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Abstract

:

The cure kinetics analysis of thermoset polymer composites gives useful information about their properties. In this work, two types of layered double hydroxide (LDH) consisting of Mg2+ and Zn2+ as divalent metal ions and CO32− as an anion intercalating agent were synthesized and functionalized with hydroxyapatite (HA) to make a potential thermal resistant nanocomposite. The curing potential of the synthesized nanoplatelets in the epoxy resin was then studied, both qualitatively and quantitatively, in terms of the Cure Index as well as using isoconversional methods, working on the basis of nonisothermal differential scanning calorimetry (DSC) data. Fourier transform infrared spectroscopy (FTIR) was used along with X-ray diffraction (XRD) and thermogravimetric analysis (TGA) to characterize the obtained LDH structures. The FTIR band at 3542 cm−1 corresponded to the O–H stretching vibration of the interlayer water molecules, while the weak band observed at 1640 cm−1 was attributed to the bending vibration of the H–O of the interlayer water. The characteristic band of carbonated hydroxyapatite was observed at 1456 cm−1. In the XRD patterns, the well-defined (00l) reflections, i.e., (003), (006), and (110), supported LDH basal reflections. Nanocomposites prepared at 0.1 wt % were examined for curing potential by the Cure Index as a qualitative criterion that elucidated a Poor cure state for epoxy/LDH nanocomposites. Moreover, the curing kinetics parameters including the activation energy (Eα), reaction order, and the frequency factor were computed using the Friedman and Kissinger–Akahira–Sunose (KAS) isoconversional methods. The evolution of Eα confirmed the inhibitory role of the LDH in the crosslinking reactions. The average value of Eα for the neat epoxy was 54.37 kJ/mol based on the KAS method, whereas the average values were 59.94 and 59.05 kJ/mol for the epoxy containing Zn-Al-CO3-HA and Mg Zn-Al-CO3-HA, respectively. Overall, it was concluded that the developed LDH structures hindered the epoxy curing reactions.
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1. Introduction


Epoxy resins, well-known thermosetting polymers, have been extensively used as versatile coatings and adhesives due to their promising features such as corrosion resistance, appropriate mechanical strength, chemical stability, and desirable adhesion to different surfaces/substrates [1,2,3]. However, achieving high mechanical properties and the thermal stability of thermosetting epoxy for high performance coatings has been a matter of controversy [4,5]. The incorporation of nanoparticles has been recognized as the most commonly practiced method for enhancing the ultimate properties of epoxy coatings [6].



Layered double hydroxide (LDH) falls into the category of lamellar solid materials composed of stacking brucite-like layers of metal hydroxide possessing positive charges [7,8]. These positively-charged sheets are exfoliated and neutralized by anions located between the layers as well as water molecules [9]. The advantages of cost-effectiveness, biocompatibility, pH dependent solubility, ion-exchange capability, and ability to adjusting the properties through the variation of anions and metal hydrides introduced LDHs as promising candidates for medical, industrial, and environmental applications [10,11]. The introduction of LDH into the epoxy matrix as reinforcement has also attained considerable attention due to the nontoxicity, layered structure, and high content of water [12].



Hydroxyapatite (HA) is a kind of phosphorus-containing ceramic biomaterial contributing to diver advanced materials and systems [13,14]. The combined incorporation of LDHs and ceramic materials such as HA in the form of HA-functionalized LDH in the epoxy matrix can effectively improve the mechanical strength and thermal stability of epoxy matrix for high performance applications such as flame retardant coatings and hard tissue implants for bone repair [15,16].



The ultimate properties of cross-linkable polymers such as epoxy thermoset resin strongly depend on the formation of a completely cured network [17]. In terms of thermosetting epoxy resins, their curability in the presence of any additives and nanofillers has been key for research [18,19]. Therefore, the upward trend for epoxy nanocomposite exploitation necessitates research on the structure–properties correlation [20]. Understanding the curing process for epoxy nanocomposites is a big step for optimizing the properties. The curing mechanism and kinetics parameters can be determined by computations on nonisothermal scanning calorimetry (DSC) data.



In our previous studies, the curing process for epoxy in the presence of the Zn-Al and Mg-Al LDHs with NO3− and CO32− anions was evaluated qualitatively with the Cure Index (CI) [21,22,23,24]. As mentioned earlier, considering the importance of the 3D network formed during curing process in epoxy nanocomposite containing the functionalized LDHs, the focus of this research is placed on the evaluation of the curing process for epoxy nanocomposites. The surface functionalization of carbonate intercalated Zn-Al and Mg-Al LDHs with HA was performed and the resulting structures were fully characterized by Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and thermogravimetric analysis (TGA). Finally, the curing assessment of epoxy nanocomposites was investigated by nonisothermal DSC analysis, considering the important role of HA-functionalized LDH in the curability of epoxy resin. Besides, the curing kinetics of the epoxy/LDHs nanocomposites were modeled by isoconversional methods including differential Friedman and integral Kissinger–Akahira–Sunose (KAS) methods.




