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Abstract

:

The study focuses on the development of polyoxymethylene (POM)/poly(lactic acid) (PLA) blends with increased impact and thermal resistance. The study was conducted in two phases; in the first part, a series of unmodified blends with PLA content of 25, 50, and 75 wt.% was prepared, while the second part focused on the modification of the PLA/POM (50/50) blends. An ethylene/butyl acrylate/glycidyl methacrylate terpolymer (E/BA/GMA) elastomer (EBA) was used to improve the impact strength of the prepared blends, while reactive blending was used to improve interfacial interactions. We used a multifunctional epoxy chain extender (CE) as the compatibilizer. Static tensile tests and notched Izod measurement were used to evaluate the mechanical performance of the prepared samples. The thermomechanical properties were investigated using dynamic mechanical thermal analysis (DMTA) analysis and heat deflection temperature (HDT)/Vicat softening temperature (VST) methods. The crystallinity was measured using differential scanning calorimetry (DSC) and wide-angle X-ray diffraction (WAXS) measurements, while the rheology was evaluated using a rotational rheometer. The paper also includes a structure analysis performed using the SEM method. The structural tests show partial miscibility of the POM/PLA systems, resulting in the perfect compatibility of both phases. The impact properties of the final blends modified by the EBA/CE system were found to be similar to pure POM resin, while the E modulus was visibly improved. Favorable changes were also noticeable in the case of the thermomechanical properties. The results of most of the conducted measurements and microscopic observations confirm the high efficiency of the reaction for PLA as well as for the modified POM/PLA mixtures.
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1. Introduction


The use of a polymer mixture based on poly(lactic acid) (PLA) has been one of the dominant trends in the modification of biopolymers and biocomposites over the last few years. The popularity of melt blending technology results from its low cost; typically this method of polymer modification does not require any additional treatments and is conducted at the stage of the preparation of polymer compositions, where the composition of matrix polymers is compounded with other additives, including composite fillers, compatibilizers, and functional additives (nucleating agents and fire retardants, etc.), in one mixing process on a twin screw extruder.



Regarding PLA itself, there are several important reasons for blending this material with other polymers. The first one is the need to facilitate or accelerate the biodegradation process of PLA. This issue is a significant problem in the packaging industry, where biopolymers are expected to have a simple and rapid decomposition process, most preferably under composting conditions. Unfortunately, this polymer normally requires composting under industrial conditions at a temperature of about 80° C. Under normal composting conditions, when the temperature does not exceed the PLA glass transition range of about 60 °C, the depolymerization process is very long and can take up to several years. For these reasons, the process of mixing with other biodegradable polymers seems to be a simple method to accelerate the breakdown and degradation of blends with the addition of PLA. The most popular polymers used for this purpose are polybutylene adipate terephthalate (PBAT) [1,2,3,4], polybutylene succinate (PBS) [5,6], polycaprolactone (PCL) [7,8,9] and thermoplastic starch (TPS) [10,11,12]. Each of these polymers has a low glass transition temperature and a rapid decomposition process under standard composting conditions. The decomposition process of PLA itself, which is often the main ingredient in the blend, also accelerates. This results from the significant fragmentation of the structure of the composted product, as well as the presence of decomposition products of other components of the blend system, which often leads to a change in the pH of the composting environment.



The second category of PLA-based blends includes materials designed to modify the mechanical properties of the base polymer. In this case, the expected features are usually elongation at break or impact strength, which have very low values in pure PLA. In this case, the addition of polymers with elastomeric properties is most commonly used. These can be other biodegradable materials, such as PBAT or PBS; however, the most effective ones are dedicated elastomers designed for the modification of other types of thermoplastic polyesters. The most effective materials are functionalized copolymers that enable the creation of a beneficial core–shell structure, including additives such as ethylene-methyl acrylic-glycydyl methacrylate copolymer (EMA–GMA) [13], ethylene-butyl acrylic-glycydyl copolymer (EBA–GMA) [14], or polyether block amide (PEBA) [15]. In each of these cases, the amount of the required elastomer additive ranges from 20 to 30%. Interestingly, it is then often possible to obtain material parameters that do not differ from those obtained for commercial polymers, including polycarbonate (PC), acrylonitryl-butadiene-styrene (ABS), or their blends (PC/ABS).



The present study investigates the use of PLA as a bio-additive to technical plastics, i.e., in our case, polyoxymethylene (POM). In recent years this problem has gained in popularity, as evidenced by commercial applications of PLA-based blends [16]. The most popular polymer systems of this type include PLA blends with polyamides (PA6, PA610, and PA11) [17,18,19] and polyesters (polyethylene terephthalate (PET), polybutylene terephthalate (PBT), and polytrimethylene terephthalate (PTT)) [20,21,22,23,24]. Research has also been conducted for technical materials such as polycarbonate [25,26,27] and ABS copolymer [28,29,30]. Examples of research into the use of POM as an additive or PLA modifier are not so numerous, but they provide extensive analysis of the issue. One of the most comprehensive publications on this topic is the work of Guo et al. [31,32,33], where the authors present issues related to the miscibility of both polymers. These studies show that for most cases POM and PLA show a high degree of miscibility, which has been confirmed by numerous analyses. Additionally, an analysis of the crystalline phase formation was conducted, which in turn showed that even a small addition of the POM phase may act as an effective nucleating agent for the PLA crystal phase. Similar conclusions have been reached by other researchers dealing with the topic of POM/PLA blends [34,35,36,37]. Interestingly, POM-based blends are not popular in the industry, even though their properties have been the topic of scientific research for many years [38,39,40,41].



Considering literature reports on both POM-based blends and available PLA modification methods, the purpose of this work was to subject POM/PLA blend systems to comprehensive modification. The two main goals for the planned work were to improve the materials’ toughness and increase the thermal resistance. To achieve these goals, the tested materials were subjected to three types of modification. The first one involved the introduction of a rubbery impact modifier, ethylene/butyl acrylate/glycidyl methacrylate terpolymer (E/BA/GMA), a material which has already been successfully applied to PLA-based blends [14,21,42] and POM/PLA blends [31]. The second method was based on the use of reactive blending and phase compatibilization using epoxy functionalized oligomers. This method has also been applied in the modification of PLA-based blends [29,43,44], while the modification of POM-based blends is rarely used [40]. The third type of modification involved annealing thermal treatment. The use of this method is quite common and applies to a wide range of polymer materials, including polyolefins [45,46] and polyesters [7,47,48].



