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Abstract

:

This paper studies the structure–property–processing relationship of polyphthalamide (PPA) PPA/polyamide 4,10 (PA410) blends, via co-relating their thermal-mechanical properties with their morphology, crystallization, and viscoelastic properties. When compared to neat PPA, the blends show improved processability with a lower processing temperature (20 °C lower than neat PPA) along with a higher modulus/strength and heat deflection temperature (HDT). The maximum tensile modulus is that of the 25PPA/75PA410 blend, ~3 GPa, 25% higher than neat PPA (~2.4 GPa). 25PPA/75PA410 also exhibits the highest HDT (136 °C) among all the blends, being 11% more than PPA (122 °C). The increase in the thermo-mechanical properties of the blends is explained by the partial miscibility between the two polymers. The blends improve the processing performance of PPA and broaden its applicability.
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1. Introduction


In the current era, plastic is one of the most abundant materials produced by humanity. According to the European Association of Plastics Manufacturers (PlasticsEurope), 359 million tonnes of plastic were produced in 2018 [1]. So-called commodity plastics, such as polystyrene (PS), polyethylene (PE), polyvinyl chloride (PVC) and polypropylene (PP), all used in applications where mechanical characteristics or melting points do not have high requirements, accounted for 78% of the worldwide demand of plastics in 2018 [1]. However, more niche plastics exist, as they are engineered and used to fulfill specialized applications that commodity plastics cannot fulfill. These are commonly referred to as “engineering plastics” and include several of the currently available nylons that have increased mechanical or thermal properties, such as higher melting points. However, there are situations where the properties of engineering plastics are not enough, so instead, a subgroup of these, called “high-performance engineering polymers” are utilized. Though no formal definition exists for this group of polymers, Ullman’s Encyclopedia defines them as polymers that are able to maintain acceptable mechanical characteristics at temperatures above 150 °C [2].



It is within this category that polyphthalamide (PPA), a thermoplastic polymer, is located. Parts produced from this polymer are used to replace metals in applications that require high temperature resistance, such as oil coolers and housings laptops, for PPA grades that are flame resistant [3]. Unlike many other polymers, PPA is an umbrella term for a family of plastics. According to ASTM International, a polymer must have at least 55% molar mix of terephthalic and/or isophthalic acids [4] for a manufacturer to refer to a polymer as PPA. Among their general characteristics, PPAs maintain their mechanical properties at high temperatures and are resistant to a wide variety of chemical attacks [3]. Due to their high melting point (it can range from 285 to 315 °C, depending on the grade and manufacturer’s composition [3]), they also require a higher temperature to be processed and molded, compared to traditional commodity plastics. As such, additional energy use and expenses are incurred. If PPA could be modified to increase its flowability and lower its melting temperature, it could expand the horizon of possible applications and reduce the energy required during its processing.



As in many other areas of material science and engineering, the first instinct to improve or modify the properties of a polymer such as PPA would be to mix it with a second polymer that has complimentary properties. Preferably, this would be with one that has a lower melting point, to obtain a blend that has the advantages of both components, with none of the weaknesses.



Plastics wholly produced from renewable sources are found to have a lower environmental impact [5], such as the biobased polyethylene terephthalate (PET) [6]. Many other examples of the incorporation of natural feedstocks exist, including PPAs that incorporate bio-derived raw materials [7,8]. Currently, however, most of the available supply of PPA is based on oil-based or non-renewable, unsustainable sources. As such, increasing the amount of biobased material incorporated into the PPA matrix, while not decreasing any of the mechanical properties, or even increasing them, would result in a product that would be more acceptable to both consumers and producers.



Looking at the available bio-based polymers, as well as those derived from sustainable sources, PA410, was selected and blended with PPA. Developed by the DSM company, this polyamide is derived from 1,4-diaminobutane and sebacic acid. PA410 exhibits high stiffness (modulus of 3 GPa), acceptable elongation at break (30%), high heat deflection temperature (160 °C) and, compared to PPA, a lower melting point (250 °C). It has been previously blended with polyamide 6,10 [9], compounded with micro fibrillated cellulose [10], and multi-walled carbon nanotubes [11]. Doing so aims to research the necessary conditions to incorporate the cellulose and to improve both the mechanical and electrical conductivity properties, respectively.