2. Materials and Methods


2.1. Materials


The chemicals magnesium hexahydrate nitrate (Mg(NO3)2·6H2O, 99%), zinc hexahydrate nitrate (Zn(NO3)2·6H2O, 98%), aluminum nitrate nonahydrate (Al(NO3)3·9H2O, 99.9%), nitric acid (HNO3), sodium hydroxide (NaOH), hydroxyapatite (Ca10(PO4)6(OH)2) and sodium carbonate (Na2CO3) were used for synthesizing LDHs and purchased from Sigma Aldrich Co., Steinheim am Albuch, Germany. A diglycidyl ether of bisphenol A epoxy resin (epoxide equivalent weight of 174 g/eq) was used as the main matrix of the nanocomposite and cured with triethylenetetramine (TETA) hardener that was acquired from Sigma Aldrich Co., Milan, Italy.




2.2. Synthesis of HA-Functionalized LDHs


2.2.1. Synthesis of Mg-Al-CO3-HA LDH


Mg-Al-LDH was synthesized by using three different types of prepared solution denoted as A, B, and C. For the preparation of the solution A, Mg(NO3)2·6H2O (0.008 mol, 2.05 g) and Al(NO3)3·9H2O (0.002 mol, 0.75 g) with an Mg/Al molar ratio of 4:1 were dissolved in 25 mL of deionized water. Next, NaOH (0.006 mol, 0.24 g) and Na2CO3 (0.005 mol, 0.53 g) were dissolved in 25 mL of deionized H2O for the preparation of the solution B. The solution C, which was, in fact, a dispersion, contained only 0.002 mol (2.008 g) hydroxyapatite in 25 mL of deionized water. In the synthesis procedure, the solution A was added into the solution B drop by drop at a rate of 6.0 mL min−1 under stirring. Subsequently, the resulting solution was mixed with the solution C. During the reaction, the pH was fixed at 10.5 using a 1.0 M NaOH solution. The obtained solution was poured into a Teflon-lined autoclave vessel and heated for 24 h at 170 °C. The resulting Mg-Al-CO3-HA LDH product was filtered and washed repeatedly with deionized H2O and finally dried at 60 °C for 12 h.




2.2.2. Synthesis of Zn-Al-CO3-HA LDH


Similar to the preparation of Mg-Al-CO3-HA LDH, for the synthesis of the Zn-Al-CO3-HA LDH, 3 solutions denoted as B, C, and D were used. For this purpose, Zn(NO3)2·6H2O (0.004 mol, 2.12 g) was mixed at a 2:1 molar ratio with Al(NO3)3·9H2O (0.002, 1.5 g) and then added into 20 mL of deionized water for the preparation of solution D. The obtained solution (D) was dropped in 20 mL of the solution B at the rate of 6.0 mL min−1, which was then was added to solution C at a pH of 10. The mixture of the solutions B, C, and D was then heated at 60 °C for 24 h in a Teflon-lined autoclave vessel. The prepared Zn-Al-CO3-HA LDH product was separated by filtration and washed several times using double distilled water and dried at 60 °C for 12 h in air.





2.3. Preparation of Epoxy/LDH Nanocomposites


In this work, epoxy/LDH nanocomposites, containing 0.1 wt % Zn-Al-CO3-HA or Mg-Al-CO3-HA LDHs, were prepared via the solution method. First, LDHs were sonicated in chloroform for 30 min in an ice bath, then the resulting LDH dispersion was mixed with the epoxy resin under stirring at room temperature until the evaporation of the chloroform. Finally, just before the DSC test, the stoichiometric content of the TETA curing agent (100:14) was added into the epoxy resin and was thoroughly mixed. The formulation of prepared epoxy samples is listed in Table 1.




2.4. Characterization Methods


The crystalline structure of the synthesized LDH was examined by X-ray diffraction (XRD) analysis and the calculated basal spacing and intermetallic distance of the synthesized structures. The XRD patterns of the synthesized LDHs were obtained using a diffractometer (Bruker AXS D8 Advance, East Cheryl Parkway, Madison, WI, USA) with CuKα radiation at 40 kV and 30 mA. The XRD data were collected in the 2theta range of 2°–70° with steps of 0.05.



The chemical structures of the synthesized LDHs were evaluated with a Fourier transform infrared (FTIR, Bruker Vector 22 IR instrument, Manasquan, NJ, USA) instrument. Infrared spectra were reported using a Bruker Fourier transform infrared spectrometer within the wavenumber range of 4000 to 400 cm−1 using the KBr dilution technique (1.5 w/w %).



Thermogravimetric analysis (TGA) was conducted on a Seiko Extar 6300 (Chiba, Japan) in order to analyze the thermal stability of the LDH nanosheets. The thermogram curves were obtained in the temperature range of 30–900 °C under a heating rate of 10 °C/min in a nitrogen atmosphere with a flow rate of 50 mL/min.



