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Abstract

:

Behavior studies of thermoplastic polymers during non-isothermal crystallization are extremely important since most of their properties are influenced by degree of crystallinity and the crystallization process. In general, an approach based on a model-fitting method is used to perform crystallization kinetic studies. Due to their inability to uniquely determine the reaction mode, many studies have used the isoconversional method, where it is not necessary to assume a crystallization model to obtain the kinetic parameters. Therefore, in this work, the influence of acid and octadecylamine functionalized carbon nanotubes (CNTs) in the crystallization kinetic of polyethylene (PE) was studied using an isoconversional method with differential scanning calorimetry (DSC) and polarized optical microscopy (POM). The kinetic parameters and the crystallization model were determined. The incorporation of functionalized and non-functionalized CNTs into PE did not change the Johnson-Mehl-Avrami crystallization model. However, the CNTs increased the crystallization temperature and reduced the activation energy for crystallization. In addition, the Avrami coefficient values were lower for the nanocomposites when compared to pure PE. The incorporation of CNTs accelerated the crystallization of PE, reducing the crystallite sizes and modifying their morphology.
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1. Introduction


The use of plastics in several areas became widespread after World War II, rapidly increasing the production and even surpassing the commercialization of most other materials, especially metals. From then on, a world without the use of synthetic organic polymers seems inconceivable. Polyethylene (PE) is the most consumed polymer, accounting for about 36% of production [1,2]. PE presents interesting properties, such as chemical inertness, low permeability, corrosion resistance, good stiffness, low density, and excellent electrical resistance. These qualities along with its low cost and easy processability make PE the choice material for a vast number of applications, especially for food packaging, storage containers for liquids, and chemical storage tanks [3].



Despite the outstanding properties of PE, some disadvantages, such as low operating temperature and some poor mechanical properties, limit its potential use inhigh-technological engineering applications [4,5]. The incorporation of nanofillers is an option to overcome these drawbacks. Carbon nanotubes (CNTs) have been widely studied as nanocomposite fillers since their popularization with the publication of Iijima in 1991 [6,7]. CNTs remarkable properties, such as high Young’s modulus and tensile strength, chemical stability, biocompatibility, and excellent thermal conductivity, make them attractive for reinforcing polymer matrix, increasing the mechanical, biological, and thermal properties of the nanocomposite [8,9,10].



Understanding the interaction between the polymeric matrix and the filler is crucial to obtain a material with the desired properties. An effective dispersion of CNTs and a proper polymer–filler interaction are necessary to achieve the best performance of nanocomposites. Several techniques have been used to improve the dispersion and interaction of CNTs in polymeric matrix, including optimum physical blending, in situ polymerization, and chemical functionalization [11]. Physical blending breaks the CNT bundles through shear stress. Mechanical stirring, sonication, shear mixing, and ball milling are some processes used to optimize the CNT/polymer physical blending [12]. Another interesting approach to enhance the dispersion and interaction of CNTs with polymers is in situ polymerization. In this process, conjugated polymers are attached to CNT surfaces, acting as an initial local to the olefin monomers polymerization [11,13].



Chemical functionalization has been used in many studies to improve dispersion and guarantee the CNTs interaction with the polymeric matrix. The most common surface modification uses a mixture of concentrated nitric (HNO3) and sulfuric acids (H2SO4) to produce reactive carboxylic groups (-COOH) on the CNTs sidewalls and ends. -COOH groups can react with a large number of other chemical compounds, attaching a functional group suitable to better dispersion and interaction properties, depending on the polymeric matrix [14]. Different reactive chemical groups can be used, such as alkyl, phenyl, amide, ester, silanes, thiol, and biomolecules [15]. Non-covalent functionalization, through weak van der Waals interactions, can also be used to modify the CNTs, without any damage to their structure and properties. In this case, ionic liquids, biomolecules, and other chemical compounds are adsorbed on CNT surfaces, shielding the stacking interactions [15,16]. Since polyethylene has a nonpolar character, the use of covalent functionalization with long-chain amines for CNTs provides a better interaction with this polymer [17].



