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Abstract: Polylactide (PLA)/poly (butylene adipate-co-terephthalate) (PBAT) blend nanocomposites including 3 wt% of cellulose nanocrystals (CNCs) were prepared by melt compounding method in a twin-screw extruder and an internal mixer. Blend nanocomposites were formulated by diluting three different masterbatches prepared by solution casting method that contained 7 wt% of CNC. These masterbatches were: (m1) PLA/PBAT/CNC masterbatch; (m2) PLA/CNC masterbatch; and (m3) PBAT/CNC masterbatch. These were to explore how different preparation methods affect the dispersion and localization of CNC and hence the properties of PLA/PBAT/CNC blend nanocomposites. Scanning electron microscopy (SEM) was used to study the structural changes of the blends. Rheological properties of PLA/PBAT blends and PLA/PBAT/CNC blend nanocomposites were also investigated. In the samples prepared by internal mixer, the rheological behavior of blend nanocomposite prepared through premixing of CNC particles with PLA showed a transition from liquid-like to a gel-like behavior. According to the rheological results and differential scanning calorimetry (DSC) analysis, it was found that the CNC overall enhanced the viscoelastic properties of blends and improved the PLA crystallization, respectively. Dynamic mechanical analysis (DMA) illustrated that the incorporation of CNC also enhanced the elastic modulus of PLA/PBAT blends specifically above the glass transition temperature of PLA. The expected improvements in mechanical properties did not occur due to the possible existence of residual solvent in the blends.
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1  Introduction

Bio-based and/or biodegradable polymer studies have remarkably increased in recent years due to the concerns about environmental effects of petroleum-based polymers and consumption of crude oil reserves, promptly. Polylactide (PLA) is one of the most promising bio-based polymers due to its 100% bio-based synthetic route and fully biodegradable nature, reasonable mechanical strength, and commercial availability [1–4]. However, PLA lacks some crucial characteristics like flexibility, melt strength, and fast crystallization rate [3,5]. The economically and technically most viable method to overcome these drawbacks is the blending of PLA with high impact bioplastics like poly (butylene adipate-co-terephthalate) (PBAT). Some studies have shown that blending of PLA with PBAT can improve the toughness of PLA, but significantly decreases the modulus and mechanical strength of PLA. It has also been reported that PLA/PBAT blends are generally completely immiscible [3,6,7].

The addition of solid nanoparticles into immiscible polymer blends is frequently employed for imparting a somewhat compatibility between two polymers and achieves balance between toughness and stiffness. However, it has been well-documented that the improvements in blend properties are highly dependent on the localization of nanofillers into blend. Nanofillers can localize into one polymer or at the interface between the two polymers [8–11]. If the nanofillers are localized in the dispersed phase, size of dispersed phase droplets increases due to the viscosity elasticity enhancement of the dispersed phase [12,13]. On the other hand, if nanoparticles are localized in the matrix phase, size of dispersed phase decreases and the modulus and strength of blend can increase as well as impact properties [10,14]. Eventually, it has been reported that the distribution of nanofillers at the interface decreases the dispersed phase size and increases the interfacial interactions between phases [9,15,16].

