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Abstract

:

Poly(vinylidene fluoride), PVDF is a piezoelectric semi-crystalline fluoroplastic that is widely used in the electronics and semiconductor industry for packaging, sensors, and actuators. PVDF nanocomposites containing single-walled carbon nanotubes, SWCNTs and fumed alumina, Al2O3 were prepared in dimethylformamide, and their thermal and dynamic mechanical properties were determined by using thermogravimetric analysis, TGA, differential scanning calorimetry, DSC and dynamic mechanical analysis, DMA. It was observed from differential scanning calorimetry that the matrix’s degree of crystallinity and enthalpy of melting was reduced in the presence of the nanofillers to about 7.1%, compared to the neat PVDF whose degree of crystallinity was determined to be about 51.3%. The melting temperature, Tm obtained by DSC measurements was also reduced from 171.6 °C to 162.7 °C at high SWCNT loadings. The onset degradation temperature was also lowered in the presence of the nanofillers, especially alumina particulates. Dynamic mechanical analysis of the composites showed a significant improvement in the storage modulus of about 18 GPa in the presence of SWCNT. The glass transition temperature, Tg was significantly increased from −42.6 °C to −33.2 °C due to reinforcement with SWCNT. The reinforcement of PVDF with SWCNT and alumina resulted in greater char retention at 600 °C.
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1. Introduction


Poly(vinylidene fluoride) (PVDF) is a smart semicrystalline fluoropolymer produced by the polymerization of vinylidene fluoride. It has many applications in a wide range of fields due to its ease of processing, chemical resistance, excellent mechanical properties, and low thermal conductivity [1,2,3]. It is also known to possess piezoelectric properties and is widely used in the electronic, biomedical, and construction industries, as sensors and actuators [2,4,5]. PVDF crystallizes into five different polymorph phases: α, β, δ, Υ, and ε with each phase having useful properties and α being the most common [1,6]. The piezoelectric prominent β phase according to Kabir et al. [6], can be stabilized by the introduction of nanofillers. This phase has been reported to have the highest melting point by Feng [7]. The fluoropolymer is soluble in a range of solvents and also acts as a very powerful binding matrix for a wide range of nanofillers, enabling it to share and enhance their properties [8,9]. Some studies have also looked at PVDF sponge-like membrane material for many applications ranging from water/oil separators to antibacterial sponges [10]. The reinforcement of PVDF by nanofillers has been performed to improve certain properties such as the thermal and mechanical properties of PVDF which is known to have melting temperatures ranging from 164 °C [7] to 173 °C. The melting temperature of PVDF nanocomposites containing barium titanate, BaTiO3 and reduced graphene oxide varies from 164 °C [7] to 173 °C according to Mokhtari’s group [11].



Single-walled carbon nanotubes (SWCNTs) have become very useful nanofillers for polymer matrices due to their low densities, high electrical and thermal conductivities, high aspect ratios, and excellent tensile strength. Overall polymer-SWCNT nanocomposites have high thermo-mechanical properties [1,12]. Ma et al. studied the effect of dispersing functionalized SWCNTs in a PVDF matrix, and they reported an improved degree of crystallinity of about 55.6% compared to 53.1% for the neat PVDF at low CNT loadings. Ghosh’s team was able to utilize the highly electrically and thermally conductive nature of CNTs to make composites with effective EMI shielding ability [13]. However, the thermal stability obtained by monitoring the thermal decomposition of the composites was lowered from 459 °C to 430 °C at low loading due to the creation of defects on the CNT surface [1]. In another related study by Du, it was observed that a slight increase in the melting point upon the addition of multi-walled carbon nanotubes, MWCNTs from 163 °C to 166.5 °C [14] occurred. MWCNTs were also shown to directly improve the storage moduli of the PVDF composites by Pereira [15]. According to Chiu, the storage modulus of the PVDF nanocomposite was improved by about 1.53 GPa at 25 °C in a similar system containing graphene nanoparticles [16].



