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Abstract

:

Thermomechanical modeling of epoxy/graphene oxide under quasi-static and dynamic loading requires thermo-mechanical properties such as Young’s modulus, Poisson’s ratio, thermal conductivity, and frequency-temperature dependent viscoelastic properties. In this study, the effects of different graphene oxide (GO) concentrations (0.05, 0.1, and 0.2 wt%) within an epoxy matrix on several mechanical and thermal properties were investigated. The distribution of GO fillers in the epoxy was investigated using transmission electron microscopy (TEM). The digital image correlation (DIC) technique was employed during the tensile testing to determine Young’s modulus and Poisson’s ratio. Analytical models were used to predict Young’s modulus and thermal conductivity, with an error of less than 13% and 9%, respectively. Frequency–temperature dependent phenomenological models were proposed to predict the storage moduli and loss tangent, with a reasonable agreement with experimental data. A relatively high storage modulus, heat-resistance index (THRI), and thermal conductivity were observed in 0.2 wt% nanocomposite samples compared with pure epoxy and other lower concentration GO nanocomposites. A high THRI and derivative of thermogravimetric analysis peak temperatures (Tm1 and Tm2) were exhibited by adding nano-fillers in the epoxy, which confirms higher thermal stability of nanocomposites than that of pristine epoxy.
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1. Introduction


Epoxy resin is one of the most commonly used thermosetting matrix systems in aircraft and automotive components, marine structures, and several coatings and adhesives due to its low shrinkage, high strength, and excellent physical and chemical stability [1]. However, owing to the low thermal conductivity of epoxies, it is difficult to dissipate heat generated when subjected to frequency-dependent loading of structures [2,3]. As a result, crack tends to form during loading, and ultimately reduces the life of the component [4,5]. The addition of suitable nano-fillers in the epoxy resin was found to enhance the thermal conductivity, temperature–frequency-dependent viscoelastic properties, fatigue life, and fracture toughness [6]. The high surface area of nano-fillers can potentially improve the interfacial bonding with the polymer chains, resulting in enhanced thermal stability and energy absorption capability of the nanocomposite [7,8,9]. Recently, nanoparticles such as carbon black, carbon nanotubes (CNTs), and graphene have found potential use as fillers in polymer matrix composites (PMCs) [10,11]. Therefore, experimental characterization and modeling of mechanical and other multifunctional properties is of great interest to many industries [12].



In particular, graphene oxide (GO) and CNTs possess higher improvement in mechanical, thermal, and impact properties among the other types of fillers [13]. However, the cost of CNTs is relatively high and, more importantly, the high viscosity of the CNTs/epoxy mixture limits adding higher amounts of CNTs into the matrix [14]. In contrast to CNTs/epoxy mixtures, the low viscosity of the epoxy/GO mixtures at similar mixing ratios facilitates a better processibility [15] even for a higher range of nano-filler addition [16]. Rafiee et al. [17] investigated and compared the mechanical properties of pristine epoxy and low weight percentage (0.1%) of GO fillers and single and multi-walled CNTs added into the epoxy matrix. It was reported that the tensile strength, modulus, and mode I fracture toughness values of GO-reinforced nanocomposites were significantly higher than those of single- and multi-walled CNTs-reinforced nanocomposites. Owing to these benefits, GO offers potential applications in the fields of aerospace, bioengineering, electrical and electronic devices, energy and battery applications, and so on [18,19,20]. Moreover, their unique mechanical characteristics combined with high surface area and large aspect ratio have great potential for next-generation polymer matrix composites [21].



Recently, several multifunctional properties of GO-based nanocomposites have been investigated. Qi et al. [22] studied the tensile, flexural, impact, and thermal properties of different weight percentages (0, 1, 3, 5, and 7 wt%) of GO mixed in the epoxy matrix to manufacture nanocomposites. It was reported that the tensile and impact properties increased as the filler content increased up to 3 wt%, and then the properties decreased with further addition of the nano-filler in the matrix. However, the flexural properties and thermal stability, which were measured based on weight reduction using a thermogravimetric analysis (TGA), increased up to 5 wt% of nano-filler content and then decreased. The decrease in properties at a higher filler content was attributed to non-uniform dispersion owing to agglomerations in the resin. Olowojoba et al. [23] studied the tensile and thermal properties of different weight percents of reduced graphene oxide (rGO) filler from 0 wt% to 0.06 wt% in the epoxy resin. As the filler content increased, an increase in tensile modulus and thermal conductivity was observed, whereas a decrease in tensile strength, fracture strain, and Tg were also reported. Liu et al. [24] studied the effects of different concentrations (0, 0.1, 0.5, 1, and 1.5 wt%) of GO on mechanical and thermal properties of epoxy resin. It was found that the flexural modulus increased continuously, whereas Tg decreased with the addition of GO from 0 wt% to 1.5 wt% in the epoxy matrix. However, the flexural strength and impact energy increased up to 1 wt% of GO addition and then decreased after further addition of GO. The drop in properties at 1.5 wt% GO was mainly owing to the agglomeration of GO in the resin at a high filler content. The addition of modified graphene nano-fillers (GO is functionalized with amino groups) of 0.98 vol% in the epoxy resin resulted in an increase in fracture toughness by 387% [25]. Moriche et al. [26] reported an increase in thermal conductivity of approximately 206% and 306% by adding 8 and 10 wt%, respectively, of GO nano fillers in the epoxy resin.



Monteserin et al. [27] studied the dynamic mechanical properties of different weight fractions (0, 0.5, 2, and 5 wt%) of GO and rGO incorporated in epoxy matrix, over a temperature range of −50 °C to 250 °C at 1 Hz frequency. A continuous decrease in [(tan δ)max] values and an increase in storage modulus values up to 0.5 wt% of GO content were observed, and then decreases with further addition of GO into the epoxy matrix. This confirms the drawback of incorporating higher concentrations of nano-fillers into the polymer matrix. Higher Tg values were also found in rGO samples compared with the GO-modified matrix, although not much variation was found in storage modulus and loss tangent. Tang et al. [28] performed dynamic mechanical experiments on different weight percentages (0, 0.05, and 0.1 wt%) of GO added in the epoxy resin. The Tg decreased continuously with the increase in nano-filler content in the epoxy. However, the initial storage modulus decreases up to 0.05 wt% from 0 wt%, and then increases with further increase in the nano-filler.



Yu et al. [29] investigated the mechanical and thermal behavior of GO-incorporated shape memory epoxy nanocomposites. Higher values of tensile strength, Young’s modulus, and storage modulus than pristine epoxy resin were observed, whereas lower values of fracture strain and peak loss tangent [(tan δ) max] at a filler content of 1.2 wt% were reported. In a recent study [30], it was reported that GO nano fillers improved the self-healing properties of the polymer matrix owing to its shape memory effect. More importantly, GO offers excellent barrier properties such as electromagnetic interference (EMI) shielding effectiveness as no other filler including CNT can offer this functionality better than GO [31]. Song et al. [32] studied multi-functional properties (thermal and electrical properties and EMI shielding performance) of pristine epoxy and different weight percentages of honeycomb structural rGO-MXene (rGMH)/epoxy nanocomposites. The storage modulus, heat-resistance index, and EMI shielding values measured in the pristine epoxy sample were ~6 GPa, 173.5 °C, and 2 dB, respectively. However, these values were increased to 7.56 GPa, 184.1 °C, and above 30 dB (depends on cell size), respectively, with the addition of rGO of 1.2 wt% and MXene of 3.3 wt% in the epoxy. Wang et al. [3] reported that thermally annealed graphene aerogels (TAGA) added in epoxy nanocomposites provide better thermal and electrical properties and EMI shielding performance than pristine epoxy. Further details about polymer-based EMI shielding composites have been reported in recent articles [33,34,35].



Despite the availability of several experimental studies related to epoxy/GO nanocomposites, a limited number of studies are available for modeling the multifunctional properties such as the static and dynamic mechanical properties and thermal conductivity of epoxy/GO nanocomposites. Some researchers have attempted modeling the mechanical properties [36,37] and thermal conductivity of epoxy/GO nanocomposites [38,39] containing relatively high weight percentages of GO fillers. High weight percentages of GO fillers cause resin embrittlement, which lead to decrease in the mechanical properties and especially a decrease in the pseudo-ductility [23].