The nonisothermal differential scanning calorimetry (DSC) analyses were performed with a DSC Q200 model, TA instrument (New Castle, DE, USA) from −50 to 250 °C at a heating rate (β) of 2, 5, 7, or 10 °C min−1 in a nitrogen atmosphere with flow rates of 50 mL/min in order to study the curing process for the epoxy/LDHs nanocomposites. It is assumed that the exothermic curing reaction was completed by a change in the DSC curve to the main baseline. The total heat of curing reaction was determined by the calculation of the total area under the exothermic DSC curve.





3. Results and Discussion


3.1. Characterization of LDHs


The FTIR spectra of the synthesized LDH samples are presented in Figure 1. As shown in Figure 1, the FTIR analyses display similar patterns for Zn-Al-CO3-HA and Mg-Al-CO3-HA LDHs. For both samples, the IR band at about 3542 cm−1 corresponds to the O–H stretching vibration of the interlayer water molecules and the –OH groups in the LDH layers [24,25]. The weak band observed at 1640 cm−1 can be attributed to the bending vibration of H-O of the interlayer water [26,27]. Moreover, the characteristic bands of the carbonate ion are present at 1456 cm−1, related to carbonated hydroxyapatite. Moreover, the stretching vibration of the carbonate ions in the interlayers of the LDHs is observed at 1383 cm−1 [27,28]. At the low wavenumbers, the bands at 425 and 564 cm−1 can be ascribed to the presence of Mg–O and Al–O bonds related to the LDH structure [25,26]. Furthermore, the presence of the bands at 1093, 1033, 991, and 633 cm−1 is related to the phosphate groups of hydroxyapatite [29]. The IR data clearly verified the structure of Zn-Al-CO3-HA and Mg-Al-CO3-HA LDHs.



Figure 2 represents the XRD patterns of the synthesized Zn-Al-CO3-HA and Mg-Al-CO3-HA LDHs. As seen in Figure 2, the XRD analysis shows similar patterns for both LDH samples. In these patterns, well-defined (00l) reflections, such as (003), (006), and (110), are observed that are in a good agreement with the reported LDH basal reflections in the literature [24,25]. The basal spacing (d003) of Zn-Al-CO3-HA and Mg-Al-CO3-HA LDHs was calculated to be 7.91 Å and 7.81 Å compared to the values of 7.47 Å and 7.82 Å reported for Zn-Al-CO3 and Mg-Al-CO3 LDHs, respectively [22,24]. According to the XRD results, the distance between the LDH layers in the presence of the phosphate anion did not increase, implying that the phosphate anion was not replaced between the layers. The strong interaction of intercalated carbonate ions with the hydroxyl groups of LDH layers leads to the absence of ion exchange between the carbonate and phosphate anions in the gallery space [30]. It seems that the negative charge of PO43− causes the electrostatic absorption of anions to the outer surfaces of LDH sheets [31]. The unit cell parameters a and c were determined from the positions of these reflections, which are presented in Table 2, where a = 2d110 and c = 3d003.



Figure 3 shows the TGA curves for the prepared Zn-Al-CO3-HA and Mg-Al-CO3-HA LDHs. The thermal decomposition of the LDHs appeared to undergo a third-step mass loss in the TGA curves, as shown in Figure 3, and correspondingly, endothermic peaks are present on the DTG curve. The total weight loss of the Mg-Al-CO3-HA is found to be 25.92 wt %, as seen in the TGA curve (Figure 3). On the DTG curve, the first step is seen at temperatures lower than 200 °C, and a weight loss of about 3.8% is observed due to the evaporation of adsorbed water and of 4.2% of the total mass, which is related to the removal of the interlayer water. The second step located within the temperatures range of 200–600 °C with a sharp peak at 346 °C can be attributed to the dehydroxylation of the LDH structures with a relatively large weight loss (i.e., 16.4%) [32]. The last main weight loss (i.e., 1.52%), located within the temperature range of 600–900 °C, is also related to the removal of the interlayer anions and decarbonation [29,32], as presented in the TGA and derivative of TGA (DTG) curves (Figure 3). Comparing the total weight loss of Mg-Al-CO3-HA LDH (25.92 wt %) with the corresponding value for Mg-Al-CO3 LDH (54.95 wt %) at 900 °C indicates the high thermal stability of LDH via HA surface functionalization [24]. As can be seen in Figure 3, in case of Zn-Al-CO3-HA LDH, there is a significant improvement in the thermal stability, while the weight loss dropped dramatically. The total weight loss of Zn-Al-CO3-HA is 9.89 wt %, which is much lower than the total weight loss reported for Zn-Al-CO3-LDH (38.63 wt %) [22]. Finally, it can be concluded that the presence of phosphorus compounds in LDHs can significantly improve the thermal stability of the structures.




3.2. Cure Analysis


3.2.1. Qualitative Description by the Cure Index


Considering the key role of nanoparticles in the curing potential of epoxy nanocomposites, the curing reaction of epoxy resin containing 0.1 wt % of Zn-Al-CO3-HA or Mg-Al-CO3-HA LDHs was evaluated via nonisothermal DSC measurements at heating rates of 2, 5, 7, and 10 °C/min (Figure 4). As shown in Figure 4, the observation of an exothermic peak for neat epoxy as the referenced sample [21] and its nanocomposites containing 0.1 wt % Zn-Al-CO3-HA or Mg-Al-CO3-HA LDHs in all heating rates revealed the domination of the ring opening reaction in the curing mechanism and single step curing kinetics [33].