Fumed alumina (Al2O3) is another interesting nanofiller that has been studied as a solid fuel propellant and energetic material [17,18,19]. McCollum’s group studied alumina-PVDF composites and did not find any improvement in the melting temperature (Tm) and decomposition temperature (Td). A lower Td was obtained due to the addition of alumina to PVDF from 459 °C to 395 °C. However, the degree of crystallinity was significantly improved [19]. The objective of this work is to study the effect of introducing both SWCNTs and Alumina nanofillers on the thermal and mechanical properties of the hybrid PVDF-based nanocomposites. Furthermore, the effect of alumina on the pre-ignition behavior of PVDF is also investigated.




2. Materials and Methods


2.1. Materials


The materials used for this study include reagent-grade (ACS) N,N-Dimethylformamide (DMF) purchased from Right Price Chemicals, and Aluminum oxide (highly dispersed-fumed), provided by Evonik Industries (Essen, Germany) in the form of AEROXIDE® Alu C. Poly(vinylidene fluoride) (PVDF) was purchased from Sigma Aldrich and single-walled carbon nanotubes (SWCNTs) were obtained from TuballTM (Luxembourg). All chemicals were used as received.




2.2. Preparation of PVDF/CNT/Al2O3 Composites


PVDF powder was dispersed in 50mL of DMF under mechanical stirring at about 550 rpm for 2 h at room temperature. A colorless polymer solution was obtained. Aluminum oxide of a predetermined mass was later dispersed into this PVDF solution under both mechanical stirring and probe ultrasonication (pulsed) for 2 h.



SWCNTs were dispersed by mechanical stirring and ultrasonication for 2 h in 50 mL DMF. The uniform SWCNT dispersion was then transferred into the PVDF or PVDF/Aluminum oxide solution and then homogenized by following the above procedure for 4 h, forming a homogenous viscous slurry. All dispersions were prepared at 5 °C in a water bath equipped with a condenser to produce the following samples containing the below-stated wt.% of fillers (Table 1).



Thin films of each sample were prepared using an MTI vacuum-assisted film coater (coated at 0.5 mm wet thickness) over a Teflon sheet. Initial curing was done at 100 °C until all visible solvent was dried out for 1 h. The samples were then transferred and post-cured in a vacuum oven at 130 °C for 2 h to remove any residual DMF, producing the final thin films for characterization.




2.3. Characterization


To understand the thermal characteristics of the nanocomposite, thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) was performed by using TA Instruments Q50 and Q20, respectively. All measurements were carried out in a nitrogen atmosphere at a ramp rate of 5 °C/min starting from room temperature. TGA measurement was run up to 600 °C and DSC was performed from room temperature to 450 °C. The polymer nanocomposite melting temperature (Tm), enthalpy of melting (∆Hm), and degree of crystallinity (χc) were obtained from the above analytical techniques.



Dynamic mechanical analysis was carried out using an EXSTAR6000 DMA purchased from Seiko Instruments Inc to study the nanocomposite’s thermo-mechanical response. The properties obtained from the DMA study include the storage modulus (E′), loss modulus (E″), and tan delta (δ). DMA of neat PVDF and the respective nanocomposites were carried out in the tensile mode. These tests were performed at a temperature range of −60 °C to 160 °C and a ramp rate of 10 °C/min. All measurements were carried out at an oscillatory frequency of 1 Hz.





3. Results and Discussion


3.1. Differential Scanning Calorimetry (DSC)


DSC was used to study the effect of filler type and loading on the melting behavior of the matrix. The area under the melting peaks was observed and used to determine the degree of crystallinity (χc) using a 100% crystalline PVDF heat of fusion (  Δ  H o  )   of 105 J/g as reference according to the formula [1]:


   χ  c =   Δ  H m      Δ  H o    × 100 %    



(1)