Moreover, to the best of our knowledge, there are no studies available on modeling the temperature–frequency-dependent viscoelastic properties of epoxy/GO nanocomposites. Therefore, our primary goal is not to enhance the properties by modifying the interaction between filler and matrix; instead, this study is aimed at modeling multifunctional properties of relatively low weight percentages (up to 0.2 wt%) of GO filler incorporated in the epoxy matrix. This work is novel in aspects related to the thermo-mechanical modeling and multifunctional properties analysis of epoxy/GO nanocomposites. In this study, we experimentally investigated the tensile properties based on DIC and performed thermomechanical analysis including DMA, DSC, TGA, thermal conductivity, and EMI shielding effectiveness of epoxy/GO nanocomposites. Besides, the theoretical models were used to predict the tensile modulus, thermal conductivity, and temperature–frequency-dependent viscoelastic properties. The DIC was used to report Poisson’s ratio of nanocomposites, which is a useful property to be used as an input parameter in multiscale modeling.




2. Materials’ and Sample Fabrication


Recently, epoxy/GO nanocomposites have found interest in several fiber-reinforced polymer composite applications. The materials used in this study were graphene oxide (GO) synthesized from graphite powder (supplied from Sigma-Aldrich Co. Ltd. Abu Dhabi, U.A.E.) through the modified Hummers method. Gurit’s Prime 20LV™ epoxy resin and hardener were used as the matrix material. The procedure for GO preparation was reported in our previous study [40]. The stepwise fabrication procedure for different weight contents of GO mixed epoxy samples is given in Figure 1.



Initially, GO and epoxy resin was thoroughly mixed using a magnetic stirrer for 2 h, and then the hardener was added into the mixture. The resin to hardener ratio used was 100:28 by weight. After that, the samples were poured into a metallic casting mold and cured at room temperature for 24 h. Further, the samples were post-cured at 65 °C for 7 h before performing the experiments. The same procedure was used for preparing different weight concentrations (0, 0.05, 0.1, and 0.2%) of epoxy/GO nanocomposite samples. The manufactured samples are shown in Figure 4. Before performing the experiments, the dispersion of GO nano-fillers in the epoxy matrix was studied using a high-resolution transmission electron microscopy (Model: FEI Tecnai G2 F20 S-TWIN HR(S). The TEM images were captured at different magnifications, which are shown in Figure 3 in Section 5.1. A good uniform dispersion of GO in the epoxy resin was observed.




3. Experimental Procedures


3.1. Thermo-Mechanical Experiments


3.1.1. Tensile Testing


Tensile tests were performed as per the ASTM D638 on all manufactured samples using Instron (Model: 5969) universal testing machine (UTM). These tests were performed at the displacement rate of 2 mm/min. The displacement was measured in situ by employing the hybrid non-contact displacement measurement techniques such as two-point and full-field (DIC) using the laser-based advanced video extensometer (AVE), as shown in Figure 2.



The AVE camera equipped with Fujinon HF-35-HA-1B series lenses with the focal length ranging from 9 mm to 35 mm was used. A maximum number of 50 fps (frames per second) can be captured using this camera. A focal length of 35 mm was used in this study for capturing the images. The width and thickness of the samples in the gauge portion used were 13 mm and 3 mm, respectively. Finally, the captured images were post-processed using the DIC replay software to obtain the required displacement field and strain distribution in the region of interest. Further details about the DIC procedure employed and the advantages of non-contact strain measurement techniques over contact strain measurement techniques are given in our previous study [41,42,43].




3.1.2. Frequency–Temperature-Dependent Viscoelastic Properties


The thermal tests under the cyclic load were also performed on different weight fractions of epoxy/GO nanocomposites using the dynamic mechanical analyzer (DMA; Model: PerkinElmer DMA8000) under three-point bending. The dimensions used for this test were 20 mm × 7 mm × ~3 mm (length, width, and thickness, respectively). The tests were performed at different frequencies, namely, 0.1, 1, 5, 10, 15, and 30 Hz, over the temperature range from 23 °C to 150 °C at a heating rate of 2 °C/min.




3.1.3. Thermal Conductivity (TC) Measurements


The thermal conductivity experiments were performed on pure epoxy and GO modified samples using the hot disk thermal constants analyzer (Model: TPS 2500 S). The specimen dimensions used for this test were 45 mm × 45 mm (length and width). The thickness of the samples used was approximately 3 mm.





3.2. Thermal Characterization


3.2.1. Differential Scanning Calorimetry (DSC)


The heat flow experiments were performed on different weight percentages of GO reinforced epoxy samples using the TA instrument (Model: SDT Q600). These experiments were performed over the temperature range of 23 °C to 150 °C, at a heating rate of 10 °C/min.




3.2.2. Thermogravimetric Analysis (TGA)


The percentage reduction in the mass of different weight percentages of GO-reinforced epoxy samples was studied through TGA analysis using the TA instrument (Model: SDT Q600). These experiments were performed over the temperature range of 23 °C to 900 °C, at a heating rate of 10 °C/min.





3.3. Electromagnetic Interference (EMI) Shielding


EMI shielding effectiveness (SE) experiments were performed on pure epoxy and GO nanocomposites using a vector network analyzer (Model: Agilent, E5071CENA). These tests were performed over a frequency range of 8.40 GHz to 12.20 GHz. The dimensions of the specimen used for this test were 22.5 mm and 12 mm (length and width). The thickness of the specimen used was approximately 3 mm.





4. Theoretical Modeling


4.1. Young’s Modulus


The tensile modulus of epoxy/GO nanocomposites (   E  tc    ) with randomly oriented nano-fillers can be predicted using the Halpin–Tsai model [17,37], which is given by the following Equation (1):


   E  tc   =  3 8     E L  +  5 8     E T   



(1)




where    E L  =  E  tm         1 +  η L    ξ    V p    1 −  η L     V p         ;    E T  =  E  tm         1 +  η T     V p    1 −  η T     V p         ;    η L  = (        E p     E  tm     − 1      E p     E  tm     + ξ      );    η T  = (        E p     E  tm     − 1      E p     E  tm     + 2      );    E  tm     and    E p    are the tensile moduli of pristine epoxy and GO nano-filler, respectively. The tensile modulus of pristine epoxy is 2.73 GPa, which was measured in this study using the experiments. The tensile modulus of GO nano filler is approximately 250 GPa [21].    V p    is the volume fraction of GO filler. The densities of epoxy and GO filler are 1350 kg/m3 and 2250 kg/m3, respectively [36].   ξ =  2 3       l p     t p     ; lp and tp are the length and thickness of the GO filler, respectively. The values of lp and tp are approximately 0.85 μm and 2.696 nm, respectively [37].




4.2. Frequency–Temperature-Dependent Viscoelastic Modeling


The viscoelastic properties such as storage modulus     E ′   T ,    f       , loss modulus     E ″   T ,    f       , and damping term (tan δ) called the loss factor are functions of both the temperature and frequency. When the thermal load is applied to polymer or polymer composite samples cyclically, those materials restore some amount of stiffness owing to their elasticity, while losing some quantity of stiffness owing to damping [42]. The elastic behavior of the viscoelastic material during cyclic loading can be indicated as the storage modulus. Maximum storage modulus exists at room temperature, which is called the initial storage modulus    E  max  ′    T ,    f     . The stiffness loss during sinusoidal thermal load can be represented as loss or viscous modulus. The loss factor is the other essential viscoelastic parameter that can be obtained from the ratio of    E  ″    T ,    f      and   E ′   T ,    f      [44]. The procedure for predicting these viscoelastic properties is discussed in the sub-sections.



4.2.1. Effect of Frequency on Storage Modulus and Glass Transition Temperature


In this section, the theoretical models for predicting the effect of frequency on storage modulus and glass transition temperature (Tg) of pristine epoxy and epoxy/GO nanocomposites are discussed. The effect of frequency ( f ) on storage modulus can be determined using Equation (2), which is given by [45]


  E ′    f  =   E ′   ref      f      1 + ζ   l o g   (  f   f  ref       )      



(2)




where   E  ′  ref      is the instantaneous storage modulus at the reference frequency (   f  ref   )   of 1 Hz. It is experimentally measured using the DMA.  ζ  is the frequency sensitivity coefficient.