Most biopolymers are currently being investigated in order to replace commodity plastics in single-use applications or in biomedical applications. The relative high cost of polymers and the expected low cost of the intended applications make this substituon a challenge. If bio-based polymers cannot currently compete in low-cost applications, they could have success in supporting or substituing more niche and speciallized applications, in higher-cost but necessary applications. It is expected that the blending of PPA with PA410 will improve the processability of PPA without sacrificing the thermal-mechanical advantages that PPA has, as well as expanding the possible applications of PA410, such as for automotive purposes, under the hood parts. As the neat PA410 has some mechanical properties above that of PPA, it is also desirable to obtain blends that will be above that of neat PPA To our knowledge, no previous research on a PPA/PA410 blend has been disseminated in a peer-reviewed scientific journal.




2. Materials and Methods


PPA (Dupont company, Midland, Michigan, USA, grade Zytel HTFNFE8200 NC010) and PA410 (DSM company, Heerlen, Netherlands, Limburg, grade Ecopaxx Q210E-H) were dried for four hours, at 120 °C and 80 °C, in order to keep the moisture content under the manufacturer’s recommended limit (0.15% and 0.1%, respectively). Using the wt% indicated of PPA and PA410 in Table 1, the appropriate amounts of each polymer were weighted and hand mixed, before being manually injected into a micro-compounder from the DSM company (Xplore Instruments, Sittard, Limburg, The Netherlands), which has a chamber with a 15 cm3 capacity and a twin-screw configuration. After two minutes of residence, with the speed of the screws at 100 rpm and with the temperature set on the melt compounder, as indicated by Table 1, the polymer melts were injected into heated molds at 100 °C, via the use of a cylinder-shaped injector (Xplore Instruments). The pressure used was 16 bar, for a total of 30 s of holding time. ASTM standard samples for impact energy, tensile and flexural mechanical tests were produced.



2.1. Mechanical Analysis


Type IV, ASTM D638-14, tensile samples were tested in an Instron Universal Testing Machine 3382 (Norwood, Massachusetts, USA, Instron company) equipped with a video extender using a total of five specimens for each blend. To ensure that the samples broke in a period between 30 s to 5 min (as indicated by ASTM D638-14), the crosshead speeds of blends were controlled at 5 mm/min while the speeds for neat PPA and PA410 were 50 mm/min. The results presented are the average of five tested samples.



Using a crosshead speed of 14 mm/min, the flexural properties of the blends were tested under ASTM D790-15 procedure B, tested in an Instron Universal Testing Machine 3382 as well. This speed is the result of the calculation of using samples with standard dimensions. The results as shown were the product of averaging five total samples.



Impact energy was tested under an ASTM D256, using a Zwick/Roell (Ulm, Baden-Württemberg, Germany) Impact tester. Notching the plastic pieces as per the standard, five specimens were tested with a 2.75 J hammer, with the individual results being averaged.




2.2. Thermogravimetric Analysis (TGA)


Cut-off samples from the mold-injected samples (ASTM D790-15), weighing between 15 and 20 mg were placed on a platinum plan and heated, starting the process at room temperature, using a heating rate of 10 °C/min, and reaching a final temperature of 700 °C, with the use of a flow of 50 mL/min of nitrogen gas. The apparatus used was a TGA Q500 (New Castle, Delaware, USA, TA Instruments company).




2.3. Differential Scanning Calorimetry (DSC)


Samples between 5 and 10 mg were cut and placed inside a sealed aluminum pan, then placed inside a DSC Q200 (TA Instruments). The analysis was conducted using a heating, cooling, and heating program, with the following parameters: 0 °C was established as an initial temperature, the temperature held constant for two minutes. After, heating the sample with a heat rate of 10 °C/min, the samples reached 350 °C, which was maintained for two minutes. The cooling cycle was then established by cooling the samples at a rate of 10 °C/min to a temperature of 0 °C, and once again, after two minutes of maintaining the temperature constant, a final cycle of heating, once again to 350 °C, at a 10 °C/min heating rate.




2.4. Scanning Electron Microscopy (SEM)


Impact samples previously broken from all blends, were gold coated under an Argon atmosphere for 12 s and were observed using a Phenom ProX microscope from Phenom-World BV (Eindhoven, North Brabant, Netherlands). A voltage of 15 kV was used, and magnifications of 500×, 5000× and 15,000× were used in order to study the blends morphology.