The incorporation of a filler into a polymeric matrix will considerably affect the crystallization behavior. Alterations to the polymer chain configuration, glass transition temperature (Tg) and melt temperature (Tm), the rate of crystal formation, crystallite shape and size, activation energy (Ea), and crystallization mechanism are some effects that CNTs can cause when they are added into PE [18,19]. In this way, the influence of CNTs in the crystallization kinetic of PE is a subject of interest for many research groups, since it will affect the industrial process and the final properties of the polymer [20]. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) are the main techniques used to perform kinetic studies.



Many studies have investigated the crystallization kinetic of composites based on PE. Tarani et al. [21] investigated the effect of incorporating graphene nanoplatelets with an average thickness of 10 nm and different sizes (5, 15, and 25 μm) in diameter on the crystallization kinetics of high-density polyethylene (HDPE) under non-isothermal conditions. Different models were tested, and the authors showed that the Avrami analysis modified by Jeizorny and the Mo method described very well the non-isothermal crystallization of the nanocomposites. The addition of graphene changed the overall crystallization rate and the Ea.



Shehzad et al. [22] synthesized HDPE/graphene nanocomposites and studied the non-isothermal crystallization using the Jeizorny-modified Avrami model, Ozawa model, and the model proposed by Mo. The results showed that graphene nucleated the crystallization of HDPE, decreasing Ea and increasing the crystallization onset temperature (Ton). The Jeizorny and Ozawa models failed to describe the crystallization kinetics. On the other hand, the model developed by Mo successfully described the non-isothermal process of the HDPE and the nanocomposites.



Sahoo et al. [23] studied the crystallization kinetic of low-density polyethylene (LDPE) and silver nanoparticles (Ag-NPs) using DSC. Different kinetic models, such as Avrami, Malkin, and Mo, were used to analyze the non-isothermal crystallization behavior of the LDPE and the nanocomposites. The results showed that the polymer and nanocomposites followed the Avrami and Malkin models. The authors concluded that Ag-NPs influenced the LDPE crystallization kinetic. For pure LDPE, only a primary crystallization was observed, while the nanocomposite presented both primary and secondary crystallization. In addition, the Avrami exponent also changed. Fan et al. [24] prepared nanocomposites of PE/montmorillonite and analyzed the kinetic behavior of PE and the nanocomposites by Avrami and Hoffman models. The results showed that montmorillonite acted as a nucleating agent in the solidification process, reducing the average size of spherulites. However, the nanoparticles did not change the crystallinity of PE.



Previous research used model-fitting methods to perform non-isothermal crystallization kinetic analysis. Although widely used, model-fitting methods present several problems, especially concerning their inability to uniquely determine the reaction model [25]. Additionally, they assume a constant kinetic triplet (A, Ea, and model), which are simultaneously fitted from a single curve. Furthermore, the model-fitting method involves a single heating rate, which is not sufficient to study kinetic reactions. Isoconversional models overcome these limitations since the kinetic is evaluated without modelistic assumptions [26]. In this method, kinetic parameters, such as Ea, can be estimated using the degree of conversion (α) as a function of the heating rate [27].



A significant gap in polymeric kinetic studies still remains. Most studies use a model-fitting method for the kinetic calculation of polymer crystallization. There are very few studies in which the isoconversional method is used for crystallization analysis of polymers and polymeric composites, especially for polyethylene and carbon nanotubes. Thus, there is considerable potential for the application of the isoconversional method crystallization kinetics in the study of HDPE/CNT nanocomposites, which may contribute to a better understanding of the influence of CNTs on the final properties of the nanocomposite.



Similar work has already been performed by our group in the study of mullite crystallization. The isoconversional and non-isothermal Flynn-Wall-Ozawa method was used to analyze the effect of different amounts of urea in the production and crystallization of mullite. Using this method, the kinetic model, kinetic parameters, and activation energy were measured, resulting in a great understanding of the relation between mullite crystallization, structure, and properties [28]. Although commonly used in ceramic material crystallization studies, this method has not been very well applied in polymers. The objective of the present work is thus to compare the non-isothermal crystallization kinetics of pure HDPE and its nanocomposites with acid and octadecylamine-functionalized CNTs. The non-isothermal crystallization data was obtained by differential scanning calorimetry (DSC), and the isoconversional method was used to study the crystallization kinetics, defining the reaction model and calculating the kinetic parameters. Polarized optical microscopy (POM) was performed to verify the results obtained by kinetic analysis. To the best of our knowledge, there are no other works using the isoconversional method to study the kinetic crystallization of HDPE or HDPE/CNT nanocomposites.