The glass transition temperature of polymers and their nanocomposites can be classified as Tg (E′) middle or Tmg corresponding to the inflection point of storage modulus, Tg (E″)max corresponding to the peak value of E″, and Tg (tan δ)max corresponding to peak values of tan δ. Tg (tan δ)max is the highest one and Tg (E′)middle is the lowest one among these three glass transition temperature values. Most researchers reported Tg as the temperature obtained from loss modulus and loss factor peak values [42]. The shift in Tg values with the increase in frequency can be studied using the Arrhenius model via the activation energy expression and is given by [46]


  l n    f  = −  1 R       E a       T g      + l n    N     



(3)




where   f ,    E a   ,  R , and N are the applied frequency, activation energy, gas constant, and pre-exponential factor, respectively. Th strain line equation is (y = mx + c). y = ln (f) and x =      1   T g       ; m is the slope = −       E a   R     ; the activation energy can be calculated in terms of the slope of    ln     f     vs  .   1 /    T g      and is given by [47]


   E a  = − R × s l o p e      



(4)








4.2.2. Effect of Volume Fraction on the Storage Modulus


In this section, the theoretical models for predicting the effect of volume fraction on the storage modulus of epoxy/GO nanocomposites are discussed. The storage modulus of nanocomposites can be predicted using Einstein’s model [48,49], which can be given by


   E ′  =  E  m    1    1 +  V p       



(5)




where    E  m    1    and    V p    are the matrix storage modulus and volume fraction of nano-fillers, respectively. Guth [50] modified Equation (5) to reduce the deviation between the predicted and experimental storage modulus values, which is given by


   E ′  =  E  m    1    1 + 2.5    V p  + 14.1    V p 2         



(6)







However, in these models, the volume fraction of nanoparticles is the only controlling parameter. However, it is also important to use theoretical models that consider the temperature and frequency effects, as the viscoelastic properties of polymers and their nanocomposites rely on these parameters.




4.2.3. Effects of Temperature and Frequency on Storage and Loss Moduli


In this section, the theoretical models for predicting the effects of temperature and frequency on storage and loss moduli of pristine epoxy and epoxy/GO nanocomposites are discussed. The two-parameter viscoelastic model for polymers and polymer matrix composites is proposed by Feng et al. [51,52] to predict the complete history of storage and loss modulus curves, which are given by


  E ′   T ,   f   =  E G ′  −    E G ′  −  E R ′           2 q  − 1      e  p   q      T m    g  − T     + 1        1 q             



(7)






  E ″   T ,   f   = C     p      2 q  − 1      e  p   q      T m    g  − T              2 q  − 1      e  p   q      T m    g  − T     + 1        1 q  + 1            



(8)




where   C =       E ″   max          p   q    q + 1          1 q  + 1          ;    E G ′    is the glassy storage modulus and    E R ′    is the rubbery storage modulus; and T is the temperature.  p  and q are the intrinsic growth rate and the symmetry of the glass transition region, respectively. These parameters are determined by curve fitting degree of glass transition    φ    versus T using Equation (9) [53]:


   φ  =  1         2 q  − 1    e  p   q      T m    g  − T     + 1        1 q             



(9)









4.3. Thermal Conductivity Modeling


The thermal conductivity of epoxy/GO nanocomposites can be determined through the Russell model using Equation (10), which is given by [38]


   λ c  =  λ m         V p     2 / 3   +    λ m     λ  p     1 −  V p     2 / 3              V p     2 / 3   −  V p  +    λ m     λ  p     1 −  V p     2 / 3                    



(10)




where    λ c  ,      λ m   , and    λ p    are the thermal conductivity of composites, pristine epoxy, and GO filler, respectively.      λ m    = 0.258 W/mK is measured in this study through the experiments.    λ p    = ~18 W/mK is taken from the literature [54].




4.4. EMI Shielding Modeling


In recent times, the EMI shielding effectiveness using GO films embedded in the polymer matrix composites has been investigated [55]. Here, we conducted the EMI shielding effectiveness measurements on pure epoxy and GO nanocomposites. The total EMI shielding (SET) is the summation of EMI shield effectiveness of absorption (SEA) and reflection (SER) phases [56]. The higher the total EMI shielding values, the lower the possible penetration of the radio or microwave radiation in the material [33,57]. These parameters (SEA and SER) can be calculated using the scattering or S- parameters: S11, S12, S21, and S22. The first and second numbers in the subscript of S-parameters refer to the responding and incident ports, respectively. The EMI shielding effectiveness values of absorption and reflection can be calculated using Equations (11) and (12), respectively [58]:


  S  E A  = 10   L o  g  10         1 −      S  11      2         S  12      2         



(11)






  S  E R  = 10   L o  g  10        1  1 −      S  11      2         



(12)









5. Results and Discussions


5.1. Transmission Electron Microscopy (TEM) Studies


Figure 3 shows the transmission electron microscopy (TEM) images of different weight percentages of GO filler-reinforced epoxy samples. TEM images show the exfoliated nanostructure in the epoxy resin. However, relatively, the samples of higher magnifications (20 nm) show more uniform dispersion of GO fillers in the epoxy compared with samples of lower magnifications (50 nm). In particular, GO fillers in samples of lower weight percentages such as 0.05 and 0.1 wt% are more uniformly distributed compared with that in 0.2 wt%. This is because of low agglomerations that took place in the epoxy at low filler loadings of 0.05 and 0.1 wt% than at 0.2 wt%.




5.2. Tensile Test Results


In this section, the tensile properties and the Poisson’s ratio of pristine epoxy (0 wt%) and epoxy/GO nanocomposites (0.05, 0.1 and 0.2 wt%) are presented and discussed. Figure 4a–d shows the Pristine specimens of epoxy and different nanocomposites. Figure 4e–h shows the tensile tested specimens of epoxy and different nanocomposites. It is observed from the tested specimens that the failure occurred in the gauge portion.



Figure 5a shows the axial strain of a 0.1 wt% GO sample measured using different strain measurement techniques. An excellent correlation of the axial strain values measured in both a two-point technique with the help of a video extensometer and a full-field technique using DIC is observed. However, the smoothness of the axial strain curve measured using DIC is higher in comparison with the two-point technique. Therefore, the DIC results are used for determining the tensile modulus of pristine epoxy and epoxy/GO nanocomposites. Figure 5b presents the tensile stress versus strain curves of the pristine epoxy and epoxy/GO nanocomposites. Figure 5c,d shows the strain contours obtained using the DIC technique at different loading conditions such as the maximum load at failure.



It can be observed from Figure 5b that the tensile strength and modulus increase, whereas the percentage failure strain decreases with an increase in GO content from 0 wt% to 0.2 wt%. Similar trends were observed by Yu et al. [29] for tensile strength and modulus; in their study, a further decrease in failure strain was observed at GO content up to 0.8 wt%. The strain contour plots at maximum loads are depicted in Figure 5c, which shows that the region of crack propagation and failure increases with the increase in GO content. These results show that the brittleness in tensile samples increased as the GO content increased. The fractured surfaces of all the samples are shown in Figure 4e–h.



Figure 6a presents the variation in tensile strength and modulus as the GO content increased from 0 wt% to 0.2 wt%. It can be observed from the figure that the average tensile strength increases by 1.7, 8.4, and 16.3% for 0.05, 0.1, and 0.2 wt% GO samples, respectively. Similar trends were reported elsewhere [59,60]. The average tensile modulus increased by 3.3, 8.1, and 17.2% for 0.05, 0.1, and 0.2 wt% GO samples, respectively. The predicted tensile modulus values of nanocomposites are given in Figure 6a, which were determined using the Halpin–Tsai model, as described by Equation (1). The percentage deviation between the experimental and predicted tensile moduli of 0.05, 0.1, and 0.2 wt% GO samples was 2.5, 6.5, and 13.8%, respectively. These results show a reasonably good agreement between the experimental and predicted tensile modulus values. Figure 6b shows the Poisson’s ratio of pristine epoxy and GO samples. The Poisson’s ratio values in the linear elastic region were found to be 0.30 in the pristine epoxy and 0.37, 0.38, and 0.32, respectively, for the GO samples. The Poisson’s ratio increased by 23.3, 26.7, and 6.7%, respectively, as the GO content increased. Similar trends were observed by Shi et al. [61] as well.