In our preliminary study, unmodified POM/PLA blends were prepared. The POM/PLA content ratios were 100/0 (pure POM), 75/25, 50/50, 25/75, and 0/100 (pure PLA). The purpose of this study was to assess and describe the overall mechanical performance of POM/PLA-type blends and to describe changes in thermomechanical properties for these materials. In the second stage of the work, the balanced POM50/PLA50 blends were subjected to complex modification using E/BA/GMA as an impact modifier. The reactive extrusion process was performed in order to increase the phase interactions, and for this purpose a multifunctional epoxy-based chain extender (CE) was used. The prepared samples were subjected to detailed mechanical tests, thermal analysis (differential scanning calorimetry (DSC) and dynamic mechanical thermal analysis (DMTA)) and rheological measurements. Structural observations were carried out using scanning electron microscopy. The tests were completed using XRD measurements.




2. Materials and Methods


2.1. Materials


The polyoxymethylene resin used in the course of this study was the acetal copolymer Tarnoform 300 produced by Grupa Azoty (Tarnow, Poland); this type of POM resin is designed for injection molding purposes and has a melt flow index (MFI) of 9 g/10 min (2.16 kg/190 °C). The second polymer used for the preparation of the blends was the poly(lactic acid) Ingeo 3251D produced by Nature Works (Minnetonka, MN, USA); this PLA is a biopolymer made of renewable raw materials for which the manufacturing process is based on the polymerization of lactic acid fermented sugars obtained from plants. Because this grade is intended mainly for the injection molding process, it is characterized by a relatively low molecular weight (88,000 g/mol) and a relatively high MFI of 35 g/10 min (2.16 kg/190 °C). The impact modifier (EBA) used for this study was E/BA/GMA, which was supplied under the trade name Elvaloy PTW (Du Pont, Wilmington, DE, USA). The reactive compounding process was performed in the presence of a Joncryl 4368C reactive compatibilizer (BASF, Ludwigshafen, Germany), which is a multifunctional chain extender based on a styrene–acrylic oligomer functionalized with reactive epoxy groups. According to the manufacturer, the molecular weight of the used chain extender is 6800 g/mol, while the epoxy equivalent reaches 285 g/mol.




2.2. Sample Preparation


The preliminary tests conducted without the use of an impact modifier (E/BA/GMA) and chain extender were conducted for the initial assessment of the miscibility of the used polymers and for the purpose of selecting the optimal type of the POM/PLA blend subjected to further modifications. Blends containing 25, 50, and 75% of PLA resin, designated POM/PLA (75/25), POM/PLA (50/50), and PLA/POM (75/25) respectively, were prepared by the extrusion melt blending process. The machine type used was a ZAMAK 16/40 EHD co-rotating twin screw extruder operating at a screw speed of 100 rpm and a maximum temperature of 200 °C. The extruded strand was cooled in a water bath and pelletized to obtain material necessary for the injection molding process, which was used for sample preparation. The injection molding machine used for this study was an ENGEL ES 80/20 HLS; the injection molding temperature was set to 210 °C and the mold temperature was 50°C. During the plasticization stage, the machine screw operated at 150 rpm. The injection speed was 100 mm/s, while the injection and holding pressure reached 1250 and 750 bar, respectively. The cooling stage time was set to 30 s. The processing parameters were fixed for all formulations.



The preparation of modified samples took place at a fixed 50/50% ratio of base polymers and the addition of a 20% impact modifier (E/BA/GMA). For chain extender compatibilized blends the content of CE was 0.5 phr for all samples. Sample annealing was performed using a cabined drier and the thermal treatment was performed at 100 °C for 1 h. All samples were conditioned for 48 h at room temperature, with samples stored in sealed bags before testing.




2.3. Characterization


Characterization of the mechanical properties was performed with the use of a universal testing machine model Zwick/Roell Z020. The static tensile test was conducted according to the ISO 527 standard, where type 1A specimens were examined with a cross-head speed of 10 mm/min. Flexural tests (ISO 178 standard) were conducted using the same machine; the cross-head speed in this case was 2 mm/s, and the span distance was 64 mm. Impact resistance was measured with the use of the Izod notched method (ISO 180 standard) using a Ceast 9050 hammer attached to a 5 J pendulum.



Rheological analysis was performed using an Anton Paar MCR 301 rotational rheometer. Parallel plate geometry was applied for the measurements; the gap distance was set to 1 mm for all measurements and the plate diameter was 25 mm. The measurements were performed using the small amplitude oscillatory shear mode. For performing the frequency sweep tests, the pellets were melted at 190 °C, the measurements were conducted at strain γ = 0.5%, and the angular frequency was varied from 100 to 0.1 rad/s. All measurements were conducted in the linear viscoelastic region, which was determined by preliminary amplitude sweep tests.



DMTA analysis was conducted with the use of an Anton Paar MCR 301 rheometer attached to a torsion mode fixture for solid rectangular samples, and the dimension of all samples was 50 × 10 × 4 mm. Viscoelastic properties were measured from 30 to 150 °C and the heating rate was 2 °C/min. The sample strain was 0.01% and the deformation frequency was 1 Hz. The results of the measurements were collected in the form of storage modulus and tan δ plots.



The thermomechanical properties were investigated using two methods. The first method, which measured the heat deflection temperature (HDT), was conducted according to the ISO 75 standard. The heating rate was set to 2 °C/min and the load used was 1.8 MPa. The samples were measured flatwise with a 64 mm span distance. The second method used was the Vicat softening temperature (VST) measurement. For this measurement 4 mm thick short sections of dumbbell specimens were used (ISO 306 standard). The heating rate was again 2 °C/min and the force applied to the flat-ended needle was 10 N. Testlab RV300C was used for the thermomechanical tests. The tests were performed in a heated oil bath.