2. Theoretical Background


The rate of polymer crystallization can be described using the general equation of solid-state reactions,


dαdt=kf(α)



(1)




where α is the conversion fraction, t is the time, k is the reaction rate constant, and f(α) is the reaction model. The mechanism controlling the reaction, along with the size and shape of the reactive particles will define f(α) [29]. Table 1 lists several reaction models with their mechanisms and equations for f(α).



Kinetic calculations from DSC curves use the following equation to calculate α:


α=AiAt



(2)




where Ai is the area under the crystallization peak to a Ti temperature and At is the total area. Integrating Equation (1) gives the integral rate law representative of the reaction model, g(α),


g(α)=kt



(3)







The dependence of temperature on the rate of crystallization reaction is defined by the Arrhenius equation,


k=Ae−EaRT



(4)




where A is the pre-exponential (“frequency”) factor, Ea is the activation energy, T is the absolute temperature, and R is the gas constant [37]. Substituting Equation (4) in the rate expression from Equation (1) and the integrated rate expression from Equation (3) gives,


dαdt=Ae−EaRTf(α)



(5)




and


g(α)=Ae−EaRTt



(6)







In order to obtain the kinetic parameters from non-isothermal crystallization reactions, the rate expressions must be transformed by,


dαdT=dαdtdtdT



(7)




being that


dtdT=1β



(8)




where dα/dT is the non-isothermal crystallization rate, dα/dt is the isothermal crystallization rate, and β is the heating rate. Substituting Equations (5) and (8) into Equation (7) gives the differential expression of the non-isothermal rate law,


dαdT=Aβe−EaRTf(α)



(9)







Integrating Equation (9) gives,


g(α)=Aβ∫0Te−EaRTdT



(10)







Substituting Ea/RT by “x” and changing the integral limits, Equation (10) becomes,


g(α)=AEaβR∫x∞e−xx2dx



(11)







Equation (11) can be written as,


g(α)=AEaβRp(x)



(12)




where p(x) is the exponential integral [27],


p(x)=∫x∞e−xx2dx



(13)







The exponential integral p(x) has no analytic solution, but many approximations. The Flynn-Wall-Ozawa method is an isoconversional method that uses Doyle’s linear approximation for p(x) [38], whereby Equation (12) is transformed into,


logβ=logAEag(α)R−2.315−0.457EaRT



(14)







Differentiating and assuming α constant,


dlogβd(1/T)=−(0.457R)Ea



(15)







Thus, the plot of logβ versus 1/T, for each α, gives Ea from the angular coefficient of the curve. In this way, the activation energy is calculated for each conversion fraction [27]. In addition, the crystallization mechanism for each heating rate can be determined using the kinetic compensation effect [39]. The pre-exponential factor (A) can be determined by Kissinger Method for a first-order reaction, that is f(α) = 1−α. Substituting f(α) in Equation (9),


dαdT=Ae−EaRTβ(1−α)



(16)







Deriving Equation (16) and equaling to zero (when the reaction rate is maximum),


EaRTm2=dαdT+αEaRTm2



(17)




where Tm is the maximum temperature of the DSC peak. Substituting Equation 16 into Equation (17),


A=βEaeEa/RTmRTm2



(18)







Equation (18) allows the calculation of A for each conversion fraction. If Ea does not vary with α, the reaction occurs in a single step. On the other hand, a complex mechanism is assumed if Ea varies with α [36].



The values of lnA and Ea have a linear relationship, known as the kinetic compensation effect. Such linearity indicates that the proposed kinetic model is the same in the studied range. The effect of kinetic compensation is expressed by Equation (19) [40,41],


lnA=a+(bEa)



(19)




where a and b are constants.



To obtain the kinetic model of the studied reaction, it is necessary to obtain the functions y(α) and z(α), which are defined by Ozawa [42,43] as,


dθtdt=e−EaRT



(20)




where θt is generalized time, denoting the reaction time taken to reach a distinct α at infinite temperature [44].