2.5. Atomic Force Microscopy (AFM)


A microtome (Wetzlar, Hesse, Germany, Leica company) was used to ensure that each blend would have a smooth surface, at room temperature. The surface was probed using a Multimode-8 AFM instrument (Bruker Nano Inc. Company, Billerica, MA, USA) using force taping mode, at a scan rate of 0.401 Hz.




2.6. Dynamic Mechanical Analysis (DMA)


Using untested bars of the same dimensions, as the ones obtained for the impact energy analysis, samples were placed inside a DMA Q800 (TA Instruments). For the measurement of HDT, a force was imparted upon the bars to cause a stress of 0.455 MPa, and they were heated up to 30 °C below their melting points, as observed under DSC or until the strain measured exceeded 0.22%. The HDT was taken at 0.2% strain. For their viscoelastic properties, an initial temperature of −30 °C was established. A thermal program was then followed, heating the materials at 3 °C/min, for a final temperature of 220 °C. An oscillating frequency sweep of 1 Hz, with an amplitude of 15 μm was employed.




2.7. Polar Optical Microscopy (POM)


Broken impacted samples were cut down with a metal cutter and placed in a glass sample holder. They were then melted with a second plate of glass placed over it until a thin layer of the blend formed. The samples were then observed under a polarized optical microscope (Nikon Instruments, Tokyo, Kantō, Japan), heating them to 310 °C at a 50 °C/min rate, then cooled down to their glass transition temperature (Tg, as calculated by DMA) at 30 °C/min, the temperature then set constant for 3 min, finally cooling them down to room temperature, using a 50 °C/min rate. The images were taken at 20× magnification at room temperature.




2.8. Rheology


Samples of each blend were cut from injection molded specimens (having the same dimensions as those used in in ASTM D790-15), then placed at a parallel plate rheometer, MCR302 (Graz, Styria, Austria, Anton Paar company). Frequency sweeps were performed from 600 to 0.1 rad/s, at 310 °C, 1% strain for all blends under nitrogen protection.




2.9. Fourier-Transform Infrared Spectroscopy (FTIR)


A sample of each blend and neat polymer was analyzed trhough FTIR, using the attenuated total reflection infrared spectra, with a Nicolet iS20 spectroscope (Thermo Scientific, Waltham, MA, USA). 128 scans were employed and averaged. Each scan was taken from a wavenumber of 4000 cm−1 to a wavenumber of 525 cm−1, with a 0.5 cm−1 resolution for each scan.





3. Results and Discussion


3.1. Mechanical Properties


An increase in both the tensile strength and Young’s modulus of the samples was observed, as the content of PA410 increased with respect to PPA, as shown in Figure 1A. The respective tensile stress–strain curve is shown in Figure 1B. Flexural properties presented in Figure 1B show a similar trend, as a result of the higher modulus/strength of PA410 compared to that of PPA. However, with the addition of PA410, the impact strength of the blends is reduced because of the lower toughness of PA410, as seen in Figure 1D. The density experiences a dramatic drop with any of the measured additions of PA410, as shown in Figure 1D. Similar results were found with a PA6I/PA6T polymer matrix (ratio of 1:2) and a polyamide 6 (PA6), in which the blends of the two compatible polymers had higher mechanical properties compared to the neat polymer with the lowest mechanical properties [12], which in their case was with PA6. Other researchers found the case to be the same, when using cast-films, again with PA6 and PA6T/PA6I [13]. The researchers attributed this increase in the mechanical properties as the stiffening of the molecular chains, though in their case, it was the PA6I/PA6T polymer chains causing this effect on the PA6. Finally, the elongation at break went from 19.64% ± 3.28% with neat PPA, to 10.55% ± 2.04% with 25% of PA 410, 5.66% ± 1.35% with 40% of PA410, 15.53 ± 3.55 with 50% of PA410, 17.05 ± 4.25 with 60% of PA410, 19.87 ± 3.74 with 75% PA410 to 36.71 ± 4.62 with neat PA410. The sudden decrease, in particular for 60PPA40PA410, suggest that there is incompatibility and bad adherence between the two polymers. The results presented in this study suggest that the PA410 stiffened the PPA. Though not commercially disclosed, the type of PPA used in this study is composed of a 50:50 mix of 2-methylpentamethylene diamine and hexamethylene diamine [3], while all the monomers of the PA410 are linear. In the case of these blends then, the increase in linear monomers increases the possibility of chain packing. Additionally, as was reported elsewhere, transamidation of PPA with other polyamides was observed [14,15], in which block copolymers are formed. As the length of the aliphatic chains decreases between the aromatic rings, this could also help explain this increase in mechanical properties. However, we can see that for the 50PPA/50PA410, there is marked decrease in its mechanical properties, compared to the immediate blends. This suggests that there is some inherent incompatibility between the polymers, at least when the ratio between them is 1:1. This possible limit to the miscibility between them will be further explored and discussed in subsequent sections of this paper.



