mixing

rHDPE

50%r+50%v
(w.t.) HDPE

vHDPE

Extrusion mixing






media/file10.png
900

; : 18 900 .
(2)

- 12
-
-

-
-
——————
-
—————
-

E (MPa)
c\
S
S
“' L]
\
\
\
o
2
S
1
\
\
o
[
oy (MPa)
E (MPa)
c\
S
S
Y L]

- 6 -
Powder Mixing Extrusion Mixing
300 1 1 1 1 0 300 1 1 1 1
0 20 40 60 80 100 0 20 40 60 80 100
% vHDPE

% vHDPE

oy (MPa)





media/file14.png
107 T T . . 107
(a) ® €,=024% ¢ € =028%
m o€, =0.44% A ¢ =119%
10° o 108
Powder mixing ®
(] ® o $ ¢
o) S ¢ o)
& ’ [3)
> 5 [ 7 5
10 a g = = g 10
Z. | Z,
10* { 10
10° ' - - : 103
0 20 40 60 80 100
% vHDPE

(b) ® €,=024% ¢ € =028%
[ €0=0.44% €0=1.19%
Extrusion mixing o o .
¢
¢ : ¢ ¢
o
[ [ |
g ® ®
m
20 40 60 80

% vHDPE

100





media/file11.jpg
@

o

®

)

eqavraie

W o
Nt of eyele (eyele)

3

"

' W
Namsber o eyele (eyele)





media/file6.png
Weight (%)

Weight (%)

80

40

80

40

(a)

s,
-""

u®

—— VHDPE @ N,
----- rHDPE @ N,

200 400 600
Temperature (°C)

800

(c)

= vHDPE @ Air
====x rHDPE @ Air

X N Cminialalals ‘mib

200 400 600
Temperature (°C)

800

Derivative Weight (%/°C)

Derivative Weight (%/ °C)
[°}

W

k.

(b)

‘-.
—

——VHDPE @ N,
-+x: tHDPE @ N,

Temperature (°C)

0 : : I
0 200 400 600 800
4 - ' ' '
(d) = vHDPE (@ Air
====x: rHDPE (@ Air
3 -
2 -
0 1 AL 1 . .
0 200 400 600 800






media/file15.jpg
EM-recycle

)

o i






nav.xhtml


  recycling-08-00002


  
    		
      recycling-08-00002
    


  




  





media/file16.png
20

(a) | —

= =100mm/min |

150
----- s mm!min
(©) e 25 mm/min
=== 5( mm/min
15 = =100 mm/min
2
e 10 EM-recycle q
&
5 —
K 30 100 150

€ (%)






media/file2.png
F
ol del

> : , '
\ '\DD' V1(‘1 “'.L .- um ND ’“v" SEX 4
Universite Laval 750 x 11.4mm 1500kV 40 ETD ) GGL- Universite Lavi i 750 x 10.7 mm 1500kV 40 ETD

- A
200 um g wD

J prs .
/ P /
, f G
: J £y ~ .
/ spot det mag woD HV spot det
11.3mm 1500kV 40 ETD GGL- L * Lavi 750x 96 mm1500kV 40 ETD

4. - . - - AF
mag V s y 200 pm é WD HV





media/file20.png
0.2

o

(a)

£~0.24%
-~.___
Nl .:“‘“M‘

===0.5vHDPE = =0.9vyHDPE

----- 0.7vHDPE =—— vHDPE
0 2 2 aaal » 2 2 2 3 aaal » 2 2 3 aaaal '
10? 10° 10* 10° 10°
Number of cycles (cycle)
0 .I..
(b) !
|
|
|
A I
~ £~0.28% :
S 0.1f -
= |
~—
i
—==0.5vHDPE — =0.9vHDPE R
----- 0.7vHDPE == vHDPE |
0 PR | o PR | o PR | o R | I,
10? 10° 10* 10° 10
Number of cycles (cycle)
(¢)
O £,~0.44%
S 0.1} a ]
s l
N
-‘._-~_~-~‘“. ‘
—==0.5vHDPE = =0.9vHDPE
----- 0.7vVHDPE —— vHDPE
0 2 a2 aaal ' 2 2 3 2 aaal » 2 2 2 3 aaal » 2 2 a2 a2 aaa
107 10° 10* 10° 10°
Number of cycles (cycle)
(d) ]
i
|
|
. |
- I i ~1.19%
w (.1
=
[
= |
S
|
2
—=--0.5vHDPE — -0.9vHDPE |
----- 0.7vHDPE == vHDPE l
0 2 a2 aaal ' 2 2 3 2 aaal » 2 3 a2 aaa - 2zl
107 10° 10* 10° 10°