The qualitative curing study of epoxy/LDHs nanocomposites was performed by the total protocols for the curing of thermosets and assessed by the Cure Index (CI). The CI can be obtained using the following equations [34]:


  Δ  H *  =   Δ  H C    Δ  H  Re f      



(1)






  Δ  T *  =   Δ  T C    Δ  T  Re f      



(2)






  C I = Δ  H *  × Δ  T *   



(3)







The cure parameters for the EP/Zn-Al-CO3-HA and EP/Mg-Al-CO3-HA nanocomposites at the different heating rates of 2, 5, 7, and 10 °C/min are extracted from Figure 4 and represented in Table 3. The onset and endset curing temperatures (Tonset and Tendset), the total cure temperature (ΔT= Tendset − Tonset), the peak temperature of curing (Tp), the total heat release during the curing reaction (ΔH∞), and the dimensionless parameters of ΔT*, ΔH*, and the CI are listed in Table 3. As shown in Table 3, the ΔH∞ for the epoxy/LDH nanocomposites was significantly reduced at all heating rates. As listed in Table 3, the onset temperature of curing for all samples was increased by the enhancement of heating rates due to the increase in the energy of the system. A rapid rise in temperature did not provide enough time to start the curing in the systems, and the reaction began at a higher temperature. Moreover, at a constant heating rate, an increase in Tonset was observed for the epoxy containing Mg-Al-CO3-HA because of the hindrance effect of the LDH layers. However, for the EP/Zn-Al-CO3-HA nanocomposite, Tonset was slightly reduced thanks to the catalytic role of Zn2+ in the curing reaction. Similar to the changing trend of Tonset, increases in Tp and ΔT were observed for all samples with increases in heating rates, which indicates that the curing reaction was facilitated because of the enhancement of the kinetic energy and number of collisions in the epoxy/amine systems per unit volume. On the other hand, the ΔT values for the epoxy nanocomposites compared to the neat epoxy were decreased at a constant heating rate, due to the restriction of the curing reaction in the presence of LDHs in the epoxy resin. Generally, the obtained results show that introduction of HA-functionalized LDHs into the epoxy resin hindered the ring-opening of the epoxy, which led to a significant reduction in the amount of ΔH∞ compared to neat epoxy during the curing reaction.



The phosphate groups of the hydroxyapatite on the surface of LDHs could interact with the epoxide rings and participate in the curing reaction (Figure 5). By contrast, as shown schematically in Figure 5, the Ca2+ of the hydroxyapatite could interact with the hydroxyl groups on the LDH surface and react with the amine groups of triethylenetetramine (TETA), leading to the consumption of the curing agent in the epoxy/amine system. As the ΔH∞ values represented, in competition reactions between phosphate/epoxy and calcium/amine, the consumption of the curing agent had a more apparent role, which is reflected in the less cross-linked network (lower ΔH∞ values).



The CI values for the epoxy/LDH nanocomposites are shown in Figure 6 with three different colors. According to the definition of CI, the green color shows an Excellent cure zone (  Δ  T *  < C I < Δ  H *   ), Good curing is demonstrated in blue (  C I > Δ  H *   ), and the red zone shows a Poor curing state (  C I < Δ  T *   ) for epoxy nanocomposites [35]. As demonstrated in Figure 6, the cure state for epoxy nanocomposites containing Zn-Al-CO3-HA and Mg-Al-CO3-HA LDHs are shifted to a Poor curing state and placed in the red region. For epoxy nanocomposites containing Mg-Al-CO3-HA, the cure potential is labeled as Poor for all heating rates, which is due to the consumption of the amine curing agent by carbonate ions. However, the existence of the phosphate groups on the HA-functionalized Mg-Al-CO3 LDHs shows low compensation of ΔH∞ compared to the pristine LDHs [24]. For epoxy/Zn-Al-CO3-HA, a reduced heat release is also observed at all heating rates, which is contrary to the observations for the epoxy nanocomposite containing Zn-Al-CO3 [22]. As reported for epoxy/ Zn-Al-CO3, the cure state of these systems is located in the green area (Excellent CI) at a heating rate of 5 and 7 °C/min because of the acid Lewis effect of Zn2+ in the curing reaction, while these results are inconsistent with the cure potential estimated for the epoxy/Zn-Al-CO3-HA nanocomposites [22]. It seems that the carbonate ions on the surface of the Zn-Al-CO3-HA LDH prevent the reaction between the epoxide rings of the resin and amine groups of the curing agent molecules by engaging amine groups with the surface of the LDH.