The simplest way to predict this type of results is by using the rule of mixtures. The upper bound (the maximum), as defined by the rule of mixtures, can be stated as Equation (1) [16]:


  P =   ∑      f i   P i   



(1)







In which  P  is the property of the blend being analyzed,    f i    is the fraction of the ith component and    P i    is the property of the neat ith component.



As seen in Figure 2, the Young’s modulus of the blends is above what would be predicted by the rule of mixtures, meaning that the polymers are interacting with each other in some manner. This same behavior can be extended for the flexural properties as well. Previously published studies suggest that the good compatibility between a PPA and other polyamides can be explained through a transamidation process [14,15], in which the PPA and the polyamide react and switch monomers between the polymer chains, resulting in copolymers. However, the short amount of residence time employed to produce the blends in this study means that the percentage of randomness and degree of transamidation in the studied blends would be low [17]. As for PPA, its solubility does not depend on the presence or location of the phenylene group within the polymer chain, but on the conformation of the rest of the polymer chain [18]. Finally, hydrogen bonds are also known to occur between polymer chains that contain amide bonds, so PPA and PA410 could be interacting through this mechanism.




3.2. Thermal Analysis


Figure 3 shows the thermal behavior of the blends. The first cooling curve (Figure 3A) shows a decrease in the crystallization temperature to a minimum for the 50PPA/50PA410 blend, after which, as the content of PA410 increases, so does the crystallization temperature. A decrease in the melting temperature of polymer blends, compared to the blend with the highest melting point is typical of miscible blends, especially when an amorphous polymer is added to a semicrystalline one, as the result of kinetic, morphological and thermodynamic factors [19]. The depression of the melting point was observed in other PPA blends with polyamide 6,6 and polyamide 6,10 [15]. In Figure 3B, the addition of low contents of PPA to PA410 and vice versa, shows a small depression in melting points, while the blends with a higher content of either show double melting points. According to the literature, this can indicate either a separate crystallization of each polymer, but it can also be due to the re-crystallization of thinner imperfect crystals, into thicker, more perfect ones. However, the distance between the two melting points is large, which would point out to immiscibility in the blends closer to a 50:50 ratio between PPA and PA410. The addition of PA410 also shows a reduction in the crystallization temperature. A possible explanation is that within certain ranges of the content of each polymer, each one acts as a polymer matrix, with the remaining polymer being dissolved in it. Eventually, a point is reached in which they both hinder the crystallinity/crystal growth of the opposite polymer, or they are both too abundant to form a particular phase or structure within the surrounding matrix. A similar case with PA46 and PA6I (poly hexamethylene isophthalamide) was reported by Eersels et al. [20], the authors found that the content of the amorphous PA6I did not significantly affect the crystal growth of the linear PA46, until a certain threshold content of above 70% wt. PA6I was introduced in the blend.



In order to investigate their thermal behavior, Equation (2), was used to calculate the percentage crystallinity (χc):


   χ c  =   Δ  H m  − Δ  H c     W f  ∗ Δ  H m 0    ∗ 100  



(2)