Combining Equations (5), (8), and (20), the following expression is obtained [44,45],


y(α)=dαdθt=Af(α)=dαdTβeEaRT



(21)




where dα/dθt corresponds to the generalized rate of reaction and is obtained by extrapolation of dα/dt to an infinite temperature. Integrating Equation (21),


g(α)=∫0αdαf(α)=A∫0θtdθt=Aθt



(22)







Combining Equations (21) and (22), a general expression for z(α) is obtained [33],


z(α)=y(α)θt=dαdθθt=f(α)g(α)



(23)







Substituting Equation (20) into (23),


z(α)=y(α)∫e−EaRTβdT



(24)







Thus, the functions y(α) and z(α) can be determined, defining the reaction model by the derivative of these functions (ay and az). Figure 1 shows different reaction models according to the values of ay and az [32,33].




3. Materials and Methods


3.1. Materials


The HDPE pellets used in this study were obtained from Brasken (IG58, ρ = 0.956 gcm3). The multi-walled CNTs used as a nanofiller to prepare HDPE nanocomposites were provided by INPE-Brazil and prepared by the chemical vapor deposition method (CNT–P) [46]. The acid (CNT–COOH) and octadecylamine (CNT–ODA) functionalization were performed following previous procedures [17].




3.2. Nanocomposite Preparation


The HDPE/CNT nanocomposites were prepared using pristine and functionalized CNTs (0.8% wt). First, CNTs were dispersed in a proper solvent (acetone for CNT–P and CNT–COOH, and cyclohexane for CNT–ODA) in an ultrasonic bath for 30 min. Then, HDPE pellets were mixed into solutions and kept under magnetic stirring for another 30 min. The solvent was removed in an oven at 80 °C for 24 h, leaving the remaining HDPE pellets covered with the nanotubes. The mixture of pellets/CNTs was melted in a heating mantle (Arsec AQ22B) at 210 °C, and after complete melting, was mechanically stirred (IKA RW 20) at 600 rpm for 1 min. The highly viscous solution was placed into aluminum molds and poured into a vacuum oven at 210 °C for 2 h with an absolute pressure of 0.2 bar to eliminate entrapped air. Subsequently, the samples were cast under compression (5 kgf) and cooled at ambient temperature. The samples prepared were labeled as HDPE Pure, HDPE/CNT–P, HDPE/CNT–COOH, and HDPE/CNT–ODA.




3.3. Differential Scanning Calorimeter (DSC)


The non-isothermal crystallization behavior of the HDPE and HDPE/CNT nanocomposites was measured by DSC with a Perkin Elmer, Pyris 1 calorimeter. Samples with low mass (10 mg) were poured inside aluminum pans and protected during DSC experiments by an inert atmosphere of N2 to avoid thermal degradation. For the non-isothermal crystallization experiment, each sample was first melted to 220 °C at a heating rate of 10 °C/min for 5 min. This temperature is above the HDPE melting temperature (Tm = 125–132 °C [3]) to erase all previous thermal history. Specimens were then cooled to ambient temperature at four different heating rates: 5, 7, 10, and 15 °C/min. The exothermal curves obtained during the non-isothermal crystallization for various cooling rates were used to develop the kinetics study.




3.4. Polarized Optical Microscopy (POM)


POM was performed using a Leica DMLS microscope equipped with a Linkam THMSG 600 hot stage. The HDPE and HDPE/CNT nanocomposites were observed in the form of thin films that were prepared between a microscope coverslip by melting the polymer at 200 °C for 10 min and then cooling until the isotherm reached 127 °C. The images were recorded in the isotherm from time to time in order to analyze the crystallite growth until complete crystallization. Crystallite size measurements were performed using the image analysis program ImageJ, taking an average of 10 measures.





4. Results


4.1. Isoconversional Analysis of DSC Crystallization Data


The DSC cooling curves for HDPE and HDPE/CNT nanocomposites are shown in Figure 2. As expected, all curves present only one well-defined exothermal peak around 115–120 °C, corresponding to the HDPE crystallization. By increasing the cooling rate, the peak temperatures shift towards lower temperatures and become broader for all samples. At a lower cooling rate, the polymer chains have more fluidity and diffusivity. In this case, at a higher temperature, there is enough time for the chains to move from the melt to the crystallized surfaces. In contrast, when the cooling rate increases, the motion of polyethylene chains is not able to follow the cooling temperature and there is no sufficient time to activate nuclei. Then, more supercooling is required to organize the chain into more perfect crystallites, resulting in a broadening of the curve [21,22].