5.3. Frequency–Temperature-Dependent Viscoelastic Properties


The dynamic mechanical properties of pristine epoxy and GO samples for a temperature range of 23 °C to 150 °C at different frequencies (0.1, 1, 5, 10, 15, and 30 Hz) are presented here. The storage modulus and loss modulus are predicted for the corresponding temperature and frequency ranges using Equations (7) and (8), respectively. The tan δ values were determined from the predicted storage and loss moduli curves. The unknown parameters p and q in Equations (7) and (8) were obtained using a curve fitting parameter for the  φ  versus T graph using Equation (9) in MATLAB. As can be seen in Table S1 in the Supporting Document, the parameters p and q decrease with the increase in frequency from 0.1 Hz to 30 Hz. Similar trends were reported in studies in the literature [51,52,53].



5.3.1. Storage and Loss Moduli


The evolution of storage and loss moduli of pristine epoxy and different GO samples is discussed in this section. The results were obtained for a temperature of 23 °C to 150 °C at different frequencies (0.1, 1, 5, 10, 15, and 30 Hz). The results of storage and loss moduli values for all frequencies are given in Table S1 in the Supporting Document. As an example, Figure 7 shows the predicted results of the storage and loss moduli for the frequencies of 0.1 and 1 Hz. A good agreement was observed; however, the model was unable to predict the initial region of loss modulus at almost all frequencies.



Initially, both the storage and loss moduli curves are slightly horizontal at room temperature, which is mainly because of the immobility of molecules in the polymer matrix. Room temperature (~23 °C) is not sufficient to cause adverse effects such as translational and rotational movements of molecular chains in the resin. Thus, as the temperature increases, adverse effects occur and gradually increase the molecular movements in the resin. A sudden drop in E′ value is seen in Figure 7 in particular, and the degree of modulus drop is higher when the temperature exceeds Tg (E″). This can be attributed to material softening at higher temperatures, as the mobility of molecules changes the state from immobile at room temperature to mobile.



In contrast to the E′ curve, the E″ curve increases up to Tg. The enhanced molecular transport phenomena in the resin above Tg increases the rate of mobilization [53]. Therefore, the storage and loss moduli curves decrease continuously until the end of the transition region, which can be observed in Figure 7. After that, the shape of the curve plateaus with a further increase in temperature, which can be seen throughout the rubbery region as the molecules lose their energy at this stage.



It can be observed from Table S1 that the experimental (E′)max for epoxy increases from 5.3 GPa at 0.1 Hz to 5.6 GPa at 30 Hz (4.6% increase), whereas the predicted (E′)max increases from 5.2 GPa at 1 Hz to 5.5 GPa at 30 Hz (5% increase). Similarly, for the same range of frequency variation, the (Tg)experimental increases from 69.7 °C to 72.8 °C (4.5% increase) and (Tg)predicted increases from 67.4 °C to 72.8 °C (8.1% increase). The experimental and predicted Tg values were noted from the respective peak values of the loss modulus curves. These observations confirm good correlation between experimental and predicted results. The time available for molecules to relax and rearrange within the epoxy matrix is less at high frequencies compared with low frequencies [51,53,62,63]. As a result, the storage modulus and Tg values are higher at the frequency of 30 Hz as compared with at 0.1 Hz. Similar trends in storage modulus and Tg values with the increase in frequency were also observed for 0.05 wt%, 0.1 wt%, and 0.2 wt% GO samples, as shown in Table S1.



Figure 8a–c shows the comparison of experimental and predicted initial storage modulus values of different nanocomposites. It is clear from the figure that the storage modulus values were higher for 0.2 wt% samples compared with other GO samples. An increase in storage modulus with an increase in frequency from 0.1 Hz to 30 Hz was observed for both experimental and different modeling approaches. However, the deviation of predicted values from the experiments is slightly higher for Einstein’s (Equation (5)) and modified-Einstein’s model (Equation (6)) compared with Equation (7). This is the first study that used Equation (7) for the nanocomposites, although Feng et al. [51,52] developed Equation (7) and used it for polymers and fiber-reinforced polymer composites. Hence, it can be concluded from the results (Figure 7 and Figure 8) that this model can be used for epoxy/GO nanocomposites.




5.3.2. Effect of Frequency on Storage Modulus (E′)


The coefficient of frequency sensitivity (ζ) is obtained using Equation (2), which is a linear regression equation for estimating the effect of frequency on initial storage modulus of the pristine epoxy and different GO samples, as shown in Figure 9. The higher the value of ζ, the higher the increase in initial storage modulus value with increasing frequency, and vice versa. The increment in storage modulus with the increase in frequency is large for 0.2 wt% GO samples compared with pristine epoxy and other compositions, indicated by the higher value of ζ, which brings a favorable effect.




5.3.3. Experimental and Predicted Tg (tan δ)max


The loss tangent Tg (tan δ)max values are shown in Figure 10. These values were obtained using Equations (7) and (8). The decrease in Tg values with the increase in GO content shows an improvement in self-healing properties owing to the shape memory effect of GO nano-fillers [28]. Similar trends were found elsewhere [23,24,28]. The increase in Tg values with the increase in frequency is also observed in both experimental and predicted values, as shown in Figure 10 and in other studies [53,64].



It can be observed from Figure 10 that the Tg value corresponding to experimental (tan δ) max increases from 78.7 °C at 0.1 Hz to 90.9 °C at 30 Hz for pristine epoxy (15.5% increase). Similarly, the predicted Tg value corresponding to predicted (tan δ) max increases from 76.5 °C at 0.1 Hz to 88.7 °C at 30 Hz for pristine epoxy (16% increase), which confirms the excellent correlation between both approaches.



Figure 11b–d shows experimental and predicted loss factor peak values of different weight percentages of GO samples for different frequencies. For determining the predicted loss factor peak values of GO samples, the filler volume fraction and loss factor values of epoxy matrix, as shown in Figure 11a, are used in Equation (13) [49]:


  t a n  δ c  = t a n  δ m      1 −  V p       



(13)




where,   t a n  δ c    and   t a n  δ m    are the loss factors of GO samples and pristine epoxy, respectively.



It can be observed from the figure that the pristine epoxy exhibits higher (tan δ) max values for all frequencies compared with GO samples. This is because of an increase in interfacial bonding with the addition of GO content within the epoxy matrix [60].




5.3.4. Effect of Frequency on Tg (tan δ)max


Figure 12a,b shows the variation in Tg (tan δ) max values as the frequency (f) changes from 0.1 Hz to 30 Hz and the activation energy for all samples. These values are plotted using the Arrhenius model using Equation (3). The activation energy depends on the variation in Tg values as the frequency increases. The higher the change in Tg with the increase in frequency, the higher the resultant activation energy. It is worth noting from these figures that the change in Tg values are higher and almost the same in pristine epoxy and 0.05 wt% GO samples. As a result, the activation energy values were found to be higher in pristine epoxy and 0.05 wt% GO samples compared with other nanocomposites. The excellent agreement was assessed between the experimental values and curve fit from higher values (~>0.9) of the coefficient of determination (R2).





5.4. Comparison of Tg Using DSC and DMA


Figure 13a presents the heat flow versus temperature curves of pristine epoxy and GO nanocomposite samples, measured using the DSC. From the figure, the higher Tg values are seen in the pristine epoxy compared with GO samples. These measurements follow the trend of Tg values measured using the DMA. Figure 13b shows the comparison of Tg values measured through the DMA and DSC. Even though the average Tg values corresponding to loss modulus peak temperature and DSC correlate well at a lower amount of GO nanocomposites, higher deviation is obtained at nanocomposites of 0.2 wt% GO. However, the average Tg values corresponding to the loss tangent peak temperature value (71.9 °C) reasonably correlate with the Tg value of 68.8 °C measured using the DSC. The smaller deviation between the Tg values of DMA and DSC is due to the difference in heating rates. The heating rate used for DMA was 2 °C/min, whereas a heating rate of 10 °C/min was used for the DSC studies.




5.5. Thermogravimetric Analysis


Figure 14a shows the percentage weight loss of pristine epoxy and GO samples with the increase of temperature from 23 °C to 900 °C. Even though the percentage of weight loss is almost the same in all samples, most of the weight loss occurs earlier within the epoxy matrix at approximately from 300 °C to 620 °C. This is because of the degradation of the epoxy matrix. The close-up of Figure 14a shows that the weight loss is fast in pristine epoxy compared with GO nanocomposites, as expected.