3.2.2. Qualitative Cure Assessment by Isoconversional Methods


The fractional extent of the cure reaction (α), which is directly related to the heat of curing, can be obtained from the following equation [36,37]:


  α =   Δ  H T    Δ  H ∞     



(4)




where ΔH∞ represents the total heat release during the curing reaction and ΔHT denotes the curing enthalpy up to temperature T. The fractional extent of the curing conversion as a function of the reaction temperature is presented in Figure 7. The sigmoidal shape of the presented curves in Figure 7 elucidate the autocatalytic mechanism of the curing reaction for all samples due to the generation of hydroxyl groups in the curing moiety [38]. According to the conversion–time curves, increasing the heating rates from 2 to 10 °C∙min−1 accelerates the epoxide ring-opening curing reaction. By enhancing the molecules’ motion and raising the number of collisions in the epoxy/amine systems due to the higher kinetic energy per molecule at higher heating rates, the curing reaction is completed in a shorter time for all samples [39]. As demonstrated in Figure 7, the epoxy nanocomposite consisting of Mg-Al-CO3-HA showed a higher curing rate at all heating rates and took less time for the reaction with respect to the two other samples, which is due to the incomplete curing of the EP/Mg-Al-CO3-HA. In the case of the EP/Zn-Al-CO3-HA, as reported in Table 3, the lower value for the heat release during the curing reaction for the epoxy nanocomposite containing the Zn-Al-CO3-HA represents incomplete curing compared to the neat epoxy, but the presence of Zn2+ in the curing moiety led to the continuation of the reaction for more time, although the presence of carbonate ions and phosphate groups on the LDH surfaces prevented the positive role of these cations in improving the epoxide ring opening reaction.



Isoconversional method (model-free) approaches were used for evaluating the kinetic parameters of epoxy in the presence of the Zn-Al-CO3-HA and Mg-Al-CO3-HA LDHs. In the isoconversional methods, it is assumed that the curing reaction rate at a specified α is only temperature dependent [40,41]. The differential Friedman method and integral KAS model were selected to obtain nonisothermal kinetics parameters [42,43]. The equations of the Friedman and KAS models are described in Appendix A (Appendix A.1 and Appendix A.2). The activation energies (Eα) for neat epoxy and its nanocomposites as a function of the extent of curing from both the Friedman and KAS models are shown in Figure 8. As demonstrated in Figure 8, the presence of LDHs in epoxy resin leads to an increase in Eα values compared to neat epoxy. In other words, the viscosity increase of the epoxy nanocomposites containing platelet-like LDHs prevents the amine molecules from accessing the epoxide rings in the curing moiety and, consequently, raises the activation energy Eαof the curing reaction of the nanocomposites [44,45]. Moreover, the incomplete curing of the epoxy nanocomposite in the presence of the HA-functionalized LDHs is one of the reasons for increasing the activation energy of epoxy/amine systems. Moreover, the reduction in Eα, calculated by the KAS model, increasing at higher conversions (α > 0.2), confirms the autocatalytic mechanism of the curing reaction [46].



The average values of Eα over the whole range of α based on the Friedman and KAS methods are summarized in Table 4. As reported in Table 4, the Eα values calculated by both the Friedman and KAS models for the epoxy nanocomposites are generally higher with respect to those of the neat epoxy. This is mainly due to the viscosity increase in the epoxy/amine systems in the presence of LDHs. In addition, determining the reaction model and degree of the curing reaction by the Friedman and Málek methods is fully explained in Appendix B and Appendix C, respectively. According to the verification of the autocatalytic curing reaction by the Málek method (Appendix B.2 in Appendix B), the degrees of the autocatalytic and noncatalytic reactions (m and n) and the frequency factor (ln A), which are explained in Appendix C, are represented in Table 4. As shown in Table 4, the m values, which show the autocatalytic order of the curing reaction, decreased in the epoxy/LDHs nanocomposites. For both epoxy nanocomposites, the hindrance effect of the HA-functionalized LDHs in the curability of the systems leads to a reduction in the autocatalytic degree of the curing reaction, and m values calculated by the Friedman method are reduced from 0.44 for epoxy resin to 0.21 and 0.20 for the epoxy nanocomposites containing Zn-Al-CO3-HA and Mg-Al-CO3-HA, respectively. On the other hand, the frequency factor, which indicates the number of molecular collisions in the epoxy/amine systems, increased in the presence of the HA-functionalized LDHs. According to the results, due to the competition of carbonate and phosphate, the reaction between epoxy and amine was hindered as reflected in the lower values of m and n.



In order to verify the curing kinetic parameters of the epoxy/amine systems, the obtained curing rates (dα/dt) from both the isoconversional Friedman and KAS models compared with the experimental data are shown in Figure 9. As can be seen in Figure 9, the results of the theoretical models for the epoxy/LDH nanocomposites are fully consistent with the laboratory results.