The crystallization peak temperature (Tp), the onset temperature (Ton), and the absolute crystallinity (Xc) for each cooling rate (β) were determined and are showed in Table 2. The incorporation of carbon nanotubes to HDPE slightly increased Ton and Tp, which means that there are interactions between the filler and the matrix. The increase in Ton and Tp is related to an enhanced number of heterogeneous nuclei for crystallization. So, the functionalized and non-functionalized CNTs act as nucleating agents for HDPE crystals [47]. This result agrees with data derived from similar systems [48,49]. There was no significant difference in Ton and Tp between the used CNTs.



In addition, the HDPE and HDPE/CNT nanocomposites degree of crystallinity was about 64% and did not vary significantly with the CNTs. The incorporation of nanofillers into a polymer can increase, decrease, or maintain the absolute crystallinity, which will depend on whether the CNT will interfere more in the nucleation or in the growth process of polymeric crystals. If the incorporation of CNTs strongly induces the formation of more nucleation sites, an increase in the absolute crystallinity of HDPE is expected. On the other hand, CNTs can act as obstacles, hindering the mobility of HDPE chains. In this way, the folding of polymeric chains is difficult and, consequently, a decrease in absolute crystallinity is more likely. The interface between CNT/HDPE also interferes with the crystallinity, since it can produce an amorphous phase that will also interfere with the crystal growth. Another important factor is the CNT lengths, where longer CNTs reduce the mobility of polymeric chains. Our results showed that the chain mobilities of samples produced was hindered by CNT presence, which also induced the formation of new nucleation sites. In addition, the CNTs had no significant effect on absolute crystallinity of nanocomposites, which was the same when compared with pure HDPE [50,51].



The values of relative crystallinity at various cooling rates was calculated by integrating the exothermic peaks, using the following Equation [52]:


Xt=ΔH(T)ΔHtotal=∫T0T(dHdT)dT∫TT∞(dHdT)dT



(25)




where T0, T, and T∞ are the onset, arbitrary, and end crystallization temperatures, respectively, and dH is the heat released in an infinitesimal temperature interval dT. Relative crystallinity (Xt) as a function of temperature for HDPE and HDPE/CNT nanocomposites is shown in Figure 3. The sigmoidal curves shifted to the left side suggest that the polymer started to crystallize at lower temperatures and the crystallization increases as temperature decreases. This is because of the strong relationship between the nucleation/growth process and temperature. Before the inflection point (before the maximum DSC peak), a fast and primary process occurs, related to the nucleation and growth of the first PE crystals. After the maximum value of heat flow for the DSC peak, the crystallinity is developed by a slower and secondary kinetic process. The curves from Figure 3 also showed the influence of the cooling rate on crystallinity. At lower cooling rates, the samples presented more crystallinity at a higher temperature. In this case, the polymer chains have more fluidity and diffusivity due to the low viscosity and more time for secondary crystallization [53].



The isoconversional method of Friedman (logarithm of Equation (9) [54]) was used to evaluate the effective action of CNTs as a nucleation agent, and to identify the model and crystallization mechanism. The dependence of effective crystallization energy (Ea) on the relative crystallinity (α) was calculated and is presented in Figure 4. Ea is defined as the energy necessary for the motion of the polymeric crystalline chains across the phase [22]. For HDPE and HDPE/CNT nanocomposites, Ea is negative, suggesting that the crystallization increases as the temperature decreases. For both pure HDPE and nanocomposites, Ea increased with the relative crystallinity. This implies that as the relative crystallinity increases, it becomes more difficult for the polymeric system to continue crystallization [55].



The incorporation of CNT–P and CNT–COOH into HDPE significantly decreased the activation energy when compared to pure HDPE, showing that these CNTs can act effectively as a nucleating agent, accelerating the crystallization process [55]. The incorporation of CNT–ODA also reduced the activation energy, but not as effectively as CNT–P and CNT–COOH. By comparing the different nanocomposites, the reduction in activation energy follows the sequence HDPE/CNT–P < HDPE/CNT–COOH < HDPE/CNT–ODA. This result can be related to two main factors: (i) dispersion of CNTs in polymeric matrix and (ii) interaction between HDPE and CNTs.