The structure of the prepared blends was investigated using the SEM. In order to prepare the surface for observation a dumbbell specimen was cryo-fractured under liquid nitrogen. Then, the fractured surface was sputter-coated with a thin layer of gold. The analysis was conducted using the scanning electron microscope Carl Zeiss EVO 40.



The DSC measurements were carried out using a Netzsch DSC 204 F1 Phoenix apparatus. The specimens for the test were cut from the middle section of the dumbbell sample and the average weight of the single measurement sample was 5 mg. The temperature program consisted of three standard stages (heating/cooling/heating) and the tests were conducted from 30 to 230 °C with a heating/cooling rate of 10 °C/min. All samples were placed in aluminum pans and the heating chamber was purged with nitrogen. The crystallinity of the PLA and POM was determined according to the following equation, Equation (1), i.e.,


  % C r y s t a l l i n i t y =  X c  = 100 ×   Δ  H m  − Δ  H  c c     Δ  H m 0   (  1 − φ  )     



(1)




where   Δ  H m    is the measured melting enthalpy,   Δ  H  C C     is the measured enthalpy of cold crystallization, and   Δ  H m 0    is the theoretical melting enthalpy of a 100% crystalline structure. The amount of the secondary phase is expressed by φ. The value used for the theoretical melting enthalpy for poly(lactic acid) was 93.7 J/g [49,50], while for POM it was 326 J/g [51,52].



The crystalline structure of the obtained materials was also investigated by wide-angle X-ray diffraction (WAXS). These tests were conducted with the use of a URD 6 diffractometer (Seifert FPM, Germany) using the step method with a measuring system in Bragg–Brentano geometry in the 2θ angle range from 10 to 80 with a step of 0.1. An X-ray tube with a copper anode was used (CuKα, wavelength of λ = 1, 5406 Å) as the X-ray source. XRD measurements were conducted on the injection-molded samples (on the parallel central part of the samples) which had been previously conditioned in the manner described above.





3. Results


3.1. Mechanical Properties (Static Tensile Test and Izod Notched Measurements)


The results of the measurements from the static tensile and Izod impact tests are shown in Figure 1. Tensile modulus and strength (Figure 1A) are compared to elongation at break and impact strength values (Figure 1B); the comparison refers to preliminary unmodified blends where the chain extender and impact modifier were not used. As expected, most of the mechanical parameters followed the rule of mixture tendencies. As the differences between the tensile strength and modulus of pure POM and PLA are not large, the results for POM/PLA do not show any significant fluctuations for these values. Slightly more significant differences can be seen to occur for the elongation at break and impact strength, where the growing content of POM resin leads to a visible increase in both factors for POM-rich blends.



Preliminary results confirm the predictable nature of changes in the mechanical properties of the POM/PLA blends. The balanced POM/PLA (50/50) blend was selected for further modification using an impact modifier and chain extender. The samples from pure POM and PLA were subjected to a similar modification procedure for comparison. In addition to the blending processes, all the EBA-modified samples were subjected to an annealing procedure (100 °C, 1 h); the choice of temperature and annealing time was selected based on the literature and our own experience [36,53,54]. The results of the mechanical test are presented in Figure 2 and Figure 3 for the as-molded and annealed samples, respectively. The results of tensile strength and E modulus for the as-molded POM/PLA blends reveal a behavior typical for impact modified materials. After the introduction of the elastomeric EBA the stiffness and strength of the investigated POM/PLA blend can be seen to radically drop. For reference, in the POM and PLA samples the same amount of 20% EBA was also found to cause a decrease in tensile strength and modulus by about 30 and 40%, respectively. Similar results were observed for both the pure POM and PLA samples after the addition of rubbery impact modifiers.



A similar trend was observed for the annealed samples; however, due to the increased crystallinity level the initial values of the tensile modulus for the POM/PLA blend, the pure POM, and the pure PLA were visibly higher. The more significant changes relate to the results of elongation at break and impact strength, where both characteristics for the unmodified POM/PLA blend were found to be at a similar level to pure PLA, clearly indicating the need for further modification. The introduction of the epoxy CE, EBA impact modifier and combined CE/EBA system caused a large improvement in the elongation at break. The value of this moved from an initial value of 5.4%, to 10.8% (blend+CE), to 15.2% (blend+EBA), and to 18.0% (blend+CE/EBA), with the final values being very close to the elongation values reported for pure POM (16.5%). However, for the POM samples the introduction of CE and EBA did not lead to any visible changes in elongation values. Unlike with the pure POM samples, the modification of PLA resulted in a large increase in the elongation value, from an initial 4.8% to 11% for both the EBA and EBA/CE systems. Considering the impact resistance of the POM/PLA blends, visible changes are reported only for the EBA-modified samples: 4.5 J/m for the EBA-modified blend (POM40/PLA40/EBA20) and 4.4 J/m for the EBA/CE-modified sample (POM40/PLA40/EBA20-CE). The introduction of CE into the blend did not improve the impact strength, while the value of 2.3 J/m for the POM50/PLA50-CE sample can be seen to be very close to that of the reference unmodified POM/PLA blend (2.5 J/m). In terms of the elongation at break, the impact strength of the POM-based samples remained at an identical level for the reference and modified samples. The introduction of the modifiers was more favorable for the pure PLA samples, where the combined EBA/CE system led to the largest improvement if considering all the molded samples. The initial PLA impact strength of 2.1 J/m was increased by five for the PLA/EBA20-CE samples (11 J/m). Interestingly, the annealing treatment led to a further improvement of up to 14.5 J/m; however, the positive changes after the thermal treatment applied only to the pure PLA samples, while the properties of the POM/PLA blends deteriorated significantly, both for impact strength and elongation at break.