The selective localization of nanofillers strongly depends on thermodynamic and kinetic parameters. The thermodynamic factors refer to the surface energies of the nanofiller and the polymer components. According to the thermodynamic effect, nanofillers tend to be localized in the phase which they have the lowest interfacial tension with in order to mitigate the interfacial energy between the polymers. Kinetic parameters are mainly related to physical issues of mixing process, such as mixing strategy, melt viscosity of polymers, melt compounding time, shear rate and shape of nanoparticles [14,17–20]. Several studies have investigated the role of kinetic and thermodynamic parameters on the localization of nanofillers in PLA/PBAT blends. Nofar et al. [11] found that in the PLA/PBAT/clay nanocomposite prepared in an internal mixer, the nanoclay (1 wt%) is localized at the interface between polymers as predicted from thermodynamics. They also noted that with the increasing clay content, the excess amount of clay could migrate to the PLA matrix. Dil et al. [9] investigated the distribution of nano-silica in the PLA/PBAT blend using two different mixing strategies. Although different mixing strategies were applied, it was assumed that nano-silica preferred to migrate to the PBAT phase as predicted from thermodynamics. However, silica nanoparticles could be found in the PLA or at the interface thanks to the dominant effect of thermodynamics vs. kinetics. When the nano-silica content increased to 3 wt%, the dispersed phase morphology of PLA/PBAT (70/30) blend turned into a co-continuous structure. They reported that the morphological inversion led to increase in the elongation at break and impact strength values of blends. In another study, it was shown that carbon nanotubes (CNTs) were always located within PBAT phase in the PLA/PBAT blends with different blend compositions [21]. It was also determined that high polarity nanowire particles can only migrate to polar phase or interfaces in the case of long mixing time or high shear rate [22]. It was also reported that graphene sheets were dispersed at PBAT phase, while the nanoclay sheets were dispersed at the interface and PLA matrix [23].

In this study, cellulose nanocrystal (CNC) nanoparticles are introduced into PLA/PBAT blends due to its superior properties and its abundancy in nature, high modulus, high strength, renewability, biocompatibility, nontoxicity, large surface area and low density. Thanks to these properties, CNC is an alternative to inorganic reinforcements as it could improve the properties of polymers at low content [24–28]. CNC is hydrophilic and one-dimensional (1D) fibrous material. This could bring about CNC agglomerations in a polymer matrix when simultaneous melt mixing methods are used [29–32]. Therefore, the solvent dissolution is shown to be one of the most efficient methods to disperse CNC in polymers such as PLA and PBAT [32–36]. It has been reported that a combination of solution casting and melt mixing methods may result in a good level of CNC dispersion in PLA and PBAT [32,35,37]. Mohammadi et al. [37] explored the localization of CNCs in PLA (amorphous and semicrystalline)/PBAT blend nanocomposites. Corresponding nanocomposites were prepared through firstly solution casting with different mixing strategies, and then melt mixing using an internal mixer. Regardless of the initial localization of the CNCs, they were found to be inside the PBAT droplets. This in turn, led to PBAT droplet size reduction and finer morphology in the blend nanocomposites. Pracella et al. [38] prepared PLA/poly (vinyl acetate) (PVAc)/CNC blend nanocomposites by mixing PVAc/CNC masterbatches with various amounts of PLA. They observed that the PLA/PVAc/CNCs blend nanocomposites showed better CNC distribution and thus enhanced tensile properties and higher thermal resistance compared to the PLA/CNC nanocomposites. This increase in the mechanical properties was attributed to improved interfacial interactions between polymer matrix and filler surfaces. Shakouri et al. [39] investigated morphological and physical properties of PLA/thermoplastic polyurethane (TPU) (80/20) blends containing geometrically different cellulose nanocrystals (CNCs) prepared with melt mixing method. They found that both spherical and cylindrical CNCs were finely dispersed in the PLA matrix and/or interface, while poorly dispersed rod-like CNCs were mostly found in the TPU phase. The blend of PLA/TPU with spherical CNCs showed higher toughness than the neat blend. A similar effect was observed for the cylindrical CNCs. On the other hand, they also reported that the rod-like CNCs decreased the blend toughness. Bitinis et al. [40] showed that the viscosity and storage modulus values of PLA/natural rubber (NR) blends were increased with CNC incorporations when both solution casting and melt mixing methods were used consecutively. This is while, the direct extrusion method did not yield an increase in these parameters. However, combining solvent casting and extrusion could not improve the mechanical properties that decreased by blending PLA with NR. Heshmati et al. [41–42] found that the CNC tends to be situated in the polyamide (PA) polymer in the PLA/PA11 (50/50) blend. When the polyethylene oxide (PEO)-coated CNC was introduced into the PLA/PA11 blend, a co-continuous morphology was obtained with CNCs in the PLA phase.