Pristine CNTs tend to agglomerate and entangle together due to their large surface area and high van der Waals forces. After acid-functionalization, negative charges are created on CNT surfaces, that improve the dispersion but also increase the polar character. HDPE is a non-polar polymer, so the interaction with CNT–COOH is not as effective. Thus, for CNT–P and CNT–COOH, it is expected that the formation of large agglomerates will not interact properly with HDPE and will act more intensively as nucleating agents. The octadecylamine functionalization provided a better interaction and dispersion of CNT–ODA with the polymeric matrix due to two aspects: (i) the similarity of the HDPE chains with the structure of the octadecylamine (basically CH2) and (ii) the non-polar character presented by both CNT–ODA and HDPE. Therefore, for HDPE/CNT–ODA, it is expected that CNT–ODA will merge with the HDPE matrix due to the ODA chains, reducing the activity as nucleating agents. Our previous work [17] proved this effect. The better dispersion and interaction of CNT–ODA with HDPE produced more homogeneous nanocomposites with higher mechanical properties.



Using Equation (19), the existence of the compensation effect between values of Ea and lnA was verified (Figure 5). All samples showed a correlation coefficient of R2 > 0.99 for the crystallization range between 0.25 and 0.75. This linearity means that the reaction mechanism is the same during the interval studied. In this case, a change in the activation energy is compensated by the same change in the logarithm of the pre-exponential factor. In this way, the reaction mechanism for any cooling rate can be determined.



The model and mechanism of crystallization of pure HDPE and HDPE/CNT nanocomposites was determined using the DSC curve with a cooling rate of 10 °C/min. Introducing Ea and A values into Equations (21) and (24), respectively, allowed the numerical determination of y(α) and z(α). Figure 6 shows the curves y(α) and z(α) for pure HDPE and HDPE/CNT nanocomposites.



The curves y(α) exhibit a maximum value (ay) and the curves z(α) exhibit a minimum value (az), which are used for the determination of the crystallization mechanism. The values of ay and az are compared with the values of the theoretical kinetics models in Figure 1. For all samples, az is approximately 0.633 and 0 < ay < az, showing that all the samples are crystallized by the Johnson-Mehl-Avrami (JMA) model of nucleation and growth. The JMA model is represented by Equation (26) [31]:


f(α)=n(1−α)·[−ln(1−α)]1−1/n



(26)







Substituting f(α) into Equation (21) results in Equation (27) below:


y(α)=A·n(1−α)·[−ln(1−α)]1−1/n



(27)







The Avrami exponent “n” can be determined by fitting Equation (27) with experimental values of y(α) obtained from Figure 6. Figure 7 shows the curves y(α) fitted with Equation (27) for the pure HDPE and the HDPE/CNT nanocomposites. Note that the adjustment was performed for the crystallization degree of 25% to 75% since the kinetic compensation was effective in this interval. The values of the Avrami coefficient “n” for pure HDPE and nanocomposites are shown in Table 3. A significant difference between the values of “n” for the neat HDPE when compared to the HDPE/CNT nanocomposites can be observed.



The “n” value depends on the nucleation mechanism and geometry of crystal growth. For values between 1 ≤ n ≤ 2, the growth will occur in one dimension (cylinders); for values between 2 ≤ n ≤ 3, growth will occur in two dimensions (lamellae); and for values between 3 ≤ n ≤ 4, growth will happen in three dimensions (spheres) [56], as summarized in Table 4.



For pure HDPE (n = 2.9) the crystal growth occurs in two to three dimensions. The growth of a solid phase during polymer crystallization is initiated by the formation of nuclei, which develop in three dimensions, resulting in a spherulitic structure. Although the pure HDPE does not have reinforcing agents in its structure (seeds), the nucleation can occur by heterogeneities, such as impurities and partially melted molecules of the polymer [56]. The incorporation of carbon nanotubes into polyethylene decreased the values of “n” in about one unit (1.8 to 1.9). In this case, the nucleation process is not sporadic, as for the pure HDPE, but predetermined by the nanofillers (seeds).



At least two factors can affect the values of the Avrami coefficient. One factor is related to the crystallization rate of the polymer. Higher cooling rates prevent the complete formation of spherulites, reducing the value of “n”. Another factor is the growth site impingement that can modify the crystal growth mechanism. The addition of seeds into a polymer will increase the number of nucleation sites and, consequently, the crystalline volume fractions. Thus, the effect of impingement and truncation of crystal sites decreases the crystallization rate, reducing “n” [56].