4. Conclusions


In this work, hydroxyapatite functionalized LDHs were synthesized and characterized by FTIR, XRD, and TGA/DTG analyses. Moreover, the curing reaction for epoxy nanocomposites containing 0.1 wt % HA-functionalized LDHs was studied using the nonisothermal DSC. The FTIR analysis confirmed the presence of phosphate groups of hydroxyapatites. Besides, the TGA/DTG analysis showed a significant improvement in the thermal stability of the HA-functionalized LDHs. The obtained results demonstrate a total weight loss of 9.89 and 25.92 wt % for Zn-Al-CO3-HA and Mg -Al-CO3-HA LDHs, respectively, which indicates a remarkable reduction in thermal decomposition compared to pristine LDHs. Investigating the cure potential of the epoxy nanocomposites in the presence of HA-functionalized LDHs elucidates that the curing reaction is hindered in the presence of LDHs in the curing moiety, and the CI criteria shifted to the Poor area. Moreover, the Eα values, as a function of α for epoxy/LDH nanocomposites, increased for higher α, which confirms the inhibitory role of the LDHs in the curing reaction. For example, the average value of Eα for the neat epoxy is determined to be 49.38 kJ/mol based on the Friedman method, compared to 55.41 and 55.61 kJ/mol for epoxy containing Zn-Al-CO3-HA and Mg-Al-CO3-HA LDHs, respectively. Based on the results achieved in this work, it can be deduced that a Poor cure state in the studied system takes place regardless of the heating rate and the type of intercalating ions. This would be considered as the main reason for the inadequate thermal and mechanical properties observed in the assigned systems. In other words, cross-linking analysis makes it possible to judge about the changes in the properties of thermoset nanocomposites.
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Appendix A. Isoconversional Kinetic Methods


Appendix A.1. Friedman Model


The Friedman model is given by [47,48]:


  l n  [   β i     (    d α   d T    )    α , i    ]  = l n  [  f  ( α )   A α   ]  −    E a    R  T  α , i      



(A1)







The plot of     l n  [   β i     (  d α / d T  )    α , i    ]    vs. 1/Tα is shown in Figure A1, whose slope gives the value of Eα at each α.
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Figure A1. Fitting plots for the neat epoxy and its nanocomposites based on the Friedman model. 






Figure A1. Fitting plots for the neat epoxy and its nanocomposites based on the Friedman model.
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Appendix A.2. KAS Method


The KAS method can be described by the following expression [49,50]:


  l n  (     β i     T  α , i   1.92      )  = C o n s t − 1.0008  (     E a    R  T α     )   



(A2)







By plotting   l n  (   β i  /  T  α , i   1.92    )    vs. 1/Tα, a straight line is obtained, whose slope gives the Eα (Figure A2).
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Figure A2. Fitting plots for the neat epoxy and its nanocomposites based on the KAS model. 






Figure A2. Fitting plots for the neat epoxy and its nanocomposites based on the KAS model.



[image: Polymers 12 01157 g0a2]






Appendix A.3. FWO Model


The FWO model is defined by the following equation [51,52]:


  l n  (   β i   )  = C o n s t − 1.052  (     E α    R  T α     )   



(A3)







In the FWO method, Eα is determined from the slope of ln(βi) vs. 1/T as shown in Figure A3. In this method, the Eα obtained is independent of the α. The values of Eα obtained by the FWO method are 55.74 kJ/mol, 63.77 kJ/mol, and 59.87 kJ/mol for neat epoxy, EP/Zn-Al-CO3-HA, and EP/Mg-Al-CO3-HA, respectively.
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Figure A3. Plots of ln(β) vs. 1/T for neat epoxy and its prepared nanocomposites based on the FWO model. 
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Appendix B. Selection of the Cure Reaction Model


Appendix B.1. Friedman Model


The Friedman method (Equation (A4)) can be used for the determination of the epoxy cure reaction model. The shape of the plot of ln[Af(α)] vs. ln(1 − α) denotes the catalytic or non-catalytic reaction mechanism (Figure A4) [53].


  l n  [  A f  ( α )   ]  = l n  (    d α   d t    )  +    E a    R T   = l n A + n l n  (  1 − α  )   



(A4)







For the non-catalytic nth-order cure mechanism, a straight line was obtained by plotting ln[Af(α)] vs. ln(1 − α), whose slope gives the reaction degree (n).
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Figure A4. Plots of ln [Af(α)] vs. ln(1 − α) for the samples under a heating rate of 2 °C∙min−1. 
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Appendix B.2. Málek Method


The kinetic model based on the Málek method is determined by introducing two functions:


  y  ( α )  =    (    d α   d t    )   α  e x p  (     E a    R  T α     )  = A f  ( α )   



(A5)






  z  ( α )  =    (    d α   d t    )   α   T α 2   



(A6)







In Equation (A5), the constant value of Eα obtained from the FWO method was used for the determination of the y(α) value. y(α) and z(α) were normalized as follows to vary between 0 and 1:


   y n   ( α )  =   y  ( α )    m a x  [  y  ( α )   ]     



(A7)






   z n   ( α )  =   z  ( α )    m a x  [  z  ( α )   ]     



(A8)







The maximum values, max[y(α)] = αm and max[z(α)]= αp, can be found from the following expressions:


   f ′   (   α m   )  = 0  



(A9)






   f ′   (   α p   )  g  (   α p   )  = − 1  



(A10)