Comparison of PLA/PBAT/CNC blends prepared by different process method has not been studied in the literature so far. Thereby, the main objective of this article is how different preparation methods affect the dispersion and localization of CNC and hence the properties of PLA/PBAT/CNC blend nanocomposites. In our previous study [43], it was observed that, in PLA/PBAT blends prepared with solution casting (SC) and melt processing combination, CNCs preferred to be localized in PBAT minor phase. This was while with increasing CNC content, the excessive CNCs tended to migrate from PBAT to the interface and PLA matrix. In addition, it was also reported that the expected mechanical properties were not observed possibly due to the involvement of residual solvents although superior rheological results were obtained with the increasing amount of CNC. In this study, we aimed to explore the morphological, rheological, crystallization, thermomechanical, and mechanical properties of PLA/PBAT blends and blend nanocomposites containing 3 wt% CNC prepared through dilution of solution casted masterbatch via melt mixing method using (a) a twin-screw extruder (TSE) and (b) an internal mixer (IM). The employed melt processing strategies are referred to as (a) mTSE and (b) mIM, respectively. In this context, three different masterbatches, i.e., (m1) PLA/PBAT/CNC masterbatch; (m2) PLA/CNC masterbatch; and (m3) PBAT/CNC masterbatch, were incorporated for dilution processes through the two noted melt mixing processes.

2  Experimental

2.1 Materials

A commercial grade of PLA (Ingeo 3001D) was kindly supplied from NatureWorks LLC. The PBAT (Ecoflex® F Blend C1200) was provided from BASF, a grade for blown or cast film processing, with the weight average molecular weight (Mw) and polydispersity index of 126 kg/mol and 1.75, respectively. Spray-dried CNCs prepared with sulfuric acid hydrolysis of wood pulp were provided by CelluForce (Montreal, Canada). It has been reported that these CNCs possess average length, width, and aspect ratio of around 165 nm, 13 nm, and 12.7, respectively [44]. A reagent grade dimethylformamide (DMF) with a purity of 99% was purchased from Sigma-Aldrich.

2.2 Blend Nanocomposites Preparation

2.2.1 Solution Casting Method

The PLA/PBAT/CNC blend nanocomposites were made through dilution of the solution casted masterbatches containing 7 wt% of CNC using a twin-screw extruder, or an internal mixer that were proposed by Bagheriasl et al. [32]. Three different masterbatches used for dilution were: (m1) PLA/PBAT/CNC masterbatch, (m2) PLA/CNC masterbatch, and (m3) PBAT/CNC masterbatch. Therefore, to improve the CNC dispersion, masterbatches with the CNC content of 7 wt% were first prepared by solvent casting [32]. The CNCs were dispersed into 100 mL of DMF on a magnetic stirrer and the sonicated for 2 h in a water bath sonicator. The PLA and PBAT were then added to the CNC/DMF suspension according to the type of masterbatch. The mixture was rigorously stirred at 70°C on magnetic stirrer for 150 min until full dissolution of polymer pellets. The solution was finally casted into petri glass dishes, dried at 85°C for 36 h under vacuum, and grinded. Ground samples were then dried at 85°C for 48 h under vacuum for excess solvent removal. The current described method firstly introduced by Carreau group [34] yielded finely dispersed CNCs in PLA matrix.

2.2.2 Melt Mixing Method

The above noted three masterbatches were diluted through two different melt mixing methods to obtain blend nanocomposites with the composition of 3 wt% CNC and 25 wt% PBAT concentration. In the first method, a corotating twin-screw extruder (TSE) (Microlab TSE-Rondol) with L/D of 20 was used. The extruder was operated with a screw-speed of 50 rpm and temperature profile of 120, 150, 170, 170, and 170°C from the feeding zone to die. In the other method, an internal mixer (IM) (RTX-M40 Melt Mixer) was used at 50 rpm for 10 min at a temperature of 170°C. The melt processed samples were dried in a vacuum oven for overnight at 50°C. The samples were then compression molded at 180°C to prepare various test specimens for characterization studies. Tab. 1 presents the samples names according to the preparation method and composition.
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2.3 Morphological Analysis

The molded samples were cryofractured in liquid nitrogen and coated with platinum before SEM analysis. A field emission gun scanning electron microscope (SEM JEOL 7600F FEG, Japan) was used to determine the morphological behavior of the blends and blend nanocomposites.