Figure 14b shows the derivative curve of Figure 14a, in which dw/dT indicates the change in weight of the sample with respect to temperature. The drop in weight is higher and rapid after reaching 250 °C as most of the resin decomposition takes place, which can be seen from the first peak. However, the second peak indicates the region of remaining resin decomposition. The delay in weight reduction at higher temperatures with the increase in filler content can be seen in close-up graphs of Figure 14b. Moreover, the shift in peak values (Tm1 and Tm2) with the increase in filler content in the epoxy can be seen clearly in the high-temperature region derivative TGA curve. These peak values (Tm1 and Tm2) for pristine epoxy and different nanocomposites are given in Table 1. Moreover, the shape change of the peaks from sharp to round can also be observed. These findings indicate the increase in thermal stability with the addition of GO filler in the epoxy resin. The better barrier properties of GO fillers delay the volatilization of epoxy decomposition products [65]. As a result, the molecular chain movements in the epoxy are restricted by the cross-linked structure and GO surface area, which could be the reason for increased thermal stability with the addition of GO filler [66]. The variation in residual weight and thermal stability among the nanocomposites is due to GO dispersion and interfacial interaction with the epoxy matrix [67,68]. It was reported in previous studies by several researchers that higher values of heat-resistance index and derivative of TGA peak temperatures (Tm1 and Tm2) are obtained by adding nanofillers in the epoxy; as a result, the thermal stability of nanocomposites was higher than the pristine epoxy [35,69]. The heat-resistance index (THRI) is calculated using Equation (14) [3,32].


   T  H R I   = 0.49 ×    T 5  + 0.6 ×    T  30   −  T 5         



(14)




where T5 and T30 correspond to the decomposition temperature of 5% and 30% weight loss, respectively, which are determined from Figure 14a. Table 1 shows the TGA characteristic data of pristine epoxy and different weight percentages of nanocomposites.



From Table 1, it is observed that the values of heat-resistance index and derivative of TGA peak temperatures (Tm1 and Tm2) of GO fillers added in epoxy samples are higher than the pristine epoxy sample. These observations lead to the important conclusion that the thermal stability increases by adding the GO fillers in the epoxy.




5.6. Thermal Conductivity


Figure 15 shows the thermal conductivity values of pristine epoxy and different GO nanocomposite samples. The predicted thermal conductivity values of GO samples are determined using Equation (10). The lower thermal conductivity of pristine epoxy is due to its amorphous state [70]. It is worth observing from the figure that the average thermal conductivity increases by 2.3, 3.9, and 19% with the increase in GO content by 0.05, 0.1, 0.2 wt%, respectively. The deviation between the predicted values from the experimental values is less than 9%. The increase in thermal conductivity with the increase in filler content is due to the presence of phonons in the GO [71]. Even though GO contains both electrons and phonons, the contribution of electrons for enhancing the thermal conductivity is rarely possible [72].




5.7. EMI Shielding Effectiveness Measurement


Figure 16 shows the comparisons of total EMI shielding effectiveness values of different GO nanocomposite samples. The EMI shielding increases by 0.6, 5.3, and 14% at 8.39 GHz with the increase in GO content of 0.05, 0.1, and 0.2 wt%, respectively. Even though an increase in total EMI shielding effectiveness values was observed with the increase in GO filler content, the magnitude of the increase is not very significant (less than 1 dB). This is because of the lower concentration of GO filler used in this study. Therefore, the concentration of GO used in this study is not sufficient to serve as an EMI shielding barrier material. Moreover, further studies are related to cross-linking coating of nanofillers [73] or adding hybrid fillers, for example, Mxene-rGO [32] and thermally annealed MXene aerogels (TCTA) [74] and thermally annealed graphene aerogels [33], in the epoxy, which improve the EMI shielding performance.





6. Conclusions


The present study aimed to investigate the effects of low concentrations of GO filler in the epoxy matrix on mechanical and thermal properties. Moreover, the theoretical models were used for determining the tensile modulus, Poisson’s ration, temperature–frequency-dependent viscoelastic properties, and thermal conductivity of different GO nanocomposites. The results are summarized below.



The increase in tensile strength and modulus and decrease in failure strain (%) were observed with the increase in GO nanofiller. The deviation between the predicted and experimental tensile modulus values was less than 13%. Moreover, the Poisson’s ratio increased by 23.3, 26.7, and 6.7% with the increase in GO content.



The dynamic mechanical analysis showed an increase in storage modulus and Tg values in all samples with the increase in frequency from 0.1 Hz to 30 Hz. A good correlation was obtained between the predicted values and experimental results. A good agreement was observed between the Tg values measured in all samples using the DMA and DSC.



The increase in heat-resistance index and thermal conductivity values from 157.8 °C and 0.258 W/mK to 159.4 °C and 0.307 W/mK, respectively, was observed with the increase in GO content from 0 wt% to 0.2 wt% in the epoxy. The deviation between the predicted thermal conductivity values from the experimental results is lower than 9%.



Modeling epoxy/GO nanocomposites using the finite element method (FEM)-based approach is difficult, in that several multi-functional properties are required as input values, which can be taken from the data presented in this study. Moreover, the experimental investigation and proposed models for predicting thermo-mechanical properties, such as Young’s modulus, Poisson’s effect, thermal conductivity, and temperature–frequency-dependent viscoelastic properties, can be used for thermomechanical modeling of epoxy/GO nanocomposites under quasi-static and dynamic loading.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/polym13162831/s1, Table S1: Experimental and predicted storage and loss moduli values for pristine epoxy and different GO nanocomposites.





Author Contributions


K.N.: Conceptualization, Methodology, Data curation, Software, Validation, Formal analysis, Investigation, Writing—original draft. K.A.K.: Conceptualization, Methodology, Writing—review & editing, Visualization, Resources, Investigation, Supervision, Project administration, Funding acquisition. R.U.: Conceptualization, Methodology, Visualization, Resources, Writing—review & editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research work was funded by the Khalifa University of Science and Technology under Award No. CIRA-2018-15 and Abu Dhabi Award for Research Excellence (AARE-2019) under project number 8434000349/AARE19-232.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


This publication is based on work supported by the Khalifa University of Science and Technology under Award No. CIRA-2018-15 and Abu Dhabi Award for Research Excellence (AARE-2019) under project number 8434000349/AARE19-232.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wei, L.; Chen, X.; Hong, K.; Yuan, Z.; Wang, L.; Wang, H.; Qiao, Z.; Wang, X.; Li, Z.; Wang, Z. Enhancement in mechanical properties of epoxy nanocomposites by Styrene-ethylene-butadiene-styrene grafted graphene oxide. Compos. Interfaces 2018, 26, 141–156. [Google Scholar] [CrossRef]

	



Gao, J.; Yu, J.; Wu, X.; Rao, B.; Song, L.; He, Z.; Lu, S. Enhanced thermal properties for epoxy composites with a three-dimensional graphene oxide filler. Fibers Polym. 2015, 16, 2617–2626. [Google Scholar] [CrossRef]

	



Yang, X.; Fan, S.; Li, Y.; Guo, Y.; Li, Y.; Ruan, K.; Zhang, S.; Zhang, J.; Kong, J.; Gu, J. Synchronously improved electromagnetic interference shielding and thermal conductivity for epoxy nanocomposites by constructing 3D copper nanowires/thermally annealed graphene aerogel framework. Compos. Part A Appl. Sci. Manuf. 2020, 128, 105670. [Google Scholar] [CrossRef]

	



Zhang, Y.; Gao, W.; Li, Y.; Zhao, D.; Yin, H. Hybrid fillers of hexagonal and cubic boron nitride in epoxy composites for thermal management applications. RSC Adv. 2019, 9, 7388–7399. [Google Scholar] [CrossRef]

	



Chen, J.; Liu, B.; Yan, L. Nanoscale thermal transport in epoxy matrix composite materials reinforced with carbon nanotubes and graphene nanoplatelets. J. Nanoparticle Res. 2019, 21, 256. [Google Scholar] [CrossRef]

	



Bortz, D.R.; Heras, E.G.; Martin-Gullon, I. Impressive Fatigue Life and Fracture Toughness Improvements in Graphene Ox-ide/Epoxy Composites. Macromolecules 2011, 45, 238–245. [Google Scholar] [CrossRef]

	