The results of the impact tests emphasize the different behaviors of the individual base polymers. Comparative tests for pure polymers show that PLA is much more susceptible to modification, while the POM modification appears to have very limited effectiveness. The most important results were obtained for POM/PLA. Thanks to the use of the modified systems it was possible to obtain very good results for tensile strength, elongation at break, and impact strength, where most of the characteristics were found to be very close to that of pure POM resin. The addition of PLA caused a significant increase in sample stiffness, which can be considered an advantage for this type of blend. The application of the annealing procedure caused the deterioration of most mechanical properties. However, the thermal treatment was applied in order to increase the heat resistance and the reduction in other characteristics was expected.




3.2. Rheological Measurements


Rheological measurements were conducted using the rotational rheometer working in the dynamic mode (small amplitude oscillation shear). In order to determine the linear viscoelactic region (LVR) of the prepared blends a strain sweep measurement was performed. As can be observed in Figure 4, for most of the samples the LVR reached at least 10%, which is why the frequency sweep measurements were performed at 1% strain.



Figure 5 shows complex viscosity η* and storage modulus G* results for the different types of prepared samples based on the unmodified POM/PLA blends and EBA/CE-modified materials. For comparison, all curves have been plotted using the same scale, meaning that the influence of different types of material modifications can be directly compared.



The preliminary tests were conducted on unmodified POM/PLA blends (Figure 5A). For all blends the complex viscosity values ranged between the plots of pure PLA and POM resin. The complex viscosity for PLA can be seen to be constant across almost the whole frequency range of the test, which clearly indicates a matrix thermal decomposition process. The addition of the POM phase increases the viscosity values; however, it does not improve the thermal stability of the PLA matrix, which is manifested by the curve inflection at low deformation frequencies. The main reason for this behavior is the relatively long measurement time of about 12 min, which is unobstructed even in a protective nitrogen atmosphere. The storage modulus variations (see Figure 5A′) show a continuous enhancement, indicating the predominantly elastic response of the material. The increasing interaction between the entangled polymer chains cause deformation restriction, leading to the higher elastic response.



The rheological analysis of the EBA-modified samples for the POM samples indicates very little impact of the presence of the elastomeric phase; neither does the additional use of the chain extender have any visible effect on the viscosity curve. The only visible change involves a slight deviation in the η* curve shape caused by the relaxation of the dispersed phase; however, this phenomenon is typical for all polymer blends and does not indicate chemical interactions between POM and its modifiers [38,55]. The modification of the PLA-based materials offers many more observations. The best results were observed for the modified samples subjected to the reactive extrusion process. Throughout the entire measurement range, the PLA viscosity is maintained at the highest level, and the decrease in the final stage of the test is relatively small and indicates a significant increase in the molecular weight of PLA. The viscosity changes in the lower frequency range may also suggest the appearance of chemical bonds at the PLA–EBA interface [56,57,58].



The viscosity changes for the obtained POM/PLA blends mostly reflect the differences occurring for the PLA-based samples. The unmodified POM/PLA (50/50) blend is characterized by decreasing viscosity. Hence, it seems that the final increased viscosity for the modified POM/PLA blend results from the overlap of two relationships. The first of these is an increase in the PLA viscosity caused by the chain extension and the second is related to the presence of the EBA modifier. Similarly to PLA, the addition of the EBA impact modifier leads to some improvement in the complex viscosity, however, the addition of the CE and EBA/CE system seems to be the most effective with regard to viscosity improvement. The addition of the CE itself indicates a significant increase in the PLA molecular weight, while the subsequent addition of the impact modifier causes an additional binding of the matrix chains at the boundaries of the EBA phase. Thus, the relaxation of the elastomeric EBA phase is hindered, increasing the viscosity.



The phase morphology of the prepared blends was characterized using the Cole–Cole and Han plots (Figure 6). The first type of chart presenting the imaginary viscosity (η″ = G″/ω) versus real viscosity (η′ = G′/ω) values displays semicircular-shaped curves of unmodified POM/PLA blends. This type of behavior confirms the good compatibility between blend phases, which also confirms the miscibility of these polymers in the molten state [59,60]. However, for EBA/CE-modified blends the Cole–Cole plots show a large deviation from the semicircular smooth shape. The presence of the rubbery elastomer and reactive extrusion change the plot shape to a circular arc with a tail, or even a linear shape for the POM40/PLA40/EBA20-CE sample. This type of curve shape indicates the appearance of uncompatibilized phases such as droplet inclusions [61]. The phase compatibility was also able to be evaluated using Han plot analysis (Figure 6B,B′). According to the authors of this conception, Han et al. [62], deviation in the plot slope (G′ versus G″) indicates blend incompatibility. The analysis for the unmodified POM/PLA blends indicates high compatibility/miscibility of these materials. The same analysis for EBA/CE-modified materials reveals significant deviations in plot slope which confirm the presence of uncompatibilized phases.




3.3. Thermomechanical Properties—DMTA Analysis and Heat Resistance Tests (HDT and VST)


DMTA analysis was conducted mainly to assess changes in the thermal resistance of the obtained materials and possible changes in the phase transitions. The thermograms presented in Figure 7 show a comparison of the POM and PLA samples and the unmodified POM/PLA blends. The graphs show the storage modulus and tan δ plots for the as-molded samples. A direct comparison of the G′ plots for POM and PLA reveal a significant difference in the curve characteristics which is mainly related to the sharp decrease in the module’s value for PLA within the glass transition region at around 60 °C. For the POM-based samples, the stiffness changes are less pronounced and mostly result from a high level of crystallinity; no significant changes are recorded in the tested range because the glass transition temperature for POM is observed at around −70 °C.



The DMTA thermograms characterizing the properties of the unmodified POM/PLA blends present a fairly typical trend of changes, especially within the PLA glass transition temperature. Along with the increase in the POM content in the blend, the nature of the glass transition area changes; a characteristic sharp decrease in the stiffness for pure PLA shifts to a more gradual transformation already at 50% POM content. Interestingly, the glass transition temperature range, read from the tan δ charts, also changes. The original value reported for pure PLA at 70 °C gradually shifts to lower values. For the POM/PLA (75/25) blends, the glass transition temperature is 53 °C. Such a change confirms the partial miscibility of the used polymers, which has already been reported in the literature [33,34]. Unusual phenomena include a slight increase in stiffness, expressed by a higher value of the storage modulus, for the PLA/POM (75/25) blend. Given the much lower stiffness for pure POM, all diaphragms should present intermediate values, while the addition of 25% POM improves the storage modulus. The stiffness for the POM/PLA (50/50) and POM/PLA (75/25) samples is only slightly lower than the values presented for pure PLA. The occurrence of this type of change confirms the ability to nucleate the PLA crystal structure by the addition of POM, as reported by Guo et al. [31].