The enthalpy of melting (  Δ  H m   ) was obtained by the integrated area of these melting peaks. Results of these calculations are summarized in Table 2 with their DSC traces shown in Figure 1, Figure 2, Figure 3 and Figure 4. Neat PVDF shows a sharp endothermic peak at 171.6 °C, indicating its melting point as confirmed by many other similar studies [1,11,20]. A degree of crystallinity of about 51% was calculated for PVDF using Equation (1). Figure 1 and Figure 2b also shows the occurrence of pre-ignition exotherm for Al2O3/PVDF nanocomposites between 200 °C and 250 °C. The pre-ignition temperature seems to decrease with increasing alumina loading. The DSC thermograms also show the decomposition behavior of the alumina/PVDF nanocomposites. At low alumina wt.% of 1 and 5 wt.%, a doublet decomposition endothermic peak, located between 275 °C and 300 °C with a slight shoulder at 375 °C was observed.



The dispersion of fumed alumina in the PVDF to form alumina/PVDF nanocomposite results in a slight reduction in the melting point (Tm) compared to the neat PVDF. There appears to be a direct relationship between the alumina loading and the Tm of the nanocomposite. The Tm was raised from 170.2 °C to about 171.0 °C when the loading of Al2O3 is increased from 1 to 50 wt.%. However, this has an inverse effect on the material’s degree of crystallinity, dropping it from 54% to 20%. Figure 2 shows the expanded DSC thermograms for alumina-PVDF samples.



An interesting trend in the behavior of alumina/PVDF nanocomposite is shown in the DSC traces in Figure 2a concerning the CNT/PVDF and neat PVDF in Figure 3. Small exothermic peaks located between 215 °C and 230 °C, are observed at 5, 10, and 50 wt.% alumina in PVDF (Figure 2b) as well as for 10 wt.% alumina in the ternary Al10/CNT10/PVDF composite at around 245 °C (Figure 4a). This phenomenon is due to preignition occurring between the alumina and PVDF [17,20,21]. Research into this has suggested that the melting of PVDF is accelerated by the presence of alumina nanoparticles reacting with the fluoride radical to form aluminum fluoride, AlF3. This fluorination reaction that forms AlF3 reduces the degradation temperature of the nanocomposite at higher loadings of alumina into the PVDF matrix [22,23].



The effect of reinforcing PVDF with SWCNTs is the lowering of the enthalpy of melting as can be seen by the depression in the endothermic melt peak (Figure 3a–c), resulting in a significant decrease in the degree of crystallization to as low as 7% at CNT loadings of 50 wt.%. The addition of CNT fillers into PVDF also significantly reduces the melting temperature as well as the degree of crystallization to as low as 162 °C and 20%, respectively, compared to the neat PVDF system as seen in Figure 2c,d.



The drop in melting temperature can be attributed to changes in the semicrystalline structure of the PVDF matrix. According to a study by Xiao’s group [24], it is reported that as the crystallinity of a polymer decreases, so does its thermal conductivity. This change in morphology could be attributed to a decrease in the polymer matrix’s lamella thickness as the wt.% of SWCNT in the system is increased [8,24]. At lower wt.% (<50 wt.%) loadings of SWCNT a slightly higher degree of crystallization is obtained because they are known to be effective nucleating agents in semicrystalline polymer matrices [7,16]. This could be due to better and more efficient dispersibility and localization of the SWCNTs in the matrix [15,24]. However, at higher wt.% this effect is reversed as the rigid nanofiller network impedes polymer chain movement, reducing the crystalline nature of the matrix [14,24,25].



Figure 4 shows the effect of hybrid Al2O3 and SWCNT fillers on the melting and decomposition behavior of PVDF. The hybrid nanofillers lower the degree of crystallinity and decomposition temperature of the matrix (Figure 4b,c). The hybrid Al2O3 reinforcement of PVDF, accordingly, produced a relatively lower melting peak area than that for the neat PVDF matrix. When one compares the effect of SWCNT and alumina on the matrix, it is shown that SWCNTs of the same wt.% led to a greater drop in the degree of crystallinity because it forms a much denser percolated network [24]. However, the synergistic and catalytic effect of the two fillers is shown at lower loading of 1 wt.%, for which the highest degree of crystallization and enthalpy of melting were recorded, compared to the individual nanofillers and the neat matrix.