Murugan, P.; Naresh, K.; Shankar, K.; Velmurugan, R.; Balaganesan, G. High velocity impact damage investigation of car-bon/epoxy/clay nanocomposites using 3D Computed Tomography. Mater. Today Proc. 2018, 5, 16946–16955. [Google Scholar] [CrossRef]

	



Dermani, A.K.; Kowsari, E.; Ramezanzadeh, B.; Amini, R. Screening the effect of graphene oxide nanosheets functionalization with ionic liquid on the mechanical properties of an epoxy coating. Prog. Org. Coat. 2018, 122, 255–262. [Google Scholar] [CrossRef]

	



Zhao, J.; Zhang, J.; Wang, L.; Li, J.; Feng, T.; Fan, J.; Chen, L.; Gu, J. Superior wave-absorbing performances of silicone rubber composites via introducing covalently bonded SnO2@MWCNT absorbent with encapsulation structure. Compos. Commun. 2020, 22, 100486. [Google Scholar] [CrossRef]

	



Yang, S.; Chalivendra, V. Theoretical modeling and experimental validation of electro-shear behavior of carbon nanotubes embedded epoxy nanocomposite. Int. J. Mech. Sci. 2020, 177, 105594. [Google Scholar] [CrossRef]

	



Yang, S.; Shin, H.; Cho, M. Contribution of oxygen functional groups in graphene to the mechanical and interfacial behaviour of nanocomposites: Molecular dynamics and micromechanics study. Int. J. Mech. Sci. 2021, 189, 105972. [Google Scholar] [CrossRef]

	



Hussein, A.; Kim, B. Micromechanics based FEM study on the mechanical properties and damage of epoxy reinforced with graphene based nanoplatelets. Compos. Struct. 2019, 215, 266–277. [Google Scholar] [CrossRef]

	



Han, Z.; Fina, A. Thermal conductivity of carbon nanotubes and their polymer nanocomposites: A review. Prog. Polym. Sci. 2011, 36, 914–944. [Google Scholar] [CrossRef]

	



Silva, A.A.; Stein, R.; Campos, D.; Indrusiak, T.; Soares, B.G.; Barra, G.M.O. Conducting Materials Based on Epoxy/Graphene Nano-platelet Composites with Microwave Absorbing Properties: Effect of the Processing Conditions and Ionic Liquid. Front. Mater. 2019, 6, 1–9. [Google Scholar] [CrossRef]

	



Yue, L.; Pircheraghi, G.; Monemian, S.A.; Manas-Zloczower, I. Epoxy composites with carbon nanotubes and graphene nano-platelets—Dispersion and synergy effects. Carbon 2014, 78, 268–278. [Google Scholar] [CrossRef]

	



Martin-Gallego, M.; Bernal, M.M.; Hernandez, M.; Verdejo, R.; Lopez-Manchado, M.A. Comparison of filler percolation and me-chanical properties in graphene and carbon nanotubes filled epoxy nanocomposites. Eur. Polym. J. 2013, 49, 1347–1353. [Google Scholar] [CrossRef]

	



Rafiee, M.; Rafiee, J.; Wang, Z.; Song, H.; Yu, Z.-Z.; Koratkar, N. Enhanced Mechanical Properties of Nanocomposites at Low Graphene Content. ACS Nano 2009, 3, 3884–3890. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, G.; Yao, H.; Zhou, Y.; Wang, W.; Peng, M. Self-assembled complexes of graphene oxide and oxidized vapor-grown carbon fibers for simultaneously enhancing the strength and toughness of epoxy and multi-scale carbon fiber/epoxy composites. Carbon 2018, 137, 6–18. [Google Scholar] [CrossRef]

	



Abdin, Z.; Alim, M.A.; Saidur, R.; Islam, M.R.; Rashmi, W.; Mekhilef, S.; Wadi, A. Solar energy harvesting with the application of nano-technology. Renew. Sustain. Energy Rev. 2013, 26, 837–852. [Google Scholar] [CrossRef]

	



Sun, W.; Hu, R.; Liu, H.; Zeng, M.; Yang, L.; Wang, H.; Zhu, M. Embedding nano-silicon in graphene nanosheets by plasma assisted milling for high capacity anode materials in lithium ion batteries. J. Power Sources 2014, 268, 610–618. [Google Scholar] [CrossRef]

	



Gómez-Navarro, C.; Burghard, M.; Kern, K. Elastic Properties of Chemically Derived Single Graphene Sheets. Nano Lett. 2008, 8, 2045–2049. [Google Scholar] [CrossRef]

	



Qi, B.; Yuan, Z.; Lu, S.; Liu, K.; Li, S.; Yang, L.; Yu, J. Mechanical and thermal properties of epoxy composites containing graphene oxide and liquid crystalline epoxy. Fibers Polym. 2014, 15, 326–333. [Google Scholar] [CrossRef]

	



Olowojoba, G.B.; Kopsidas, S.; Eslava, S.; Gutierrez, E.S.; Kinloch, A.J.; Mattevi, C.; Rocha, V.G.; Taylor, A. A facile way to produce epoxy nanocomposites having excellent thermal conductivity with low contents of reduced graphene oxide. J. Mater. Sci. 2017, 52, 7323–7344. [Google Scholar] [CrossRef]

	



Liu, Q.; Zhou, X.; Fan, X.; Zhu, C.; Yao, X.; Liu, Z. Mechanical and Thermal Properties of Epoxy Resin Nanocomposites Reinforced with Graphene Oxide. Polym. Technol. Eng. 2012, 51, 251–256. [Google Scholar] [CrossRef]

	



Ma, J.; Meng, Q.; Zaman, I.; Zhu, S.; Michelmore, A.; Kawashima, N.; Wang, C.-H.; Kuan, H. Development of polymer composites using modified, high-structural integrity graphene platelets. Compos. Sci. Technol. 2014, 91, 82–90. [Google Scholar] [CrossRef]

	



Moriche, R.; Prolongo, S.; Sánchez, M.; Jiménez-Suárez, A.; Chamizo, F.; Ureña, A. Thermal conductivity and lap shear strength of GNP/epoxy nanocomposites adhesives. Int. J. Adhes. Adhes. 2016, 68, 407–410. [Google Scholar] [CrossRef]

	



Monteserín, C.; Blanco, M.; Aranzabe, E.; Aranzabe, A.; Laza, J.M.; Larrañaga-Varga, A.; Vilas, J.L. Effects of Graphene Oxide and Chem-ically-Reduced Graphene Oxide on the Dynamic Mechanical Properties of Epoxy Amine Composites. Polymers 2017, 9, 449. [Google Scholar] [CrossRef] [PubMed]

	



Tang, J.; Zhou, H.; Liang, Y.; Shi, X.; Yang, X.; Zhang, J. Properties of Graphene Oxide/Epoxy Resin Composites. J. Nanomater. 2014, 2014, 1–5. [Google Scholar] [CrossRef]

	



Yu, Z.; Wang, Z.; Li, H.; Teng, J.; Xu, L. Shape Memory Epoxy Polymer (SMEP) Composite Mechanical Properties Enhanced by Introducing Graphene Oxide (GO) into the Matrix. Materials 2019, 12, 1107. [Google Scholar] [CrossRef]

	



Krishnakumar, B.; Sanka, R.S.; Binder, W.H.; Park, C.; Jung, J.; Parthasarthy, V.; Rana, S.; Yun, G.J. Catalyst free self-healable vitri-mer/graphene oxide nanocomposites. Compos. Part B Eng. 2020, 184, 107647. [Google Scholar] [CrossRef]

	



Xia, T.; Zeng, D.; Li, Z.; Young, R.J.; Vallés, C.; Kinloch, I.A. Electrically conductive GNP/epoxy composites for out-of-autoclave thermoset curing through Joule heating. Compos. Sci. Technol. 2018, 164, 304–312. [Google Scholar] [CrossRef]

	



Song, P.; Qiu, H.; Wang, L.; Liu, X.; Zhang, Y.; Zhang, J.; Kong, J.; Gu, J. Honeycomb structural rGO-MXene/epoxy nanocomposites for supe-rior electromagnetic interference shielding performance. Sustain. Mater. Technol. 2020, 24, e00153. [Google Scholar]

	



Wang, L.; Ma, Z.; Zhang, Y.; Chen, L.; Cao, D.; Gu, J. Polymer-based EMI shielding composites with 3D conductive networks: A mini-review. SusMat 2021. [Google Scholar] [CrossRef]