Based on the Málek method, the cure kinetic model is determined using the maximum points of y(α) = (αm), z(α) = (αp∞) as the most important factors and the peak of conversion in the DSC curves (αp), which is explained by Equations (A7) and (A8) [54,55]. The values of the Málek model (αm, αp∞, and αp) for epoxy samples are listed in Table A1. As represented in Table A1, the values of αm are larger than zero and smaller than αp∞, and the values of αp∞ are unequal to 0.632, which represent a two-parameter autocatalytic kinetic model for epoxy systems [56,57]. A comparison between the experimental and theoretical values of y(α) and z(α) for EP, EP/Zn-Al-CO3-HA, and EP/Mg-Al-CO3-HA nanocomposites as a function of α is shown in Figure A5.
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Table A1. The values of αp, αm, and αp∞ obtained from the Málek model at various heating rates.
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Designation

	
Heating Rate (°C∙min−1)

	
αp∞

	
αm

	
αp






	
EP

	
2

	
0.4934

	
0.1991

	
0.5188




	
5

	
0.4892

	
0.1820

	
0.5435




	
7

	
0.4808

	
0.1860

	
0.5294




	
10

	
0.5606

	
0.2150

	
0.5317




	
EP/Zn-Al-CO3-HA

	
2

	
0.5098

	
0.0898

	
0.5279




	
5

	
0.5601

	
0.0755

	
0.5320




	
7

	
0.4990

	
0.0626

	
0.5229




	
10

	
0.5327

	
0.0408

	
0.5300




	
EP/Mg-Al-CO3-HA

	
2

	
0.4946

	
0.1161

	
0.5181




	
5

	
0.5497

	
0.1032

	
0.5261




	
7

	
0.6362

	
0.0974

	
0.5346




	
10

	
0.5909

	
0.0914

	
0.5337
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Figure A5. y(α) and Z(α) curves as a function of α for prepared samples based on the Málek model. 
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Appendix C. Determination of the Degree of Reaction


As the autocatalytic cure mechanism for epoxy nanocomposites was determined by the Friedman and Málek models, the curing kinetics of epoxy nanocomposites can be explained by the following equation [58]:


    d α   d t   = A exp ( −    E α    R T   )  α m    ( 1 − α )  n   



(A11)







The degrees of the autocatalytic and noncatalytic reactions (m and n) and the frequency factor (A) can be calculated by the following equations [59,60]:


  V a l u e   I = l n  (    d α   d t    )  +    E a    R T   − l n  [    d  (  1 − α  )    d t    ]  −    E a    R  T ′    =  (  n − m  )  l n  (    1 − α  α   )   



(A12)






  V a l u e   I I = l n  (    d α   d t    )  +    E a    R T   + l n  [    d  (  1 − α  )    d t    ]  +    E a    R  T ′    =  (  n + m  )  l n  (  α −  α 2   )  + 2 l n A  



(A13)







The slope of the plot of Value I vs. ln [(1 − α)/α] (Figure A6) gives the value of (n − m), and the slope and intercept of the plot of Value II vs. ln(α − α2) (Figure A7) gives the values of (n + m) and 2lnA.
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Figure A6. Plots of Value I for the prepared samples. 
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Figure A7. Plots of Value II for the prepared samples. 
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Figure 1. FTIR spectra of Zn-Al-CO3-hydroxyapatite (HA) and Mg-Al-CO3-HA layered double hydroxide (LDHs). 
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Figure 2. XRD analysis of Zn-Al-CO3-HA and Mg-Al-CO3-HA LDHs. 
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Figure 3. Thermogravimetric (TGA)/DTG analysis of Zn-Al-CO3-HA and Mg-Al-CO3-HA LDHs. 
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Figure 4. Dynamic differential scanning calorimetry (DSC) thermograms of EP [21], EP/Zn-Al-CO3-HA, and EP/Mg-Al-CO3-HA at different heating rates. 
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Figure 5. Possible reactions between hydroxyapatite (HA)-functionalized LDHs with epoxy resin and TETA curing agent. 
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Figure 6. Cure state of the EP/Zn-Al-CO3-HA and EP/Mg-Al-CO3-HA nanocomposites at different heating rates. 
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Figure 7. The α-time curves for the EP, EP/Zn-Al-CO3-HA, and EP/Mg-Al-CO3-HA nanocomposites at heating rates of 2, 5, 7, and 10 °C∙min−1. 
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Figure 8. Estimation of the activation energy for the EP, EP/Zn-Al-CO3-HA, and EP/Mg-Al-CO3-HA nanocomposites: (a) differential Friedman and (b) integral Kissinger–Akahira–Sunose (KAS) models. 
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Figure 9. Comparison of the experimental curing rates with the values obtained from the kinetic models (Friedman and KAS). 
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Table 1. Weight compositions of epoxy samples.






Table 1. Weight compositions of epoxy samples.





	Sample
	Nanoparticle
	Content (wt %)





	Ep
	-
	0.0



	Ep/Zn-Al-CO3-HA
	Zn-Al-CO3-HA LDH
	0.1



	Ep/Mg-Al-CO3-HA
	Mg-Al-CO3-HA LDH
	0.1
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Table 2. Crystallographic parameters of the samples.