3.2. Thermogravimetric Analysis (TGA)


TGA analysis was used to study the thermal stability of each nanocomposite and the effect each nanofiller has on its performance in a N2 atmosphere. TGA and their respective derivative traces of the samples are plotted in Figure 5, Figure 6 and Figure 7. The thermal stability measured from 5% weight loss is about 435 °C for neat PVDF but decreases with increasing filler loading (Figure 5a, Figure 6a and Figure 7a). The onset temperature of degradation of PVDF occurs at about 420 °C and the temperature for the maximum rate of decomposition with the greatest rate of weight loss occurs at 451 °C (Figure 5a,b).



At 600 °C, PVDF has nearly completely degraded, retaining only about 37% of its original mass. This drastic drop in the weight of PVDF is due to hydrogen fluoride gas produced by the decomposition of PVDF [3,20]. Char retention of alumina/PVDF composite increases with increasing alumina loading, reaching a value of 46% at 50 wt.% loading.



The addition of both nanofillers, individually and in combination shows a decrease in the thermal stability of the nanocomposite relative to the neat PVDF matrix. Alumina reduces the temperature for the onset of degradation to around 290 °C at 1 wt.% and 220 °C at 50 wt.% loading as shown in Figure 5a. Higher alumina content (50 wt.%) yielded the highest residual mass of around 46% at 600 °C. The highest rate of weight loss for these alumina/PVDF composites occurred between 320 °C and 340 °C (Figure 5b). Figure 5c shows that the DTG peak area for decomposition of the nanocomposites decreases with increasing alumina content, suggesting decreasing nanocomposite decomposition rate with increasing wt.% of alumina.



This early degradation of alumina-reinforced PVDF nanocomposites is due to the preignition phase occurring between fluoride radical and alumina showed after the melting of PVDF in the presence of alumina, as shown in the previous section. Alumina serves as a catalyst by forming active sites.



Figure 6a–c show the effect of SWCNT loading on the decomposition behavior of SWCNT/PVDF nanocomposites. Increasing the wt.% of SWCNT in the nanocomposites decreases the thermal stability and increases the char retention of the composite (Figure 6a,b), decreases the DTG peak height at a maximum rate of decomposition, and decreases the decomposition rate (Figure 6b,c). At SWCNT loading > 1 wt.%, increasing the weight fraction of SWCNT results in increasing char yield and char retention over 60%, obtained at 50 wt.% of the nanofiller (Figure 6a). A similar pattern is seen in the variation of SWCNT composition in Figure 6, but less pronounced than the effect produced by alumina/PVDF (Figure 5). A shift to a slightly lower temperature for the onset of degradation is observed around 400 °C as SWCNT loading is increased. However, the temperature at which the highest rate of weight loss occurs remains almost the same at around 450 °C, and the rate of degradation decreases with increasing SWCNT weight fraction (Figure 6b). A high residual mass of 63% is observed at 600 °C for a sample containing 50 wt.% CNT.



Figure 7 shows the effect of hybrid Al2O3/SWCNT fillers on the thermal stability of the nanocomposites. Reinforcement of PVDF with the hybrid fillers lowers the thermal stability of the matrix (Figure 7a,b) but lowers the decomposition rate (Figure 7b,c). It was reported that the thermal decomposition of PVDF at lower temperatures, produces hydrogen fluoride [18,19,26]. The fluorination reaction speeds up and causes the matrix to decompose at a lower temperature, leading to its early onset of degradation [17,23].



The preignition phenomenon, reported earlier, caused by alumina is also shown in the ternary Al2O3/SWCNT/PVDF system in Figure 7a. At higher alumina loading in the hybrid nanocomposite, for instance, Al10/CNT10/PVDF composite containing 10 wt.% alumina, results in a lower onset of degradation temperature of 330 °C and a high char yield of 51% at 600 °C compared to Al1/CNT10/PVDF with 1 wt.% of alumina which has a decomposition temperature of 360 °C and char yield of about 40%.