Where   Δ  H m    is the melting enthalpy,   Δ  H c    is the crystallization enthalpy,    W f    is the weight fraction of the polymer being considered, and   Δ  H m 0    is the melting enthalpy of a theoretical 100% crystalline polymer. A reference or experiment to calculate the   Δ  H m 0    for neat PPA has not been found, and previously published works have also not been able to find a source [21]. However, it has been calculated for neat PA410 (269 J/g [9]). Therefore, only the crystallinity of PA410 was calculated here, using the single melting peak for all the apparently miscible blends and the lower temperature one for the ones with double melting peaks, with the results shown in Table 2. The results show that the crystallinity of the PA410 increases when it is at lower concentration in a PPA matrix, that is, the restriction of PPA on of the PA410 may be inducing a more crystalline structure than the polymer by itself. Further additions decrease it until it reaches a minimum at 50PPA/50PA410, to then increase at 40PPA/60PA410, to then decrease and be relatively constant as the wt% of the PA410 again reaches the neat polymer. The linear polyphthalamide chains form crystalline structures that cannot be melted, as their melting temperature is too close to their degradation temperature. This was previously explored by Shashoua and Eareckson, whose research found that spin fiber techniques were necessary to synthetize polyphthalamide with short methylene chains [22], while only degraded polymer chains could be obtained if condensation polymerization techniques were employed, as pointed out by Edgar and Hill [23]. This could then induce an increase in the crystallinity of the PA410 region, with the more linear parts of the PPA chain, while the rest of the branched comonomers are rejected, forming a possible co-crystallization. Further, the addition of the PPA to PA410 can limit the solidification rate due to restriction in chain mobility, which is seen by the downward shift of the crystallization temperature of the PA410 crystals.



Both neat polymers, PPA and PA410, show a higher thermal stability compared to all the blends, in all the temperatures at which they lose 2%, 5% and 10% of their weight, as well as their maximum degradation temperature, as shown in Table 3. The TGA also shows us that although some discoloring might happen to the PA410 (as was previously reported [9]), at being melted and mixed at such a high temperature compared to its melting point, the PA410 is not suffering a significant amount of thermal degradation and can be safely processed at such temperatures. The TGA curves of individual samples of the neat polymers and the blends can be seen in Figure 4. The literature indicates that the complex chemical reactions that take place during the thermal decomposition of a polymer blend, are affected by a variety of factors, such as the molecular weight of the polymer, its chemical structure, its degree of crystallinity, etc. This means that thermal stability cannot be used as evidence of the miscibility, immiscibility or partial miscibility between two polymers, as blends can have a synergistic, antagonistic or additive thermal behavior when blended [24,25]. The Tg of the blends could not be detected through DSC.



The HDT of the blends increased as a function of the amount of PA410, once the 50/50 threshold was passed, with the first initial blend having a slightly lower HDT than that of neat PPA, though due to the high margin of error in both measurements, the change is not significant. This means that the HDT of the blend appears to be a function of PA410 being the matrix, possibly due to its close molecular packing, because of the linear monomers in its structure. As seen in a study in which two different PPAs were blended with PA6 and PA66 [26], the HDT of the blends either remained the same or was lower than that of the PPA, for blends in which the wt% of the aliphatic polyamides was less than 50%. This shows that the PPA is not significantly affected by the addition of PA410, at least in terms of HDT, and it is only when the polymer matrix changes the PA410, that a change is observed.




3.3. Morphology Characterization


SEM microscopy is used in polymer science and engineering to look at the morphology of blends. When PPA was melt-mixed with polybutylene succinate (PBS) as the polymer matrix, globules of the PPA were visible [27]. A similar case can be seen with aluminum diethyl phosphinate (AlPi) and PPA, showing the embedded particles [28]. All the micrographs, shown in Figure S1, are not distinguishable from each other. All the produced blends showed a similar homogenous structure, with no clear distinctions between the two different polymers. No globules, streaks or regions could be easily discerned, nor any phase separation; the only features that can be seen are the striations caused by the impact test and the microvoids from the fractures in the polymer matrix. A similar result was found in a study in which PPA was melt-mixed with polyamide 6 [29], the morphology of the samples showed the blends all having a homogenous structure, with no apparent phase separation between the two polymers.



Using POM, the internal structure of the blends and neat polymers can be seen in Figure S2. No crystalline regions within the size of the microscope were detected. While a change in the size and nature of the structures can be seen, in which the addition of PA410 changes the apparent small spherulites (as seen in other cases of POM of the neat PPA [30]) into a continuous phase, no particular phase separation nor structure are obviously seen. To capture smaller microstructure differences, AFM images were taken.