The influence of the modification on the viscoelastic properties of the pure PLA and POM samples is reported in Figure 8, while that for the POM/PLA blends is shown in Figure 9. The storage modulus plots reveal clearly that the stiffness of both polymers is strongly affected by the addition of the EBA modifier, as well as for the annealed specimens. The G′ curves clearly indicate the lack of impact of the annealing process on the POM samples, which is caused by the initial high degree of crystallinity after the injection process.



In turn, for PLA an increase in thermal resistance is clearly noticeable. Before the thermal treatment the values of the G′ modulus for pure PLA drop below 1 MPa, which suggests that the glass transition range determines the final range of application. In contrast, for the annealed samples the stiffness decrease is not rapid and even above 100 °C the G′ values are maintained at a relatively high level. It is clearly visible from the tan δ thermograms that the annealing process significantly reduces the area under the curve of the tan δ plot, indicating a reduction in the amorphous phase in the PLA structure.



The storage modulus thermograms for the POM/PLA blends are presented in Figure 7; the graphs also include the tan δ plots. It is clear that for the prepared blends the results of the DMTA measurements confirm the large impact of miscibility for the POM-PLA system, both on the mechanical properties and the phase transition occurrence. The addition of POM primarily reduces the rapid decrease of the G′ modulus close to the Tg temperature; therefore, even for the samples not subjected to the annealing process, the stiffness does not drop to such a critical level as for the PLA-based samples. The annealing treatment also increases thermal resistance, which suggests that this improvement for the untreated blends is mostly caused by the presence of the highly crystalline POM structure rather than the possible nucleation of the PLA crystalline phase.



For the POM/PLA blends, a significant reduction in the area under the tan δ plot indicates a lower content of the PLA amorphous phase, which could have been caused by the induced nucleation effect. The introduction of an impact modifier did not cause any additional changes in the appearance of the curve in the glassy state. The most important observation concerns the glass transition temperature, where the initial peak for the pure PLA at around 70 °C is shifted to 63 °C, suggesting a partial miscibility of the main components of the POM/PLA blend system.



The thermal resistance of the prepared samples was determined with the use of two different methods: HDT and VST (Table 1). For both tests the resulting temperature shows a stiffness decrease around the glass transition region or melting point of the investigated material. The results of the HDT test reveal a large difference of around 30 °C between the pure POM and the PLA resin. Interestingly, the introduction of the annealing procedure did not change the difference between these two polymers; however, for both of them the HDT was improved by ~15 °C. It can be seen that for most of the unmodified POM/PLA blends the HDT is lower than that for the pure POM and PLA. This type of behavior suggests that even a large amount of the highly crystalline POM phase does not increase the resistance to deflection of the material. The annealing procedure causes a clear increase in the HDT values, which in this case is mainly caused by the increase in the PLA crystallinity. Considering the result of the second VST test, the application of the blending procedure can be observed to have resulted in a very clear increase in the softening point for all the materials with the POM addition. For the pure PLA resins the annealing procedure was also very efficient, and the VST was increased from 66 to 152 °C. For all the impact-modified POM/PLA blends the VST exceeded 140 °C. Considering the large differences in the results for the used research methods, it should be emphasized that HDT is a basic test for technical/engineering plastics. From this perspective, only the annealing procedure brings forth a clear increase in the thermal resistance for the POM/PLA blends.




3.4. Structure Evaluation


Structure observations were conducted using the scanning electron microscopy method. The initial tests performed on the unmodified POM/PLA samples revealed that the fracture surface for all blends was smooth, with no visible inclusions of the minor phase. To some extent this observation confirms the partial miscibility or good compatibility of the blended polymers. Since the other experiments did not show full miscibility, the phase separation could appear at a very small scale, which was unavailable for the SEM technique.



A comparison of the modified samples can be seen in Figure 10, where the EBA- and EBA/CE-modified samples are compared to the unmodified POM, PLA, and POM/PLA (50/50) samples. The presence of the sea–island structure is confirmed for all the samples; however, the different size in the EBA modifier inclusions suggests a change in the EBA–matrix interactions. The largest inclusions can be observed for the POM-based samples. Interestingly, the addition of CE did not influence the size of the EBA domain, which confirms the lack of chemical interactions during the reactive extrusion of POM/EBA blends. The structure observations are confirmed by the other performed experiments, in which the presence of weak interphase bonds for the modified POM resin is revealed.



In comparison to the POM/EBA samples, the size of the EBA inclusions for the PLA samples is visibly smaller. Moreover, the addition of CE reduced this size significantly. This behavior confirms the higher tendency of PLA to react with the GMA groups present in both the EBA impact modifier structure and the used chain extender. This mechanism was also observed for the POM/PLA blends, where the size of the EBA inclusions for the POM40/PLA40/EBA20 was very close to the PLA/EBA20 sample. An analogous relationship can be seen to occur after the introduction of CE, where similarly to the PLA/EBA20-CE sample the sea–island-like structure was highly dispersed for the POM40/PLA40/EBA20-CE sample.



The SEM micrographs in Figure 11 present the higher magnification of the fractured surface (×10,000). The pictures show the structures of the POM/PLA and POM/PLA/EBA blends, before and after the introduction of CE. It can be seen that for the unmodified blend the smooth surface partly confirms the self-compatibilization of both main components; a similar POM/PLA structure appearance has been obtained by other researchers [34]. For the EBA-modified samples the size of the elastomer inclusion was reduced from 3.2 (± 1.3) µm for the POM40/PLA40/EBA20 sample to 0.6 (± 0.3) µm for the CE-modified sample.