Number of cycles (cycle)

Number of cycles (cycle)

O o
= £=0.24%
'S 0.1 -
8
:-:.’-g._c.g'
—--0.5vHDPE — -0.9vHDPE
----- 0.7vHDPE —— vHDPE
0 2 2 22l » » 3 3 2 aaal ' ' 2 3 2 aaal ' ' 3 3 2 aaal »
10? 10° 10* 10° 10°
Number of cycles (cycle)
i
A
o £,=0.28% i
‘S 0.1F -
& |
N -
[ 0= T o e g oY e e
—--0.5vHDPE — -0.9vHDPE
----- 0.7vHDPE —— vHDPE
0 2 2 aaal » ' 2 3 2 aaal ' » 3 3 aaaal » 2 2 2 2 aaal
10? 10° 10* 10° 10°
Number of cycles (cycle)
(g)
O =0.44% :
‘S 01} br=0.a% 70 | :
= |
~ -
’ 9 £ ] ‘l -
|
—-=0.5vHDPE — =0.9vHDPE
----- 0.7vHDPE —— vHDPE
0 2 2 2 aal » » 2 a2 2 aaal » » 2 2 2 aaall M M 2" 2 al
10? 10° 10* 10° 10°
Number of cycles (cycle)
(h)
&~1.19%
—-=0.5vHDPE — =-0.9vHDPE
----- 0.7vHDPE —— vHDPE
0 2 2 aaal » » 3 3 2 aaal » » 2 3 2 aaall ' 2 3 2 aaal
10? 10° 10* 10° 10°





media/file23.jpg
i
10| 1|
2 imiom & e
A os * aswoer.
i
w el - -
ru/‘ ' 10! 10! 10

)





media/file5.jpg
T ) ity

Dervaive Weigh (4°C)

N e e
@ T

Derivatie Weight (570

Temperature (‘) Dipenin (G






media/file24.png
10" E

 (a)

A
it

Powder mixing
[~
H
< 10-1 -
p 0.25vHDPE M 0.5vHDPE
0.6vHDPE ¢ 0.7vHDPE
A 0SVHDPE X 0.9vHDPE
® vHDPE
10‘2 1 A A A A I T i | 0
10 10

€y (%)

1
10" T
" %
(Y2
g 10} .
s N
= :'* Extrusion mixing
=
H
< 101k o
p» 0.25vHDPE M 0.5vHDPE
0.6vHDPE ¢ 0.7vHDPE
A 08SVHDPE X 0.9vHDPE
® vHDPE
10—2 - . PR |
10

10°
€, (%0)





media/file29.jpg
da _ 4G
an~"an "
1 2 3
Number of cycle (cycle) x10°





media/file1.jpg





media/file25.jpg
VHDPE wt. %

6% 1 min miving @ KT
o S o T

Powder miser
®w

FHDPE W%





media/file12.png
*@ Ampy ¢
0 i
10 [ Ok m Mve '
® X M4
@ ok DidgY
cvc ® rHDPE y .‘f 5.’3?3'
r .
v * 0.25vHDPE -
® 0.5vHDPE (e 1
0.6vHDPE .m'v ¢
» 0.7vHDPE 1
4 0.8vHDPE
v 0.9vHDPE
¢ VHDPE
—1 M M a2 a2l aaal P
10
10° 10* 10° 10°
Number of cycle (cycle)

(a)

(b)
*® u v
0
10 | o 5 My
o B Pw
@ @k H A)p
e *‘ r
< *, l'iv
S ® rHDPE * * >
* 0.25vHDPE
® 0.5vHDPE o
0.6vHDPE *W i)
» 0.7vHDPE
4 0.8vHDPE
v 0.9vHDPE
¢ VvHDPE
—1 M M a2 a2l M M a2 aaal
10
10° 10* 10°

Number of cycle (cycle)






media/file9.jpg
Powder Mising

Extrusion Mixing

"N HDPE SV HDPE





media/file0.png





media/file8.png
20

(a)

Powder mixing .

~-~ rHDPE
~—0.25vHDPE
—— 0.5vHDPE
~-=0.7vHDPE
—— 0.9vHDPE
«+++-vHDPE

50
€ (%)

20 :
®» e rHDPE
= 0.25vHDPE
— (.5vHDPE
15 ~=~0.7vHDPE _
—— ).9yHDPE
«eosr yHDPE
=
m . . .
§ 10 Extrusion mixing .
&
5 o
0 M}
0 50 100 150

€ (%)





media/file17.jpg
dadN (mnvCycle)

w w e w w o w w @ wm w
S HDPE