Figure 5 shows the phase dispersion for the blends with 25 to 50 PA wt% PA410. As PA410 has a higher modulus, it is reflected as a yellow color in the AFM modulus images, evenly dispersed throughout the whole polymer matrix. As the content of PA410 increased beyond 50 wt% and becomes the main polymer matrix, a phase inversion occurred in the blends with 60 and 75 wt% of PA410, the PPA becoming a continuous phase dispersed in the PA410 polymer matrix. Several studies of miscible PPA and PA blends show similar results [13,15], an increase in the roughness of the surface of the films and a fibrillar morphology was observed. The lamellae that could be observed in one of the studies were in the order of 7 nm [13].




3.4. Viscoelastic Characterization


The viscoelastic properties of the neat polymers and the prepared blends can be seen in Figure 6. The neat PPA shows a significant shift on the storage modulus behavior from the rest of the blends and the neat PA410, as seen in Figure 6B. Specifically, its storage modulus starts lower than the rest, at −20 °C, but it only starts decreasing at 125 °C, unlike the other blends whose storage modulus decreases around 50 °C. As the storage modulus corresponds to the elastic behavior of the polymer, it indicates that PPA remains a tougher polymer at higher temperatures, even though the rest of the materials have a higher initial storage modulus. The Tg of all the blends was taken from the maximum of the peak of the Tan δ signal and is shown in Table 4. It appears to depend on the content of PPA, because as the wt% of PPA decreases, so does the Tg of the blend. Similar results in the reduction of the glass transition temperatures were found in the case of blends of PPA with PA6 and PA6,6, with similar reductions in the plateau section, as seen in the behavior of the storage modules over a range of temperatures [26]. The author stated this as evidence of co-crystallization between their chosen PPA and the aliphatic polyamides.



However, as it can be clearly seen in Figure 6A, not all the polymer blends show a distinct single peak nor two distinct ones in between the two neat polymers, but rather a flattened peak; a signal with a plateau. Two samples for each blend were measured for the DMA analysis, both showing the same behavior, so sampling error cannot explain this phenomenon. As such an explanation must be offered. According to Kaplan [31], this is evidence that the miscibility of the PPA with PA410 is not complete for all the ratios, but rather that it can be divided in two: (a) from neat PA410 up to 25PPA/75PA410, and from 75PPA/25PA410 to neat PPA, alongside the SEM we can say that the two polymers are completely compatible, as the tan δ peaks shown are sharp; (b) from 40PPA/60PPA410 to 60PA/40PA410, the two polymers are semi compatible, as seen from the broad, nondistinctive peaks in tan δ. As previously mentioned, the increase in mechanical properties, despite their immiscibility, could be explained as hydrogen bonding between the two polymers.




3.5. Rheological Properties


The rheological behavior of the neat polymers and blends can be seen in Figure 7, via plotting complex viscosity, loss modulus and storage modulus against the angular frequency. PPA shows significant shear thinning, as its complex viscosity decreases two orders of magnitude from low frequency to high frequency, as shown in Figure 7D. With increasing PA410, the viscosity of PPA decreases because of the low viscosity of PA410 itself. At the same time, with the increase of PA410, the shear thinning of the blends becomes less obvious, particularly in the low frequency regions. The different shear thinning behavior is normally a result from changes in the conformation of polymer chains in the system. The introduction of PA410 chains, which is non-sensitive to the shear rate, disrupts the molecular chain entanglement or conformation of PPA. The chains require less shear to be disentangled, which explains the change of the blends to a Newtonian-like fluid. It is interesting to find that the viscosities of the blends at a high shear rate are lower than those of neat polymers, i.e., PPA and PA410 themselves. Therefore, the viscosity of PPA was dramatically decreased, even with only 25 wt% of PA410.



Figure 7A,B, both show the decrease in the loss and storage modulus of the PPA with added PA410, probably due to the lower storage/loss modulus of the neat PA410. According to Zytner et al. [32], the tan δ is more sensitive than either loss or storage modulus and can help to understand the viscoelastic properties of polymer blends. Therefore, the ratio of loss modulus/storage modulus, called tan δ, is shown in Figure 7C. As all blends have a tan δ above 1, all blends show predominantly viscous properties. This also means that no chain branching or cross polymerization occurred between PPA and PA410. However, Wu et al. [33] indicates that the presence of a peak is evidence of a network structure. The explanation of a peak is that PPA and PA410 could be exchanging monomers and becoming miscible within a certain ratio, as predicted by the transamidation theory. And the co-crystallization happening between PPA and PA410 is allowing the formation of a network structure, without chain branching or cross polymerization. A schematic showing the possible reaction and formation of a block copolymer between PPA and PA410 is shown in Figure 8. The formation of the equivalent copolymer is not shown.