3.5. Crystallinity Analysis—DSC and WAXS Measurements


DSC analysis was carried out while maintaining the standard heating–cooling–heating procedure, which allowed the determination of the temperature of the phase transitions and the level of crystallinity for individual samples.



The results of the preliminary study conducted on the unmodified POM/PLA blends are presented in Figure 12, which shows the first heating and cooling thermograms. A comparison obtained from the heating stage reveals that the melting peak of the POM and PLA resin overlap. The peak maximum temperatures are 171.4 °C and 168.6 for PLA and POM, respectively. For the POM/PLA (75/25) and (50/50) blends the overall appearance of the curve does not differ from the pure POM thermogram; however, for the POM/PLA (50/50) sample a small drop in the melting peak temperature can be noted. The analysis confirms the domination of the thermal effects of the highly crystalline polyoxymethylene phase. The same conclusion refers to the cooling stage plots, where both the peak maximum and peak onset characteristics are very close to the reference POM. A different behavior can be observed for the PLA-rich POM/PLA (25/75) sample. Due to the large amount of the PLA phase an exothermic peak close to 90 °C is detected. The appearance of this peak confirms the cold crystallization of the amorphous PLA structure; however, for the pure PLA sample this phenomenon occurs at 100 °C, which suggests some nucleating effect resulting from the addition of the POM phase. A similar behavior was noted by Guo et al. [32]; in their study the nucleation effect was reported even at 5% POM content. Significant changes in the thermal behavior of the PLA-rich materials are reflected during the melting of the crystalline structure, which is confirmed by the presence of the double melting peak. According to other researchers [31,32,33] the presence of two peaks could be related to the occurrence of two phenomena: partial miscibility and POM nucleation ability. The occurrence of the first melting peak at 165 °C could be related to the miscibility of POM macromolecules, whose partial binding in the molecular structure of PLA is the reason for the formation of an irregular crystal structure characterized by a lower melting point. The phenomenon of partial miscibility is also confirmed by the cooling stage plots, where for the POM/PLA (25/75) sample the crystallization onset temperature for the POM phase can be seen to be shifted from 150 to 140 °C. A similar decrease in the crystallization temperature was observed by Ye et al. [35]. The second melting peak was detected at 178 °C and represents the PLA crystalline structure, and the peak for the pure PLA sample was detected at 170 °C. This large temperature shift was possible due to the formation of a more ordered crystalline structure of the PLA phase, which means that POM can be used as an effective nucleating agent for the PLA phase. The nucleation effect is also confirmed by the cooling thermograms where the sharp exothermic peak is observed at 105 °C.



The list of thermograms shown in Figure 13 includes the PLA- and POM-based samples, before and after the introduction of the impact modifier and chain extender. The first heating plots include both as-molded and annealed samples, while the cooling thermogram presents the thermal behavior of the as-molded samples. The plot for the PLA-based samples suggests clearly that annealing significantly increases the content of the crystalline phase of PLA. This is confirmed by the disappearance of the exothermic cold crystallization peak, which for all the injection molded samples occurs at around 100 °C. Table 2 presents basic thermal properties; for the pure PLA samples the results indicate an increase in the level of crystallinity to over 45% from the initial 9%, which is consequently the main reason for the significant increase in the stiffness of this type of sample. Interestingly, the proportion of the crystalline phase after the injection process varies greatly between the pure and modified PLA samples, indicating a decrease to less than 1% for the samples with the addition of EBA and CE. The main reason for this fact is the binding of a significant part of the PLA chains at the PLA–EBA interface, which is caused by the presence of active glycidyl methacrylate groups in the composition of the used impact modifier. Cooling thermograms indicate a very low level of DSC signal differences for the PLA samples, which can be seen through very slight differences on the heat flow scale, which in this situation result in a significant signal noise. The only notable signal event refers to the signal curve deflection being close to 60 °C, which relates to the glass temperature transition. There is a small crystallization peak at 100 °C which is visible for the pure PLA and PLA/GMA20 samples; however, the introduction of CE makes it disappear. Unlike with PLA, the curves for POM confirm the lack of significant structural changes after the annealing treatment. The crystallinity level for all samples stays at a similar, high level (40%) for all samples. The introduction of the EBA and CE modifier did not change any of the observed characteristics, which confirms the lack of structural changes within the POM matrix caused by the applied modifications.



The DSC plots collected in Figure 14 show the thermograms for the modified POM/PLA (50/50) blends. DSC signals for the prepared polymer blends indicate the dominant effect of POM thermal behavior which results from the high tendency to form the crystalline phase by this polymer. In addition to the clear cold crystallization peaks for the injected samples, the course of the rest of the graphs is very similar to pure POM, both during the heating and cooling of samples. For a more detailed analysis, selected values are summarized in Table 2, which allows for the capturing of certain differences between individual materials. Since previous DSC measurements have shown that the crystallinity of POM does not change due to changes in its composition, the calculation focused on the level of the PLA crystallinity, assuming that the crystallinity of the polyoxymethylene phase would be constant and reach 40%, with a melting enthalpy of 130 J/g. Taking all this into account, the crystallinity of PLA in the POM-mixed systems is largely dependent on the applied modification. For the unmodified samples, the content of the crystalline phase was estimated at over 22%, suggesting the possibility of active nucleation of the PLA crystalline phase by the previously formed spherulites of the POM crystalline phase. The highest level of crystallinity—over 37%—can be observed for the blends with the addition of CE, which is probably related to the partial crosslinking of the PLA structure. This phenomenon results in the formation of active nucleation centers at the points of the polymer network looping. Samples modified with the EBA–GMA elastomer do not show such an increase and the level of PLA crystallinity is slightly higher than for the original unmodified blend. This behavior may indicate the absence of the nucleating mechanism and binding of polylactide chains at the PLA–EBA interface. A subsequent decrease in crystallinity for the CE-modified samples confirms the presence of high interactions at the PLA–EBA interface. Interestingly, the results obtained for the second heating step indicate a significant decrease in the kinetics of the PLA crystallization, which can be observed through the increase in the enthalpy field of cold crystallization. This suggests the possibility of an additional process of crosslinking of the PLA structure during the DSC test, which may be related to the maximum measurement temperature of 230 °C.