This decrease in thermal stability for a nanocomposite containing carbon nanotubes is unusual, given its incredible thermal characteristics and ability to create a thermally conductive network, and form a char barrier, protecting the matrix [12,16,27]. However, some studies have also identified occasions where CNT has the opposite effect. According to Pereira’s work [15], it was identified that the CNTs introduced a higher shear stress concentration factor during the polymer blending process which in turn disrupts the structure of the polymer chain. Yang also reported similar observations of a decrease in the thermal stability of acrylonitrile-butadiene-styrene (ABS) in the presence of CNT. It is believed that CNT is involved in the formation of radicals which catalyzes the degradation process of ABS which in turn is degraded by hydrogen abstraction, hydroperoxide formation, and unzipping processes [28]. The radical formation mechanism could also be the likely cause of the reduced thermal stability of the CNT/PVDF nanocomposite resulting from the thermal degradation of PVDF [3,29]. Table 3 summarizes the temperature for 5% weight loss and char yield (%) obtained at 600 °C.




3.3. Dynamic Mechanical Analysis (DMA)


DMA study provides useful insight into the viscoelastic nature of the nanocomposite variants. Figure 8a shows the variation of storage modulus with temperature and composition for neat PVDF and its nanocomposites while Figure 8b shows the variation of tan δ peaks for α and Υ transitions for the neat PVDF and its nanocomposites. The tan δ peak area and height are indicative of the damping ability of the material. For linear amorphous polymers, the temperature corresponding to the apex of the α-peak is the glass transition temperature (Tg). However, for semicrystalline polymers, the α-peak is associated with the melting temperature, while the Υ-peak is associated with the glass transition relaxation. In this work, the melting temperature, (Tm) is observed at very low temperatures (Figure 8c).



The addition of 50 wt.% SWCNT into the PVDF matrix is shown to significantly increase the storage modulus to 18 GPa at −55 °C compared to neat PVDF, which has a glassy region storage modulus of about 4.24 GPa (Figure 8a). The difference in the storage moduli of the neat matrix and the reinforced nanocomposites at high loading (50 wt.%), could be due to an increase in the stiffness of the composite upon reinforcement with uniformly dispersed nanofillers in the matrix [5,11,25]. However, at 10 wt.% SWCNT loading, the composite’s storage modulus was slightly lower than that of neat PVDF. All samples show a decrease in their storage moduli at higher temperatures.



At low combinatorial loading of SWCNT and alumina of 1 wt.% each, the hybrid composite was observed to have a similar storage modulus as the neat PVDF matrix of about 3.7 GPa, and the hybrid nanocomposites had higher temperature stability up to 120 °C before their storage modulus started to decrease. The Al1/PVDF composite showed the lowest thermomechanical stability, enduring only up to 55 °C before its modulus dropped sharply (Figure 9a). Figure 9b shows the variation of the tan δ peak for chain relaxation (Υ) for the neat PVDF and alumina/PVDF nanocomposite containing 1 wt.% alumina. The Tg for the neat matrix and the nanocomposite with 1 wt.% alumina is about −40 °C for both. The melting point for the neat PVDF matrix is shown to be about 125 °C (Figure 9c) which is significantly lower than that obtained from DSC of about 173 °C (Figure 3a,b and Figure 4a,b).



Figure 10 shows the effect of hybrid alumina-SWCNT fillers on the dynamic mechanical behavior of Al2O3/SWCNT/PVDF hybrid nanocomposites. In Figure 10b the Tan δ versus temperature curves for the samples at low temperatures show that the incorporation of nanofillers increased the glass transition temperature of the nanocomposite. This is because the introduction of fillers in the matrix reduces its free volume and hence restricts chain motion to a certain degree, requiring more energy in the form of heat for chain motion [11]. Neat PVDF has a Tg of −42.6 °C while the incorporation of higher alumina loading into the matrix increased the Tg to about −33.2 °C for Al10/CNT1/PVDF. A 50 wt.% loading of SWCNT in the nanocomposite did not show a prominent Υ-relaxation peak. Table 4 summarizes the thermal transition temperatures obtained from DMA measurements. Figure 10a,c show the melting temperature of the samples at 119 °C ≤ Tm ≤ 129 °C. A much lower melting temperature for the nanocomposite is recorded from the DMA when compared to that from the DSC as shown in Table 2, due to the complementary effect of the oscillatory tensile mode on the sample.