2.4 Rheological Analysis

The rheological properties of the blends and blend nanocomposites were measured at 170°C using a Modular compact rheometer (MCR-301, Anton Paar-Austria) with a 25 mm parallel-plate geometry and 1 mm gap. The linear viscoelastic behavior of the blend nanocomposites was measured from small amplitude oscillatory shear (SAOS) tests. SAOS tests were conducted from high to low frequencies at the strain amplitude of 0.05, which was within the linear viscoelastic region. Stress-growth experiments were performed under rotational shear flow at 0.01 s−1. In order to avoid degradation, all experiments were carried out under nitrogen gas.

2.5 Differential Scanning Calorimetry (DSC) Analysis

The melting and crystallization behaviors and the transition temperatures of blends and blend nanocomposites were explored using a DSC, Q2000, TA Instruments under nitrogen atmosphere. The samples were exposed to heat/cool/heat cycles between 30°C and 200°C. While the heating cycles were conducted at a heating rate of 10°C/min, the cooling was performed at a rate of 2°C/min. The degree of crystallinity, Xc, was calculated using the following Eqs. (1) and (2):


Xcheating= (ΔHm−ΔHcc)×100wPLAΔHm0
(1)


Xccooling= (ΔHc)×100wPLAΔHm0
(2)

where ΔHm, ΔHc, ΔHcc, and ΔHom are, respectively, the heat enthalpies of melting, melt crystallization, cold crystallization, and melting of 100% crystalline PLA (i.e., 93.6 J/g) and wPLA is PLA weight fraction [45].

2.6 Dynamic Mechanical Analyzer (DMA)

The thermomechanical properties of the blends and blend nanocomposites were analyzed in a single cantilever mode from 25 to 120°C using a Perkin Elmer DMA 8000. The dimensions of rectangular samples were 50, 10, and 2 mm. The deformation amplitude, applied frequency, and heating rate were, respectively, 30 μm, 1 Hz, and 3°C/min.

2.7 Mechanical Analysis

Tensile properties of the blends and blend nanocomposites were analyzed using an Instron 8801 with 25 kN load cell model drawing device. The drawing speed was 5 mm/min. The prepared samples were dog bone shaped with length, width, and thickness of 20, 4 and 3 mm, respectively. Tensile strength, Young’s modulus, elongation at break and energy at break values of the samples were calculated from the stress–strain graphs. The tensile test was repeated 5 times for each sample and their average values were reported.

Izod impact strength of the blends and blend nanocomposites was measured using a Zwick Roell impact device with a 1 J pendulum falling at an angle of 160°. The prepared samples were rectangular with length, width, and thickness of 80, 10 and 4 mm, respectively. All samples were notched 2 mm at an angle of 45° before testing. The impact test was repeated 6 times for each sample and their averages values were reported.

3  Results and Discussion

3.1 CNC Localization in PLA/PBAT Blends in an Equilibrium State

In the previous study [43], according to the calculations, it was determined that CNCs in PLA/PBAT blends thermodynamically prefer to be localized in PBAT phase.