WAXS plots showed in Figure 15 present diffractograms for different types of prepared samples. For the purpose of comparison Figure 15A presents the results for the pure PLA- and POM-based samples before and after the annealing procedure. A large difference in structure behavior can be seen for the PLA samples, where the amorphous structure of the as-molded sample was transformed into a highly crystalline material. The two visible diffraction peaks (110/200) and (203) at 16.8 and 19.2° 2θ, respectively, correspond with the α-type PLA crystalline phase [63,64,65].



The WAXS pattern for the POM-based samples reveals two crystal diffraction peaks at 2θ = 23° which correspond to the (100) reflection of the POM hexagonal crystals. There were no changes observed in the XRD diffractograms for the as-molded and annealed POM samples, confirming the initial high crystallinity of the POM structure and the lack of significant changes after the thermal treatment. The WAXS patterns in the next plots correspond to the modified POM/PLA blends and are shown in Figure 15B,C for the as-molded and annealed samples, respectively. As can be seen for the reference POM50/PLA50 sample, the presence of PLA (110/200) and (203) diffraction peaks confirms the improved crystallinity of the PLA phase in the presence of the POM phase. This type of behavior is not characteristic of the usually slowly crystallizing PLA phase. This is especially true for the injection-molded samples, where due to the rapid cooling of the outer surface the polymer chains stay mostly in the amorphous form. Interestingly, for the modified blends the PLA characteristic XRD crystalline phase signals are not detected and only the POM characteristic peaks can be detected. As opposed to the DSC tests, where the sample is prepared from the specimen cross-section, the WAXS measurements present the results from the sample surface. This means that for the modified POM/PLA blends, where the crystallinity calculated from the DSC measurements was found to be quite high (19–37%), the crystalline phase content in the sample cross-section can be seen to have a very large gradient. The annealing treatment (Figure 15C) once again reveals the presence of the PLA characteristic peaks, which means that the presence of GMA-functionalized modifiers does not suppress the PLA crystallization ability; however, the crystallization kinetic might be reduced, as was concluded based on the DSC results.



The results of a comparison between the DSC and WAXS measurements reveal some interesting behavior for the POM/PLA blends. The PLA-based samples were characterized by a very low crystallinity level (typical for the high cooling rates occurring during the injection molding), while for the POM-based materials the formation of a highly crystalline structure was observed. The expected test result for the POM/PLA blend was the nucleating effect of POM on the PLA crystalline phase, which was reported for the blends containing a low percentage of POM (up to 5%) [32]; however, for other types of POM-rich blends some studies have indicated the binding of the PLA chain in the amorphous form [33,35,66]. In our study, crystallinity analysis was carried out on the basis of a comparison between the DSC and WAXS measurement results, which provided a broader view of the POM/PLA system crystallization phenomenon. The DSC studies show a significant increase in the level of crystallinity for all blends, including after modification. However, as the WAXS results show, the addition of EBA and CE reactive components decreased the PLA crystallization kinetics, resulting in the occurrence of the amorphous structure of PLA on the surface of the modified samples. The kinetics of crystallization may be the key aspect determining the thermomechanical properties of POM/PLA blends, and therefore require future research.





4. Conclusions


The study confirms the partial miscibility of POM/PLA blend systems. Consequently, unmodified POM/PLA blends do not require any additional compatibilization. Further research into the modification of impact properties has demonstrated high efficiency in the application of the EBA/CE system. It is worth noting that in the case of reference tests conducted for pure POM and PLA, very low effectiveness of the use of used additives for POM was shown. In the case of PLA, the effectiveness of reactive blending was confirmed by most of the conducted tests. The presence of PLA in the used blend system resulted in improved compatibility at the matrix–EBA interface, which in turn resulted in a reduction in the size of EBA droplets and improved the impact strength and elongation at break values of the samples. The analysis of DMTA thermomechanical properties indicated some changes in heat resistance. However, the results of HDT and VST measurements were inconclusive because only for the VST measurements was a significant increase in thermal resistance shown, and in order to increase the sample heat deflection temperature it was observed that it is necessary to anneal the material. Analysis of DSC and WAXS results showed that in the case of the prepared POM/PLA blends, the increase in PLA crystallinity may be inhibited by the use of reactive compatibilization methods.
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Figure 1. The mechanical properties of unmodified blends and reference polyoxymethylene (POM) and poly(lactic acid) (PLA) samples. Tensile modulus and strength (A); elongation at break and Izod notched impact strength (B). 
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Figure 2. A comparison of the mechanical properties of the prepared blends from tensile and impact resistance measurements for the “as-molded” samples. (A) Tensile modulus and strength. (B) Elongation at break and impact strength. Results are grouped into PLA-, POM-, and POM/PLA-based samples modified using the ethylene/butyl acrylate/glycidyl methacrylate terpolymer (E/BA/GMA) elastomer (EBA) impact modifier and epoxy-functional styrene acrylic copolymer (ESA) chain extender (CE). 