Some studies have already reported that the addition of organic and inorganic particles can accelerate the isothermal and non-isothermal crystallization of HDPE, reducing the Avrami coefficient [55,57,58]. In this way, the carbon nanotubes will act as nucleating agents, creating various nuclei that will grow and, consequently, imitates the grow of one another. The mutual interference of these crystallization localities occurs before the spherulitic structure can develop, resulting in a very fine-grained structure [59].



There are also indications that lower “n” values occur when the final size of the growth units is small, which means the growth units formed during the “seed” crystallization are smaller than those produced in seedless crystallizations. In other words, lower values of “n” may occur when the polymer structure is granular, being formed by many small growth units [60].



Despite the reduction in the value of “n” and the difference in size and shape of crystal growth with the incorporation of CNTs, the crystallization of pure HDPE and HDPE/CNT nanocomposites are similar in some respects. For all samples, the crystallization mechanism was the same (JMA) and the absolute crystallinity degree was similar.




4.2. Polarized Optical Microscopy (POM)


The characterization using POM was carried out to verify the results obtained by the kinetic calculations. Figure 8 shows the POM images of pure HDPE at 127 °C isotherm at various times. Figure 8a shows the melted polyethylene before starting the crystallization process. Figure 8b shows the first nucleation sites occurred with two types of nuclei growth. One in the form of lamellae (two dimensions) and the other in the form of spherulites (three dimensions). Then, from Figure 8c the transformation of lamellas into the spherulitic structure and the growth of the previously formed spherulites can be observed. In the next steps (Figure 8d,e), the spherulites continue to grow until complete crystallization, producing the final structure (Figure 8f).



For pure HDPE, both two- and three-dimensional nuclei are formed at the beginning of crystallization, showing that distinct mechanisms are simultaneously occurring. Due to this factor, the curve fitting for polyethylene shown in Figure 7 is less accurate when compared to nanocomposites. The two-dimensional nuclei grow to spherulitic structure with the crystallization process. The spherulites increase until reaching total crystallization. The final structure consists of large spherulites (15–20 µm in diameter), in agreement with Avrami’s coefficient (n = 2.9).



Figure 9 shows POM images of HDPE/CNT nanocomposites at 127 °C isotherm after 5 and 15 min. For all nanocomposite samples the nucleation sites begin to appear at about 5 min and the final structure is rapidly formed (15 min). The presence of CNTs, functionalized or not, significantly increased the number of nucleation sites, reducing the size of crystallites. The identification of each nucleus growth separately is not possible, since various crystallization sites appeared simultaneously. However, the perpendicular crystallite growths to nanotube cluster (dark parts) can be observed. In general, the incorporation of CNTs induces the growth of the polymer chains in directions perpendicular to the length of the CNTs. This result is in agreement with Avrami’s coefficient, which showed that the crystallite growth occurs in the form of lamellas, in two dimensions [18].





5. Conclusions


The effect of functionalized and non-functionalized CNTs on HDPE crystallization kinetic was studied by the isoconversional method. The results showed that the addition of CNT–P and CNT–COOH drastically reduced Ea, while CNT–ODA caused a slight reduction. The similarity of ODA and HDPE chains, besides the polarity, increased the dispersion and interaction of this filler with the matrix. In this way, CNT–ODA merged with the matrix, reducing its activity as a nucleating agent. Although all CNTs reduced Ea and changed the values of Tp and Ton when compared to pure HDPE, the crystallization mechanism and the absolute crystallinity was the same for all the samples. Both pure HDPE and HDPE/CNTs nanocomposites crystallized by the model proposed by Johnson-Mehl-Avrami (JMA). In relation to the absolute crystallinity degree, CNTs induced the formation of more nucleation sites but hindered the mobility of the polymeric chains. Thus, CNTs had no significant effect on nanocomposites absolute crystallinity, remaining the same when compared with pure HDPE. The values obtained for the Avrami coefficients with the POM images showed that the pure HDPE started its crystallization with crystals of two and three dimensions. The final structure was composed of large spherulites. On the other hand, for the nanocomposites, the crystallization occurred quickly, with the emergence of several simultaneous nucleation sites that resulted in a structure constituted of finer crystals. The results obtained proved the effectiveness of the isoconversional method for the kinetic crystallization study of HDPE and HDPE/CNTs nanocomposites.
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Figure 1. Schematic diagram of kinetic models using y(α) and z(α) functions (Adapted from [33,34]). 
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Figure 2. Differential scanning calorimetry (DSC) cooling curves at various cooling rates (5, 7, 10, and 15 °C/min) for pure high-density polyethylene (HDPE) and high-density polyethylene carbon nanotubes (HDPE/CNT) nanocomposites. 
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Figure 3. Temperature versus relative crystallinity at various cooling rates (5, 7, 10, and 15 °C/min) for pure HDPE and HDPE/CNT nanocomposites. 
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Figure 4. Activation energy versus relative crystallinity at various cooling rates (5, 7, 10, and 15 °C/min) for pure HDPE and HDPE/CNT nanocomposites. 
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Figure 5. The compensation effect between Ea and lnA for pure HDPE and HDPE/CNT nanocomposites. 
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Figure 6. Experimental dependence of y(α) and z(α) versus α for pure HDPE and HDPE/CNT nanocomposites. 
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Figure 7. Curves of y(α) versus α normalized and fitted by Equation (27) for pure HDPE and HDPE/CNT nanocomposites. 
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Figure 8. Polarized optical microscopy (POM) images of pure HDPE at 127 °C isotherm: (a) 30 s, (b) 2 min, (c) 5 min, (d) 8 min, (e) 10 min, and (f) 15 min. 
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Figure 9. POM images of HDPE/CNT nanocomposites at 127 °C isotherm. 
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Table 1. Solid-state rate expressions for distinct reaction models.
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	Model
	Mechanism
	f(α)