	



Song, P.; Liu, B.; Liang, C.; Ruan, K.; Qiu, H.; Ma, Z.; Guo, Y.; Gu, J. Lightweight, Flexible Cellulose-Derived Carbon Aerogel@Reduced Graphene Oxide/PDMS Composites with Outstanding EMI Shielding Performances and Excellent Thermal Conductivities. Nano Micro Lett. 2021, 13, 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Shi, X.; Zhang, J.; Zhang, Y.; Gu, J. Lightweight and robust rGO/sugarcane derived hybrid carbon foams with out-standing EMI shielding performance. J. Mater. Sci. Technol. 2020, 52, 119–126. [Google Scholar] [CrossRef]

	



Li, Y.; Tang, J.; Huang, L.; Wang, Y.; Liu, J.; Ge, X.; Tjong, S.C.; Li, R.K.Y.; Belfiore, L.A. Facile preparation, Characterization and perfor-mance of noncovalently functionalized graphene/epoxy nanocomposites with poly(sodium 4-styrenesulfonate). Composites Part A 2015, 68, 1–9. [Google Scholar] [CrossRef]

	



Wang, X.; Xing, W.; Zhang, P.; Song, L.; Yang, H.; Hu, Y. Covalent functionalization of graphene with organosilane and its use as a reinforcement in epoxy composites. Compos. Sci. Technol. 2012, 72, 737–743. [Google Scholar] [CrossRef]

	



Li, S.; Liu, X.; Fang, C.; Liu, N.; Liu, D. Surface modification and thermal performance of a graphene oxide/novolac epoxy composite. RSC Adv. 2018, 8, 20505–20516. [Google Scholar] [CrossRef]

	



Jarosinski, L.; Rybak, A.; Gaska, K.; Kmita, G.; Porebska, R.; Kapusta, C. Enhanced thermal conductivity of graphene nanoplatelets epoxy composites. Mater. Sci. 2017, 35, 382–389. [Google Scholar] [CrossRef]

	



Umer, R.; Li, Y.; Dong, Y.; Haroosh, H.J.; Liao, K. The effect of graphene oxide (GO) nanoparticles on the processing of epoxy/glass fiber composites using resin infusion. Int. J. Adv. Manuf. Technol. 2015, 81, 2183–2192. [Google Scholar] [CrossRef]

	



Naresh, K.; Shankar, K.; Rao, B.S.; Velmurugan, R. Effect of high strain rate on glass/carbon/hybrid fiber reinforced epoxy lami-nated composites. Compos. Part B Eng. 2016, 100, 125–135. [Google Scholar] [CrossRef]

	



Naresh, K.; Shankar, K.; Velmurugan, R. Digital image processing and thermo-mechanical response of pristine epoxy and dif-ferent laminate orientations of fiber reinforced polymer composites for vibration isolation applications. Int. J. Polym. Anal. 2018, 23, 684–709. [Google Scholar] [CrossRef]

	



Naresh, K.; Shankar, K.; Velmurugan, R.; Gupta, N. High strain rate studies for different laminate configurations of bi-directional glass/epoxy and carbon/epoxy composites using DIC. Structures 2020, 27, 2451–2465. [Google Scholar] [CrossRef]

	



Khan, K.A.; Abu Al-Rub, R.K. Modeling Time and Frequency Domain Viscoelastic Behavior of Architectured Foams. J. Eng. Mech. 2018, 144, 1–15. [Google Scholar] [CrossRef]

	



Richeton, J.; Schlatter, G.; Vecchio, K.; Remond, Y.; Ahzi, S. A unified model for stiffness modulus of amorphous polymers across transition temperatures and strain rates. Polymer 2005, 46, 8194–8201. [Google Scholar] [CrossRef]

	



Goertzen, W.; Kessler, M. Dynamic mechanical analysis of carbon/epoxy composites for structural pipeline repair. Compos. Part B Eng. 2007, 38, 1–9. [Google Scholar] [CrossRef]

	



Devi, L.U.; Bhagawan, S.; Thomas, S. Dynamic mechanical analysis of pineapple leaf/glass hybrid fiber reinforced polyester composites. Polym. Compos. 2009, 31, 956–965. [Google Scholar] [CrossRef]

	



Costa, C.S.M.F.; Fonseca, A.C.; Serra, A.C.; Coelho, J.F.J. Dynamic Mechanical Thermal Analysis of Polymer Composites Reinforced with Natural Fibers. Polym. Rev. 2016, 56, 362–383. [Google Scholar] [CrossRef]

	



Vasudevan, A.; Senthil Kumaran, S.; Naresh, K.; Velmurugan, R. Experimental and analytical investigation of ther-mo-mechanical responses of pure epoxy and carbon/Kevlar/S-glass/E-glass/epoxy interply hybrid laminated composites for aerospace applications. Int. J. Polym. Anal. 2018, 23, 591–605. [Google Scholar] [CrossRef]

	



Guth, E. Theory of Filler Reinforcement. J. Appl. Phys. 1945, 16, 20–25. [Google Scholar] [CrossRef]

	



Feng, J.; Guo, Z. Temperature-frequency-dependent mechanical properties model of epoxy resin and its composites. Compos. Part B Eng. 2016, 85, 161–169. [Google Scholar] [CrossRef]

	



Feng, J.; Guo, Z. Effects of temperature and frequency on dynamic mechanical properties of glass/epoxy composites. J. Mater. Sci. 2016, 51, 2747–2758. [Google Scholar] [CrossRef]

	



Naresh, K.; Khan, K.A.; Umer, R.; Vasudevan, A. Temperature-Frequency–Dependent Viscoelastic Properties of Neat Epoxy and Fiber Reinforced Polymer Composites: Experimental Characterization and Theoretical Predictions. Polymers 2020, 12, 1700. [Google Scholar] [CrossRef] [PubMed]

	



Mahanta, N.K.; Abramson, A.R. Thermal conductivity of graphene and graphene oxide nanoplatelets. In Proceedings of the 13th InterSociety Conference on Thermal and Thermomechanical Phenomena in Electronic Systems, San Diego, CA, USA, 30 May–1 June 2012; pp. 1–6. [Google Scholar]

	



Ping, L.; Song, P.; Qiu, H.; Huangfu, Y.; Lu, Y.; Wang, L.; Kong, J.; Gu, J. Superior electromagnetic interference shielding perfor-mances of epoxy composites by introducing highly aligned reduced graphene oxide films. Compos. Part A 2019, 124, 105512. [Google Scholar]

	



Sun, Y.; Luo, S.; Sun, H.; Zeng, W.; Ling, C.; Chen, D.; Chan, V.; Liao, K. Engineering closed-cell structure in lightweight and flexible carbon foam composite for high-efficient electromagnetic interference shielding. Carbon 2018, 136, 299–308. [Google Scholar] [CrossRef]

	



Chung, D.D.L. Materials for electromagnetic interference shielding. Mater. Chem. Phys. 2020, 255, 123587. [Google Scholar] [CrossRef]

	



Ud Din, I.; Naresh, K.; Umer, R.; Khan, K.A.; Drzal, L.T.; Haq, M.; Cantwell, W.J. Processing and out-of-plane properties of compo-sites with embedded graphene paper for EMI shielding applications. Compos. Part A 2020, 134, 105901. [Google Scholar] [CrossRef]

	



Zhao, H.; Ding, J.; Yu, H. Variation of mechanical and thermal properties in sustainable graphene oxide/epoxy compo-sites. Sci. Rep. 2018, 8, 16560. [Google Scholar] [CrossRef] [PubMed]

	



Tang, L.C.; Wan, Y.J.; Yan, D.; Pei, Y.B.; Zhao, L.; Li, Y.B.; Wu, L.B.; Jiang, J.X.; Lai, G.Q. The effect of graphene dispersion on the mechani-cal properties of graphene/epoxy composites. Carbon 2013, 60, 16–27. [Google Scholar] [CrossRef]

	



Shi, Z.; Li, X.-F.; Bai, H.; Xu, W.-W.; Yang, S.-Y.; Lu, Y.; Han, J.; Wang, C.-P.; Liu, X.-J.; Li, W.-B. Influence of microstructural features on thermal expansion coefficient in graphene/epoxy composites. Heliyon 2016, 2, e00094. [Google Scholar] [CrossRef]

	