4. Conclusions


In summary, PVDF reinforced with alumina and single-walled carbon nanotube nanocomposites were fabricated by solution blending and cast into thin films. The thermal stability of the nanocomposites was observed to be reduced by the addition of these nanofillers, with alumina showing the most drastic degradation because of preignition reactions that occur with the PVDF melt. Reinforcement with SWCNTs did not make a significant impact on the degradation temperature of the PVDF matrix which remained nearly constant at 420 °C. However, the presence of SWCNT resulted in a higher residual mass of about 63% at 600 °C. Increasing the nanofiller loadings showed a significant increase in the glass transition temperature to as high as −33.2 °C, as well as an increase in the storage modulus to around 18 GPa for composites containing 50 wt.% CNT at −55 °C. The pre-ignition properties of the composite could increase the porosity in the matrix, while the SWCNTs make it electrically conductive. For energy storage applications where porosity and electrical conductivity are important, these two properties make the nanocomposite a very interesting candidate as an electrode material. Furthermore, the composite shows energetic properties that may find potential application in solid-state fuel systems.
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Figure 1. DSC comparisons of effect of Alumina wt.% loadings on PVDF thermal properties. 
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Figure 2. DSC thermograms of varying Alumina wt.% loadings on PVDF, showing (a) endothermic melting peaks, and pre-ignition exotherms between (b) 200 °C and 250 °C and between (c) 250 °C and 400 °C, carried out under N2 atmosphere. (d) Degree of crystallization and melt peak temperature trend with loading. 
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Figure 3. DSC comparisons of (a) CNT wt.% loadings on PVDF, showing (b) endothermic melting peaks carried out under N2 atmosphere. (c) Degree of crystallization and melt peak temperature trend with loading. 
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Figure 4. DSC thermograms comparisons of (a) effect of combinatorial CNT/Alumina wt.% loadings on PVDF, showing (b) endothermic melting peaks between 130 °C and 200 °C, and (c) peaks between 250 °C and 425 °C. 
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Figure 5. (a) TGA thermogram comparisons of effect of Alumina loading on PVDF, with their respective (b) derivative weight curves, carried out from room temperature to 600 °C under N2 atmosphere. (c) effect of alumina loading on the DTG peak area and peak temperature. 






Figure 5. (a) TGA thermogram comparisons of effect of Alumina loading on PVDF, with their respective (b) derivative weight curves, carried out from room temperature to 600 °C under N2 atmosphere. (c) effect of alumina loading on the DTG peak area and peak temperature.



[image: Jcs 06 00380 g005]







[image: Jcs 06 00380 g006 550] 





Figure 6. (a) TGA thermogram comparisons of the effect of CNT wt.% loadings on decomposition of PVDF, with their respective (b) derivative weight curves, TGA test was carried out from room temperature to 600 °C under N2 atmosphere. (c) effect of CNT loading on the DTG peak area and peak temperature. 
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Figure 7. (a) TGA thermogram comparisons of effect of combinatorial CNT and Alumina wt.% loadings on decomposition of PVDF, with the respective (b) derivative weight curves. TGA test was carried out from room temperature to 600 °C under N2 atmosphere. (c) effect of composition on DTG peak area and peak temperature. 
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Figure 8. DMA plots comparing the (a) effect of CNT loading on the storage modulus of the PVDF CNT at an oscillatory frequency of 1Hz under tension. Tan delta peaks show (b) dynamic Tg between −55 °C and −20 °C and (c) Tm between 105 °C and 140 °C. 
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Figure 9. DMA plots comparing the (a) effect of alumina wt.% on storage modulus of the PVDF nanocomposites at an oscillatory frequency of 1Hz under tension. Tan delta peaks show (b) dynamic Tg between −55 °C and −20 °C and (c) Tm between 105 °C and 140 °C. 
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Figure 10. DMA plots comparing the (a) effect of combinatorial wt.% loading of CNT and alumina on the storage modulus of the PVDF nanocomposites at an oscillatory frequency of 1 Hz under tension. Tan delta peaks show (b) dynamic Tg between −55 °C and −20 °C, and (c) Tm between 105 °C and 140 °C. 
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Table 1. Composition of the nanocomposites.