3.2 Morphological Analysis

Fig. 1 shows the SEM images of PLA/PBAT blends and PLA/PBAT blend nanocomposites containing 3 wt% of CNC prepared through three different masterbatches and two different melt mixing methods (mTSE and mIM). Neat PLA/PBAT (75 wt%/25 wt%) blends were prepared directly via TSE or IM. Generally, regardless of the type of used masterbatch, it was observed that the droplet size of dispersed phase in the neat blend prepared through IM was larger than that of the blend prepared by TSE. One can easily assume that the TSE and IM generate different shear forces as a result of device geometry and operation conditions. The IM provides a predominantly simple shear flow between the sample and the chamber walls, as well as a low elongation field, while the TSE loads a strong shear and elongation flow upon the sample [19]. Therefore, it could be deduced that the elongational flow field of TSE is particularly effective in reducing the droplet size of PBAT. It was also found that droplet size of dispersed phase in the blend nanocomposite prepared with the m1 strategy did not change regardless of both melt mixing methods. This can be explained by the localization of CNCs throughout the blend. On the other hand, large droplets were observed in the blend nanocomposite prepared with the mTSE and m2 strategy. During the melt mixing, the intensive shear mixing condition is capable of breaking up the droplets. Further, the droplets can collide again to merge into bigger droplets. It can be assumed that these large droplets may lead to re-agglomeration of CNCs in the PLA continuous matrix phase since the CNCs are already pre-dispersed in the PLA matrix. Small droplets were found in the blend nanocomposite prepared with the IM and m2 strategy. This could be originated from the lesser extent of CNCs re-agglomeration, since the internal mixer yields lower shear forces than the extruder. It is also worth mentioning that residence time is another distinctive parameter in defining the morphologies. IM provides longer mixing time than the TSE, therefore, in a longer mixing process the larger agglomerates have enough time to re-agglomerate. In the m3 strategy where CNC particles are pre-mixed with PBAT, there was no enough time in mTSE for CNC to migrate from PBAT to PLA. The particular localization of CNC into PBAT phase increases the PBAT droplet size by increasing the its viscosity and elasticity. It could be inferred that the high viscosity of PBAT resists against the shear deformations and eventually breaking up the droplets during mixing. Moreover, droplets may collide from the free-CNC interfaces and afford the coalescence which leads to increase in their size. On the other hand, in the m3 strategy prepared with IM, it was observed that the droplets were small because there might be enough time for the CNC migration from PBAT to PLA or localization at the interface. CNC nanoparticles localized in the PLA matrix, can decrease the viscosity ratio between PLA matrix and PBAT dispersed phase which leads to facilitated breakup of PBAT droplets. Furthermore, CNCs at the interface, can suppress the coalescence of PBAT droplets. Based on these results, it can be speculated that the kinetic parameters can play important role in determining the localization of CNC. In general, size reduction was more obvious in the IM blends, indicating the important role of mixing time on the formation of blend morphology. It is worth remembering that the SEM images could only reveal the shape and size of PBAT droplets as a result of CNC incorporation. This is while, understanding the state of CNC dispersion and their localization requires further studies.
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Figure 1: SEM images of samples with different mixing strategies and melt mixing methods. The image of m1: PLA/PBAT/CNC3 sample prepared through mTSE is adopted from our previous study [43]

3.3 Rheological Analysis

Fig. 2 compares the rheological properties of PLA/PBAT blends and PLA/PBAT blend nanocomposites containing 3 wt% of CNC prepared through three mixing strategies and two melt mixing method (mTSE and mIM). It has been confirmed that the solution casting method preserved the good dispersion of CNC in the PLA and PBAT [33–37] and hence, blend nanocomposites containing 3 wt% of CNC were prepared through melt mixing of solution-casted PLA/PBAT/CNC (m1 strategy), PLA/CNC (m2 strategy) and PBAT/CNC (m3 strategy) masterbatches.
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Figure 2: (a) Complex viscosity, η*, and (b) storage modulus, G′, of the blends and blend nanocomposites with 3 wt% CNC. The data of PLA/PBAT and PLA/PBAT/CNC3 samples prepared through mTSE are adopted from our previous study [43]

It has been reported that shear flow significantly reduces the interaction among particles and causes significant changes in viscoelastic behavior [46]. As seen in Fig. 2, the complex viscosity, η*, and storage modulus, G′, of the blend prepared with the IM are lower than those of the blend prepared with the TSE. In case of 3 wt% of CNC addition, it was observed that the η* and G′ of blend nanocomposites prepared with mTSE were higher than those of blend nanocomposites prepared with mIM. In the mTSE prepared blend nanocomposites, the viscosity η* and elastic modulus G′ were lower than those of the neat PLA/PBAT blend. This could be possibly due to the presence of residual solvent in the nanocomposites while, the neat blend was prepared directly through TSE where no solvent was required.