Figure 2. A comparison of the mechanical properties of the prepared blends from tensile and impact resistance measurements for the “as-molded” samples. (A) Tensile modulus and strength. (B) Elongation at break and impact strength. Results are grouped into PLA-, POM-, and POM/PLA-based samples modified using the ethylene/butyl acrylate/glycidyl methacrylate terpolymer (E/BA/GMA) elastomer (EBA) impact modifier and epoxy-functional styrene acrylic copolymer (ESA) chain extender (CE).
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Figure 3. A comparison of the mechanical properties of the prepared blends with regard to the tensile and impact resistance measurements for the “annealed” samples. (A) Tensile modulus and strength. (B) Elongation at break and impact strength. Results are grouped into PLA-, POM-, and POM/PLA-based samples modified using the E/BA/GMA impact modifier and ESA chain extender. 
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Figure 4. Strain sweep measurement plots for unmodified POM/PLA blends (A) and modified POM50/PLA50 blends (B). 
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Figure 5. Complex viscosity and storage modulus of unmodified POM/PLA blends (A,A′), EBA/CE-modified POM and PLA (B,B′), and modified POM50/PLA50 (C,C′) samples. 
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Figure 6. Cole–Cole plots (A,A′) and Han plots (B,B′) for unmodified POM/PLA blends and EBA/CE-modified POM50/PLA50 blends. 
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Figure 7. The results of the DMTA measurements for the POM/PLA blends. (A) Storage modulus and (B) tan thermograms. 
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Figure 8. Storage modulus and tan δ thermograms for PLA- (A) and POM- (B) based samples modified with the E/BA/GMA elastomer and ESA chain extender. The plots include the thermograms of the “as-molded” and “annealed” samples. 
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Figure 9. Storage modulus thermograms for the POM/PLA blends. Injection molded samples (A) and annealed materials (B). 
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Figure 10. Micrographs presenting the cryo-fracture surfaces of the PLA- (A,A′,A″), POM- (B,B′,B″), and POM/PLA- (C,C′,C″) based samples. Subsequent rows indicate the presence of the unmodified samples (top), EBA-modified samples (middle), and EBA/CE-system-modified blends (bottom). 
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Figure 11. SEM micrographs presenting the cryo-fractured structure of the pure POM/PLA blend (A,A′) and EBA-modified blends (B,B′). A and B present samples without CE addition while A′ and B′ show structures following the introduction of CE. 
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Figure 12. The results of differential scanning calorimetry (DSC) measurements for POM/PLA blends: (A) first heating thermograms and (B) cooling thermograms. 
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Figure 13. First heating and cooling for (A) PLA- and (B) POM-based blends. 
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Figure 14. First heating thermograms for polymer blends: molded (A) and annealed (B) samples, and cooling stage (C). 
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Figure 15. Wide-angle X-ray diffraction (WAXS) plots for (A) pure PLA and POM (molded and annealed), (B) molded POM/PLA blends, and (C) annealed POM/PLA blends. 
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Table 1. The results of thermomechanical measurements, namely, heat deflection temperature (HDT) and Vicat softening temperature (VST).
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Sample

	
HDT (1.8 MPa) (°C)

	
VST (10 N) (°C)




	
Molded

	
Annealed

	
Molded

	
Annealed






	
Unmodified blends




	
PLA

	
60.5 ± 1.0

	
74.7 ± 2.5

	
66.1 ± 0.2

	
152.4 ± 0.3




	
POM

	
90.6 ± 1.5

	
105.4 ± 1.3

	
164.1 ± 0.1

	
164.7 ± 0.1




	
POM/PLA (75/25)

	
60.3 ± 3.5

	
92.7 ± 2.6

	
163.2 ± 0.1

	
160.3 ± 0.7




	
POM/PLA (50/50)

	
53.3 ± 0.7

	
84.9 ± 6.2

	
157.9 ± 0.2

	
158.6 ± 0.9




	
POM/PLA (25/75)

	
54.8 ± 0.9

	
84.6 ± 2.4

	
157.6 ± 0.2

	
154.6 ± 0.4




	
EBA-modified POM and PLA resin




	
POM/EBA20

	
73.6 ± 1.5

	
96.1 ± 0.5

	
160.9 ± 0.1

	
161.0 ± 0.7




	
POM/EBA20-CE

	
72.5 ± 2.0

	
79.2 ± 4.2

	
160.9 ± 0.1

	
161.9 ± 0.8




	
PLA/EBA20

	
58.5 ± 0.4

	
66.6 ± 0.3

	
64.1 ± 0.4

	
128.6 ± 0.7




	
PLA/EBA20-CE

	
59.4 ± 0.5

	
66.0 ± 0.4

	
65.2 ± 0.9

	
132.2 ± 0.4




	
Modified POM/PLA blends




	
POM50/POM50-CE

	
53.6 ± 0.1

	
83.4 ± 8.3

	
157.9 ± 0.2

	
157.5 ± 0.5




	
POM40/PLA40/EBA20

	
52.2 ± 0.1

	
62.4 ± 1.3

	
148.6 ± 0.4

	
144.9 ± 0.6




	
POM40/PLA40/EBA20-CE

	
52.3 ± 0.6

	
61.8 ± 1.7

	
146.3 ± 0.6

	
147.3 ± 0.3
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Table 2. Basic thermal properties of the prepared materials for the as-molded and annealed samples.
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Sample

	
Molded

	
Annealed




	
    Δ  H  c c     ( J / g )    

	
    Δ  H m    ( J / g )    

	
     X c    ( % )    

	
    Δ  H  c c     ( J / g )    

	
    Δ  H m    ( J / g )    

	
     X c    ( % )    






	
PLA-based blends




	
PLA

	
33.8

	
42.6

	
9.4

	
-

	
43.7

	
45.9




	
PLA/EBA20

	
32.6

	
33.3

	
0.9

	
-

	
35.2

	
46.4




	
PLA/EBA20+CE

	
31.6

	
32.1

	
0.7

	
-

	
33.7

	
44.9




	
POM-based blends




	
POM

	
-

	
130.5

	
40.0

	
-

	
131.5

	
40.3




	
POM/EBA20

	
-

	
103.2

	
39.6

	
-

	
107.6

	
41.2




	
POM/EBA20+CE

	
-

	
96.8

	
37.1

	
-

	
101.8

	
39.0




	
POM/PLA-based blends (PLA phase crystallinity)




	
POM50/PLA50

	
11.4

	
87.2

	
22.7 *

	
-

	
101.6

	
76.5 *




	
PLA50/PLA50+CE

	
10.2

	
93

	
37.5 *

	
-

	
91.5

	
55.0 *




	
PLA540/PLA40/EBA20

	
15.5

	
76.6

	
23.6 *

	
-

	
76.6

	
64.2 *




	
PLA540/PLA40/EBA20+CE

	
13.6

	
73

	
19.1 *

	
-

	
80.7

	
74.9 *








  Δ  H  c c    , cold crystallization enthalpy;   Δ  H m   , melting enthalpy;    X c   , crystallinity. * calculated PLA crystallinity, assuming constant crystallinity of the POM phase.
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