Table 2. Crystallographic parameters of the samples.





	
Sample

	
2θ of Main Peaks

	
Basal Spacing (C/3) (Å)

	
Intermetallic Distance (2a) (Å)




	
(003)

	
(006)

	
(110)






	
Zn-Al-CO3-HA

	
11.17

	
22.12

	
60.28

	
7.91

	
3.06




	
Mg-Al-CO3-HA

	
11.31

	
22.38

	
60.28

	
7.81

	
3.08
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Table 3. Cure characteristics of the prepared epoxy nanocomposite as a function of the heating rate.






Table 3. Cure characteristics of the prepared epoxy nanocomposite as a function of the heating rate.





	
Designation

	
β (°C/min)

	
Tonset (°C)

	
Tendset (°C)

	
Tp (°C)

	
ΔT (°C)

	
ΔH∞ (J/g)

	
ΔT*

	
ΔH*

	
CI






	
EP [21]

	
2

	
27.47

	
130.94

	
74.30

	
103.47

	
353.95

	
n.a.

	
n.a.

	
n.a.




	
5

	
30.67

	
157.98

	
88.17

	
127.31

	
375.90

	
n.a.

	
n.a.

	
n.a.




	
7

	
33.27

	
172.55

	
95.77

	
139.28

	
345.48

	
n.a.

	
n.a.

	
n.a.




	
10

	
32.22

	
183.55

	
104.41

	
151.32

	
387.63

	
n.a.

	
n.a.

	
n.a.




	
EP/Zn-Al-CO3-HA

	
2

	
27.86

	
127.39

	
75.28

	
99.53

	
303.06

	
0.96

	
0.85

	
0.82




	
5

	
28.72

	
150.21

	
89.14

	
121.49

	
322.93

	
0.95

	
0.86

	
0.82




	
7

	
29.65

	
168.11

	
95.04

	
138.46

	
333.74

	
0.99

	
0.96

	
0.95




	
10

	
33.93

	
172.55

	
101.41

	
138.62

	
381.53

	
0.92

	
0.98

	
0.98




	
EP/Mg-Al-CO3-HA

	
2

	
30.29

	
126.06

	
74.25

	
95.77

	
292.63

	
0.92

	
0.83

	
0.76




	
5

	
32.72

	
150.61

	
89.62

	
117.89

	
361.07

	
0.93

	
0.96

	
0.89




	
7

	
35.45

	
149.76

	
95.00

	
114.31

	
309.27

	
0.82

	
0.89

	
0.73




	
10

	
35.94

	
168.25

	
102.18

	
132.31

	
341.76

	
0.87

	
0.88

	
0.76








n.a.—not applicable (reference measurements).
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Table 4. The kinetic parameters of neat epoxy and its nanocomposites based on the Friedman and KAS methods.
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Designation

	
Heating Rate (°C∙min−1)

	
Eα (kJ/mol)

	
ln(A) (1/s)

	
Mean (1/s)

	
m

	
Mean

	
n

	
Mean






	
Friedman method




	
EP

	
2

	
49.38

	
15.44

	
15.52

	
0.44

	
0.44

	
1.40

	
1.42




	
5

	
15.64

	
0.44

	
1.41




	
7

	
15.48

	
0.39

	
1.42




	
10

	
15.55

	
0.49

	
1.46




	
EP/Zn-Al-CO3-HA

	
2

	
55.41

	
17.21

	
17.23

	
0.23

	
0.21

	
1.35

	
1.38




	
5

	
17.22

	
0.19

	
1.34




	
7

	
17.23

	
0.21

	
1.42




	
10

	
17.26

	
0.21

	
1.42




	
EP/Mg-Al-CO3-HA

	
2

	
55.61

	
17.33

	
17.28

	
0.23

	
0.20

	
1.37

	
1.35




	
5

	
17.24

	
0.19

	
1.35




	
7

	
17.29

	
0.19

	
1.31




	
10

	
17.26

	
0.20

	
1.36




	
KAS method




	
EP

	
2

	
54.37

	
17.16

	
17.17

	
0.39

	
0.38

	
1.45

	
1.47




	
5

	
17.29

	
0.39

	
1.45




	
7

	
17.10

	
0.33

	
1.47




	
10

	
17.13

	
0.43

	
1.51




	
EP/Zn-Al-CO3-HA

	
2

	
59.94

	
18.77

	
18.72

	
0.18

	
0.15

	
1.40

	
1.42




	
5

	
18.71

	
0.14

	
1.38




	
7

	
18.70

	
0.15

	
1.46




	
10

	
18.70

	
0.15

	
1.46




	
EP/Mg-Al-CO3-HA

	
2

	
59.05

	
18.52

	
18.41

	
0.20

	
0.16

	
1.40

	
1.38




	
5

	
18.37

	
0.15

	
1.38




	
7

	
18.41

	
0.14

	
1.34




	
10

	
18.36

	
0.15

	
1.39
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