Remembering the morphological differences between the mTSE and mIM nanocomposites, one would expect that the blends with smaller droplets exhibit higher viscoelastic values. However, there is no consistency between the viscoelastic parameters of two different blends. This can also be attributed to the different thermal histories of blends. Blends prepared via IM were exposed to longer compounding time at processing temperature which may cause lower viscosity values than those prepared in TSE. Although, it is important to note that viscoelastic improvements can be observed in the case of IM blends (slightly in m3 and dramatically in m2) which corresponds to the smaller droplet sizes. This can also be attributed to the formation of CNC network in PLA matrix indicated by the transition from liquid to solid-like behavior when strong interactions existed between the nanofiller and matrix. This is probably originated from the fact that CNCs are pre-mixed with PLA thus CNCs are localized in the PLA matrix. This is while, in the case of m3 the CNCs could partially migrate towards the PLA and interface which caused smaller droplets and hence, slightly higher viscoelastic properties. On the other hand, the viscoelastic properties reduced in the case of TSE with the CNC addition (m2 and m3) specifically at low frequency region. This result indicated that TSE method failed to yield CNC network. Another reason could be related to decrease in the aspect ratio of CNC significantly as a result of intensive shearing into the TSE.

In order to examine the morphological stability of the blend and nanocomposites under constant rotational shear, stress growth experiments were also carried out under shear of 0.01 s−1. The time evolution of transient viscosity, η+, of the blends and nanocomposites are shown in Fig. 3. The viscosity reduction with time could be an indication of the droplet coalescence or thermal degradation of PLA [37]. It can be seen that η+ enhanced with 3 wt% addition of CNC, irrespective of the processing method and mixing strategy. These enormous increases can be attributed to improvement in the dispersion of nanoparticles under shear flow. However, there was no significant increase in η+ of the blend nanocomposite prepared through mTSE with m3 strategy. Therefore, it can be assumed that the disperse phase starts to coalesce due to high shear flow in TSE. In general, the growth in the case of IM blend nanocomposites is shown to be more pronounced. This is an indication of facilitated de-agglomeration of CNCs in a low viscosity polymer melt. The lower viscosities of neat mIM PLA/PBAT blend can clearly be seen compared to that of the neat mTSE blend. The fact that the viscosities of the neat blends do not show the growth behavior is an indication of the absence of any CNC clusters to be de-agglomerated.
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Figure 3: Stress growth results of the blends and 3 wt% CNC loaded nanocomposites. The data of PLA/PBAT and PLA/PBAT/CNC3 samples prepared through mTSE are adopted from our previous study [43]

3.4 DSC Analysis

Fig. 4 and Tab. 2 show DSC thermograms of neat PLA/PBAT blends and PLA/PBAT/CNC blend nanocomposites with 3 wt% of CNC prepared with three different mixing strategies and melt mixing methods through mTSE and mIM. The crystallization and melting behaviors of PLA remark its mechanical behavior, heat resistance, and processability [5]. In the cooling cycles, it was observed that the crystallization peak of PLA shifted towards high temperature with the addition of 3 wt% CNC in the blends, regardless of mixing strategies and melt mixing methods. This indicated that CNC acted as nucleation agent for PLA and facilitated the crystallization process. A small shoulder was also seen at the exothermic peaks of blend nanocomposites prepared via the m1 and m2 strategies through mIM. This behavior indicated that the CNC may be localized at the PLA or interface, causing the PLA crystallization at high temperature. The blend nanocomposite prepared with m3 strategy through mIM did not show a shoulder, but its crystallization peak was narrower than those of m1 and m2. Therefore, it can be concluded that PBAT begins to solidify due to CNC localization in the PBAT phase and the crystallization of PLA is accelerated around the solidified PBAT domains. In both methods, when the m2 strategy is used, the increase in the degree of crystallinity of PLA can be related to the localization of the CNC in the PLA matrix, and this result confirms the rheology and morphology results. In second heating, double melting peak were detected for the m1-mIM and m2-mTSE. This phenomenon is attributed to either the low temperature peak due to the remaining solvent or to the coexistence of two crystal structures: less perfect crystals with smaller lamella thickness, and to reorganize into crystals with higher structural perfection, before re-melting at higher temperature [47]. Moreover, in the second heating cycles, a cold crystallization behavior was not observed in the blend, regardless of mixing strategies and melt mixing method. This may be due to the effect of CNC addition on the enhanced crystallization of PLA during the cooling cycle.
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Figure 4: (a) Cooling and (b) second heating scans of the blends and blend nanocomposites prepared with different processing and three mixing strategies. The data of PLA/PBAT and PLA-PBAT-CNC3-m1 samples prepared through mTSE are adopted from our previous study [43]
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3.5 DMA