	Šesták and Berggren (SB) [30]
	Autocatalytic, General mechanism
	αm(1−α)n



	Johnson-Mehl-Avrami (JMA) [31]
	Nucleation and growth
	n(1−α)[−ln(1−α)]1−1n



	Reaction Order (RO) [32,33]
	One-parameter model
	(1−α)n



	Polany-Winger (R1) [34,35,36]
	Phase boundary-controlled reaction (one-dimensional)
	Constant



	Contracting cylinder (R2) [32,35]
	Phase boundary-controlled reaction (contracting area)
	2(1−α)1/2



	Contracting sphere (R3) [34,35]
	Phase boundary-controlled reaction (contracting volume)
	3(1−α)2/3



	Parabolic Law (D1) [36]
	Diffusion

(one-dimensional)
	1/(2α)



	Valenci (D2) [36]
	Diffusion

(two-dimensional)
	[−ln(1−α)]−1



	Jander (D3) [36]
	Diffusion

(three-dimensional)
	3(1−α)13/2[(1−α)−13−1]



	Brounshtein-Ginstling (D4) [36]
	Diffusion

(four-dimensional)
	3/2[(1−α)−13−1]
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Table 2. Summarized DSC results at various cooling rates (5, 7, 10, and 15 °C/min) for pure HDPE and HDPE/CNT nanocomposites.
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	Sample
	β (°C/min)
	Ton (°C)
	Tp (°C)
	Xc (%)





	HDPE Pure
	5
	119
	117
	65



	
	7
	119
	117
	64



	
	10
	118
	116
	66



	
	15
	117
	115
	65



	HDPE/
	5
	122
	120
	62



	CNT–P
	7
	122
	119
	61



	
	10
	121
	118
	66



	
	15
	121
	116
	65



	HDPE/
	5
	122
	119
	65



	CNT–COOH
	7
	121
	118
	63



	
	10
	121
	117
	66



	
	15
	120
	116
	64



	HDPE/
	5
	122
	119
	64



	CNT–ODA
	7
	121
	119
	64



	
	10
	120
	117
	64



	
	15
	120
	116
	63
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Table 3. Avrami coefficient “n” of the empirical kinetic JMA model for pure HDPE and HDPE/CNT nanocomposites.
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	Sample
	n





	HDPE Pure
	2.9



	HDPE/CNT–P
	1.9



	HDPE/CNT–COOH
	1.8



	HDPE/CNT–ODA
	1.8
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Table 4. Values of “n” for different growth type and geometry of crystals [56].
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	n
	Growth Type
	Geometry





	5 ≤ n ≤ 6
	3 dimensions
	Sheaf-like



	3 ≤ n ≤ 4
	3 dimensions
	Spherulites



	2 ≤ n ≤ 3
	2 dimensions
	Lamellas



	1 ≤ n ≤ 2
	1 dimension
	Fibers
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