After plotting a Cole–Cole curve, shown in Figure 9, all blends appear to have a semi-circle shape which would suggest that the blends are homogenous, as no shoulders are present within the data [34]. This means that although the polymers may not be completely miscible between each other, they were thoroughly dispersed between each other, providing further evidence of a network structure. However, further experiments would be necessary in order to refute or confirm these explanations.




3.6. FTIR Analysis


All the FTIR spectra of the blends can be observed in Figure 10. As reported in previous studies [35,36], both polymers and the blends show similar spectra, due to their nature as polyamides. The peaks at 2850 and 2919 cm−1 correspond to vibrations associated with the CH2 chains; the peaks at 3293 and 1628 cm−1 are associated with amide groups; peaks at 1537, 1495 and 3075 cm−1 are associated with benzene rings (which is as the content of PPA decreases, the peak at 1495 cm−1 diminishes until it disappears). According to Pagacz et al. [36], a strong peak around 3300 cm−1 also indicates a strong hydrogen bonding, which would indicate that hydrogen bonding remains a strong force that promotes the interaction between the two polymers, though it is strongest for neat PA410.



As a novel blend, no rheological properties of them were reported, beyond the measurement of intrinsic viscosity [37,38]. Our research has verified that the addition of PA410 can significantly reduce the viscosity of PPA from the perspective of rheology, and speculates the possible conformational changes of the molecular chain according to the dependence of modulus/viscosity on the composition ratio. The research provides a general base for the processing and modification of this blend system, and indicates that PA410 can expand its uses in terms of applications.





4. Conclusions


Through a simple melt blending modification, blends of PPA and PA410 were found to have superior mechanical properties at a lower processing temperature, compared to neat PPA. The maximum Young’s modulus was reached by the 25PPA/75PA410 blend at 3 GPa; the highest HDT of the blends was that of 25PPA/75PA410 at 136 °C. The changes in glass transition temperature and HDT are also similar to blends of other polyamides with PPA, as well as indicating co-crystallization. The rheological behavior also showed a change of the PPA from a shear thinning fluid to a more Newtonian liquid, thus opening the possibility of a reduced viscosity which could be exploited at industrial settings without an increase in cross polymerization or chain branching. No significant changes in the thermal behavior of the blends were observed when compared to PPA. The results obtained by analyzing these blends, open the possibility of PPA/PA410 blends with an increase in biobased content that maintain good mechanical properties at temperatures above which commodity plastics cannot be employed, increasing the sustainability of PPA, as well as expanding the use of the PA410 in applications where mechanical properties are more demanding
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Figure 1. Mechanical properties of polymer blends of PPA/PA410. (A) Tensile properties; (B) tensile stress-strain curve; (C) flexural properties; and (D) impact energy and density. 
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Figure 2. Comparison between the theoretical upper bound of the Young’s Modulus predicted by the rule of mixtures and the results of the measured blends, as a function of wt% of PA410. 
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Figure 3. DSC curves of the PPA, PA410 and their blends: (A) first cooling cycle; (B) second heating cycle. Both cycles were measured at a rate of at 10 °C/min. Exotherms are up. 
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Figure 4. TGA curves of neat polymers and the prepared blends. 
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Figure 5. AFM modulus images of all the PPA/PA410 blends: (A) 75PPA25PA410; (B) 60PPA75PA410; (C) 50PPA50PA410; (D) 40PPA60PA410; (E) 25PPA75PA410. The dimensions of all squares are 3 µm × 3 µm. 






Figure 5. AFM modulus images of all the PPA/PA410 blends: (A) 75PPA25PA410; (B) 60PPA75PA410; (C) 50PPA50PA410; (D) 40PPA60PA410; (E) 25PPA75PA410. The dimensions of all squares are 3 µm × 3 µm.