Fig. 5 shows the storage modulus (E′) and loss factor (tan δ) of neat PLA/PBAT blends and PLA/PBAT/CNC blend nanocomposites including 3 wt% of CNC in the temperature range of 25–130°C. As seen in Fig. 5a, all E’ curves exhibited a plateau and then began to decrease rapidly after 60°C due to the glass transition of PLA. It is also clearly observed that the storage modulus E’ rises in the temperature range of 80–100°C due to the cold crystallization of PLA. Fig. 5b indicated that 3 wt% CNC addition slightly shifted the tanδ peak to a higher temperature and decreased the intensity of tan δ peak. This result corresponds to increase in the Tg value of blend nanocomposites due to the increased stiffness of the blend with the CNC addition.

[image: images]

Figure 5: (a) Storage modulus E′ and (b) Loss factor (tanδ) curves of the blends and blend nanocomposites prepared via different processing methods and three mixing strategies. The data of PLA/PBAT and PLA/PBAT/CNC3 samples prepared through mTSE are adopted from our previous study [43]

Fig. 6 illustrates the storage moduli of samples at 45 and 85°C which, respectively, correspond to the glassy and rubbery regions of PLA. In the glassy region, the blends and blend nanocomposites prepared with both methods and three mixing strategies show a similar storage modulus value. It can be deduced that the CNC addition did not affect the elastic modulus of samples, significantly at glassy region. On the other hand, E′ values of blends increased with the CNC addition in rubbery region and the influence of CNC nanoparticles became more decisive.
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Figure 6: Comparison of the storage modulus (E′) of blends and blend nanocomposites prepared through three mixing strategies using (a) mTSE and (b) mIM. The data of PLA/PBAT and PLA/PBAT/CNC3 samples prepared through mTSE are adopted from our previous study [43]

3.6 Mechanical Analysis

Figs. 7 and 8 show the tensile and impact properties of blend and blend nanocomposites prepared by using three different mixing strategies with mTSE and mIM. In the blends prepared with both processing techniques, a decrease in tensile strength and modulus was observed compared to neat PLA. It was found that the tensile strength of the blend prepared with mIM was lower than that prepared with mTSE. This may be related to the lower viscosity of the mIM blends due to longer thermal exposure during melt blending as discussed in the previous section. The elongation at break, energy at break and izod impact strength of the PLA/PBAT blend prepared with mTSE increased compared to neat PLA due to the soft structure of PBAT. However, as noted above, a reduction was observed compared to neat PLA. The tensile strength and modulus of blend nanocomposites containing 3 wt% of CNC prepared with different strategies, were shown to be lower than the neat PLA except for the modulus of the (PBAT/CNC3)/PLA (m3 strategy) prepared with mIM. Apart from the sample prepared with the M3 strategy and mTSE, a decrease in the elongation at break of the blend nanocomposites was observed due to the stiffness of CNC. Izod impact tests revealed that the toughness decreased in blend nanocomposites containing 3 wt% of CNC prepared with mTSE. On the other hand, the toughness of the blend nanocomposites prepared with the mIM increased compared to the neat blend.