Table 1. Composition of the nanocomposites.





	Composite
	PVDF (wt.%)
	SWCNT (wt.%)





	Neat PVDF
	100
	0



	CNT 5 PVDF
	95
	5



	CNT10 PVDF
	90
	10



	CNT 50 PVDF
	50
	50



	Al2O3 1 PVDF
	99
	0



	Al2O3 5 PVDF
	95
	0



	Al2O3 10 PVDF
	90
	0



	Al2O3 50 PVDF
	50
	0



	CNT 1 Al2O3 1 PVDF
	98
	1



	CNT 5 Al2O3 1 PVDF
	94
	5



	CNT 1 Al2O3 5 PVDF
	94
	1



	CNT 10 Al2O3 1 PVDF
	89
	10



	CNT 1 Al2O3 10 PVDF
	89
	1



	CNT 5 Al2O3 5 PVDF
	90
	5



	CNT 10 Al2O3 10 PVDF
	80
	10
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Table 2. shows the melting temperature (Tm), enthalpy of melting (∆Hm), and degree of crystallization (χc) for each nanocomposite.
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	Composite
	Tm (°C)
	∆Hm (J/g)
	χc (%)





	Neat PVDF
	171.6
	53.2
	50.67



	CNT 5 PVDF
	168.9
	56.4
	53.71



	CNT10 PVDF
	168.6
	54.7
	52.10



	CNT 50 PVDF
	162.7
	7.4
	7.05



	Al2O3 1 PVDF
	170.2
	57.0
	54.29



	Al2O3 5 PVDF
	170.0
	38.0
	36.19



	Al2O3 10 PVDF
	170.8
	52.1
	49.62



	Al2O3 50 PVDF
	171.0
	21.5
	20.48



	CNT 1 Al2O3 1 PVDF
	172.6
	64.6
	61.52



	CNT 5 Al2O3 1 PVDF
	169.7
	47.2
	44.95
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Table 3. Summary of TGA results showing 5% weight loss temperature and char yield at 600 °C.
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	Composite
	5% Weight Loss Temp. (°C)
	Char Yield at 600 °C (%)





	Neat PVDF
	401.5
	36.5



	CNT1 PVDF
	354.6
	34.0



	CNT10 PVDF
	334.2
	40.7



	CNT 50 PVDF
	300.7
	63.3



	Al1PVDF
	318.0
	36.9



	Al5PVDF
	303.2
	39.5



	Al10PVDF
	297.8
	42.7



	Al50PVDF
	253.7
	46.4



	CNT 1 Al2O3 1 PVDF
	333.0
	37.8



	CNT 10 Al2O3 1 PVDF
	190.4
	40.6



	CNT 10 Al2O3 10 PVDF
	328.6
	51.3
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Table 4. Summary of glass transition temperature (Tg) and melting temperature (Tm) measured using DMA at 1 Hz.
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	Composite
	Tg (°C)
	Tm (°C)





	Neat PVDF
	−42.6
	125.2



	CNT10 PVDF
	−44.3
	127.0



	CNT 50 PVDF
	−39.4
	-



	CNT 1 Al2O3 1 PVDF
	−42.6
	129.2



	CNT 10 Al2O3 1 PVDF
	−37.5
	117.7



	CNT 1 Al2O3 10 PVDF
	−33.2
	119.9
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