[image: Polymers 13 03391 g005]







[image: Polymers 13 03391 g006 550] 





Figure 6. DMA curves of the PPA, PA410 and their blends; (A) dependence of tan (δ) on the temperature; (B) dependence of storage modulus on temperature. 
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Figure 7. Dependence of rheological properties of the PPA, PA410 and their blends on angular frequency: (A) storage modulus; (B) loss modulus; (C) tan delta; and (D) complex viscosity. 
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Figure 8. Schematic showing the formation of a block copolymer, between PPA and PA410. 
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Figure 9. Cole–Cole plot of neat polymers and prepared blends. 






Figure 9. Cole–Cole plot of neat polymers and prepared blends.



[image: Polymers 13 03391 g009]







[image: Polymers 13 03391 g010 550] 





Figure 10. FTIR spectra of neat polymer and the prepared blends. 
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Table 1. Coding of produced blends and temperature employed to melt mix them.
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	Code
	wt% of PPA
	wt% of PA410
	Temperature of Melt Mixing [°C]





	PPA
	100
	0
	325



	75PPA/25PA410
	75
	25
	305



	60PPA/40PA410
	60
	40
	305



	50PPA/50PA410
	50
	50
	305



	40PPA/60PA410
	40
	60
	305



	25PPA/75PA410
	25
	75
	305



	PA410
	0
	100
	285
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Table 2. Enthalpy of fusion and crystallization, percentage of crystallization of the blends, and apparent miscibility or immiscibility.
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	Samples
	Lowest Tm

[°C]
	ΔHm

[J/m]
	Tc

[°C]
	ΔHc

[J/m]
	χc

[J/m]





	PPA
	299.2
	14.08
	259.22
	27.5
	N/A



	75PPA/25PA410
	288.56
	21.73
	248.95
	30.78
	78.08



	60PPA/40PA410
	284.61
	30.44
	243.47
	19.32
	46.25



	50PPA/50PA410
	231.34
	18.52
	191.79
	28.01
	34.59



	40PPA/60PA410
	237.51
	30.98
	201.65
	43.25
	68.99



	25PPA/75PA410
	243.1
	36.77
	209.71
	57.6
	46.78



	PA410
	244.21
	52.93
	220.72
	69.07
	45.35
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Table 3. Thermal properties derived from the TGA and HDT analysis of the produced PPA/PA410 blends.
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	Samples
	HDT

(0.2% at 0.455 MPa)

[°C]
	2% Weight Loss

Temperature

[°C]
	5% Weight Loss

Temperature

[°C]
	10% Weight Loss

Temperature

[°C]
	Maximum

Degradation

Temperature

[°C]





	PPA
	122.30 ±17.97
	404.86 ± 8.10
	429.71 ± 0.33
	441.72 ± 0.01
	471.55 ± 1.22



	75PPA/25PA410
	109.91 ± 11.69
	400.91 ± 0.99
	417.71 ± 0.55
	428.51 ± 0.36
	461.47 ± 0.12



	60PPA/40PA410
	121.89 ± 8.65
	398.42 ± 1.08
	415.91 ± 0.18
	427.01 ± 0.29
	459.35 ± 0.49



	50PPA/50PA410
	121.20 ± 0.12
	399.73 ± 1.68
	418.29 ± 0.98
	429.51 ± 1.17
	461.50 ± 1.37



	40PPA/60PA410
	130.19 ± 2.18
	397.58 ± 0.71
	416.15 ± 1.70
	427.26 ± 1.70
	457.46 ± 1.08



	25PPA/75PA410
	135.99 ± 2.47
	398.93 ± 0.66
	414.51 ± 0.91
	424.85 ± 0.93
	455.75 ± 1.01



	PA410
	160.03 ± 4.58
	406.08 ± 0.25
	424.17 ± 1.17
	433.81 ± 1.68
	463.02 ± 4.88
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Table 4. The glass transition temperature (Tg) obtained from the tan (δ) curves from DMA testing.






Table 4. The glass transition temperature (Tg) obtained from the tan (δ) curves from DMA testing.





	Samples
	Tg (from DMA) [°C]





	PPA
	140.77 ± 9.84



	75PPA/25PA410
	117.00 ± 0.11



	60PPA/40PA410
	103.16 ± 2.64



	50PPA/50PA410
	101.39 ± 1.84



	40PPA/60PA410
	80.63 ± 2.52



	25PPA/75PA410
	70.32 ± 3.18



	PA410
	66.44 ± 0.83
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