[image: images]

Figure 7: Tensile strength (a), Young modulus (b), elongation at break (c), and energy at break (d) of blends and blend nanocomposites prepared through three mixing strategies using mTSE and mIM. The data of PLA/PBAT and PLA/PBAT/CNC3 samples prepared through mTSE are adopted from our previous study [43]
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Figure 8: Izod impact strength of blends and blend nanocomposites with different processing and mixing strategies. The data of PLA/PBAT and PLA/PBAT/CNC3 samples prepared through mTSE are adopted from our previous study [43]

It is evident that a small amount of residual solvent could make the samples quite brittle in as much as that compression molding is not possible. Therefore, we specifically emphasize in this study that the expected enhancement in the impact strength, ductility and toughness of PLA-based blends were not attained in the solvent-based sample preparation methods even after a carefully drying the samples, despite significant rheological improvements were obtained. It could be concluded that in order to achieve relevant enhancements in the mechanical properties, solvent-free preparation methods should be utilized. This conclusion obviously refers to the importance of melt processing methods in the manufacturing of thermoplastic nanocomposites despite the great challenge in CNC dispersion. Therefore, promising CNC surface modification could be a solution in improving the CNC dispersion as well as the mechanical properties concurrently. Hence besides the mechanical properties, the barrier properties of the developed system could also significantly be affected [48,49].

4  Conclusion

The current study investigated the influence of CNC incorporation on the morphological, rheological, crystallization, and mechanical properties of the PLA/PBAT blend nanocomposites. The main objective was to investigate how different preparation methods affect the dispersion and localization of CNC and hence the properties of PLA/PBAT/CNC blend nanocomposites. The corresponding nanocomposites were prepared through dilution of solution casted masterbatch using a twin-screw extruder or an internal mixer. The effect of mixing strategies on the physical properties of samples was also studied. According to the Young’s model, CNC particles thermodynamically preferred to be inside the dispersed PBAT. However, SEM images revealed that the localization of CNCs varied depending on the mixing strategies and processing methods. CNC has been found to be more dispersed in the PLA phase or interface than PBAT. Network of CNC was formed only in M2 strategy and mIM according to the rheological analysis. In the mTSE prepared nanocomposites, however, rheological properties were not significantly enhanced possibly due to the shorter residence time in the extruder than in the internal mixer required to break the CNC agglomerations. Thus, CNC network did not form in the TSE method. Regardless of mixing strategies and processing method, CNC showed crystallization accelerating effect for PLA. Although CNC addition affected the morphology, rheology and crystallization properties of PLA/PBAT blends, the mechanical properties of PLA did not improve due to the presence of small amount of solvent in the samples. Consequently, it has been concluded that simultaneously melt mixing methods should be utilized to enhance the mechanical properties significantly by also employing the appropriate surface modification of CNC nanoparticles.
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Table 1: The composition details of all samples. Samples 1 and 2 are adopted trom our previous study [43 ]

Samples PLA/PBAT CNC content (wt%) Masterbatch Method
weight ratio strategy

1 PLA/PBAT 75/25 0 - Direct TSE
2 PLA/PBAT/CNC  72/25 3 ml SC+TSE
3 (PLA/CNC)/PBAT 72/25 3 m2 SC+TSE
4 (PBAT/CNC)/PLA 72/25 3 m3 SC+TSE
5 PLA/PBAT 75125 0 - Direct IM
6 PLA/PBAT/CNC  72/25 3 ml SC+IM
7 (PLA/CNC)/PBAT 72/25 3 m2 SC+IM
8 (PBAT/CNC)/PLA 72/25 3 m3 SC+IM
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Table 2: DSC data of samples prepared with different processing and three mixing strategies acquired from
cooling and second heating scans

mTSE mIM

Cooling 2nd heating Cooling 2nd heating

Tg Tc X% Tg Tece Tm X% Tg Tc X% Tg Tec Tm X%
75/25 55 96 17 61 100 170 30 56 99 27 62 95 168 46
ml 58 103 42 66 - 170 42 56 107 46 66 - 170 48
m?2 58 106 46 66 - 171 48 56 103 49 65 - 170 52
m3 59 100 40 63 - 170 51 56 103 43 66 - 169 46
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