Vimalanathan, P.; Venkateshwaran, N.; Srinivasan, S.P.; Santhanam, V.; Rajesh, M. Impact of surface adaptation and Acacia nilot-ica biofiller on static and dynamic properties of sisal fiber composite. Int. J. Polym. Anal. 2017, 23, 99–112. [Google Scholar] [CrossRef]

	



Stark, W.; Jaunich, M.; McHugh, J. Carbon-fibre epoxy prepreg (CFC) curing in an autoclave analogue process controlled by Dynamic Mechanical Analysis (DMA). Polym. Test. 2013, 32, 1487–1494. [Google Scholar] [CrossRef]

	



Stark, W. Investigation of the curing behaviour of carbon fibre epoxy prepreg by Dynamic Mechanical Analysis DMA. Polym. Test. 2013, 32, 231–239. [Google Scholar] [CrossRef]

	



Visakh, P.M.; Nazarenko, O.B. Thermal Degradation of Polymer Blends, Composites and Nanocomposites. In Thermal Degradation of Polymer Blends, Composites and Nanocomposites; Visakh, P., Arao, Y., Eds.; Engineering Materials; Springer: Cham, Switzerland, 2015; pp. 1–16. [Google Scholar]

	



Al-Zahrany, A.A. Nano-reinforced Epoxy Resin Composites with Reduced Graphene Oxide. Ph.D. Thesis, Department of Materials Science and Engineering, University of Sheffield, Sheffield, UK, 2019. [Google Scholar]

	



Zhang, X.; He, Q.; Gu, H.; Wei, S.; Guo, Z. Polyaniline stabilized barium titanate nanoparticles reinforced epoxy nanocomposites with high dielectric permittivity and reduced flammability. J. Mater. Chem. C 2013, 1, 2886–2899. [Google Scholar] [CrossRef]

	



Wan, Y.-J.; Gong, L.-X.; Tang, L.-C.; Wu, L.-B.; Jiang, J.-X. Mechanical properties of epoxy composites filled with silane-functionalized graphene oxide. Compos. Part A Appl. Sci. Manuf. 2014, 64, 79–89. [Google Scholar] [CrossRef]

	



Ilangovan, S.; Kumaran, S.S.; Vasudevan, A.; Naresh, K. Effect of silica nanoparticles on mechanical and thermal properties of neat epoxy and filament wounded E-glass/epoxy and basalt/epoxy composite tubes. Mater. Res. Express 2019, 6, 0850e2. [Google Scholar] [CrossRef]

	



Li, A.; Zhang, C.; Zhang, Y.-F. Thermal Conductivity of Graphene-Polymer Composites: Mechanisms, Properties, and Applications. Polymers 2017, 9, 437. [Google Scholar] [CrossRef]

	



Balandin, A. Thermal properties of graphene and nanostructured carbon materials. Nat. Mater. 2011, 10, 569–581. [Google Scholar] [CrossRef]

	



Pu, H.H.; Rhim, S.H.; Hirschmugl, C.J.; Gajdardziska-Josifovska, M.; Weinert, M.; Chen, J.H. Anisotropic thermal conductivity of semiconducting graphene monoxide. Appl. Phys. Lett. 2013, 102, 569–581. [Google Scholar] [CrossRef]

	



Tang, L.; Zhang, J.; Gu, J. Random copolymer membrane coated PBO fibers with significantly improved interfacial adhesion for PBO fibers/cyanate ester composites. Chin. J. Aeronaut. 2021, 34, 659–668. [Google Scholar] [CrossRef]

	



Wang, L.; Song, P.; Lin, C.-T.; Kong, J.; Gu, J. 3D Shapeable, Superior Electrically Conductive Cellulose Nanofibers/Ti3C2Tx MXene Aerogels/Epoxy Nanocomposites for Promising EMI Shielding. Research 2020, 2020, 4093732. [Google Scholar] [CrossRef] [PubMed]








[image: Polymers 13 02831 g001 550] 





Figure 1. Schematic representation of the fabrication procedure used for epoxy/GO nanocomposites. 
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Figure 2. Instron UTM equipped with tensile fixture and non-contact strain measurement facility. 
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Figure 3. Transmission electron microscopy images of different nanocomposites. 
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Figure 4. Typical different weight percentages of GO-reinforced epoxy specimens: 0% (a,e), 0.05% (b,f), 0.1% (c,g), and 0.2% (d,h). 
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Figure 5. (a) Comparison of two-point and full-field axial strain measurement techniques, (b) tensile stress vs. strain, (c) axial strain (εyy) contour plots of all samples at maximum stress, and (d) fracture surfaces shown in black color at the end of the test. 






Figure 5. (a) Comparison of two-point and full-field axial strain measurement techniques, (b) tensile stress vs. strain, (c) axial strain (εyy) contour plots of all samples at maximum stress, and (d) fracture surfaces shown in black color at the end of the test.



[image: Polymers 13 02831 g005]







[image: Polymers 13 02831 g006 550] 





Figure 6. (a) Tensile properties at different GO contents and (b) Poisson’s ratio values of different nanocomposites. 
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Figure 7. Comparison between experimental and predicted storage and loss moduli of pristine epoxy and GO samples at different frequencies. 
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Figure 8. Comparison of experimental and predicted initial storage modulus values at different weight percentages of nanocomposites: (a) 0.05 wt%, (b) 0.1 wt%, and (c) 0.2 wt% GO. 
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Figure 9. Effect of frequency on initial storage modulus of pristine epoxy and GO samples. 
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Figure 10. Comparison of Tg values between experiments and predictions for different GO content samples. 
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Figure 11. Loss factor of (a) pristine epoxy, (b) 0.05 wt%, (c) 0.1 wt%, and (d) 0.2 wt% GO samples. 
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Figure 12. (a) Regression lines and (b) activation energy for all tested samples. 
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Figure 13. (a) DSC curves for pristine epoxy and different GO samples and (b) comparison of Tg values measured using DMA and DSC. 
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Figure 14. (a) TGA curves with zoomed section and (b) derivative of TGA with zoomed areas of interest. 
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Figure 15. Thermal conductivity values of pristine epoxy and different GO nanocomposite samples. 
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Figure 16. Total EMI shielding effectiveness values of pristine epoxy and different GO nanocomposites. 
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Table 1. TGA properties of pristine epoxy and different weight percentages of nanocomposites.
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Samples

	
Weight Loss Temperature

(°C)

	
Heat-Resistance Index (THRI)

(°C)

	
Derivative of TGA Peak Temperature

(°C)




	
T5

	
T30

	
Tm1

	
Tm2






	
Epoxy

	
290.13

	
343.41

	
157.83

	
333.86

	
574.24




	
0.05 wt% GO/epoxy

	
293.46

	
344.01

	
158.66

	
341.33

	
621.27




	
0.1 wt% GO/epoxy

	
297.95

	
343.38

	
159.35

	
335.12

	
631.66




	
0.2 wt% GO/epoxy

	
296.33

	
344.75

	
159.44

	
336.33

	
617.90

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
—— Experiment Prediction

= (S
g4 P02t o
¢ i
s a2 ol
A oo
N ENCRCN )
Temperature (61 Tempersture ()

0.05 W% Epory/GO

% s s
Tampersure (€1 Tempersire ()
02 W% Epoxy/GO
B moam s
i peorzz [ F
=4 2976 =
) @ o2l
o

NN
Temperature (C)






media/file4.png
Specimen

Speckle pattern






media/file30.png
—— Epoxy

(b)

1— 0.05 wt% G/E

— 0.1 wt% G/E

— 0.2 wt% G/E

Increaing thermal stability

300 350 400
Temperature (°C)

L o

150 300

450
Temperature (°C)

750

=-0.10 reqising thermal
g o5 ___/,/stability
© |

-0.20-

500 600 700 800
Temperature (°C)





media/file18.png
Initial storage modulus (GPa)

W

Epoxy: (E').... = 0.096 log (f/f'®f) + 5.459, R2 = 0.991
- 0.05 wt% G/E: (E').... = 0.055 log (f/f"®f) + 5.358, RZ = 0.957
—— 0.1 wt% G/E: (E")._.. = 0.054 log (f/f"¢f) + 4.697, RZ = 0.946

max

max

——0.2 wt% GIE: (E")... =0.210 log (f/f"€f) + 8.300, R2 = 0.910

6 -
£=0.017
———— :’:——_-_g—.-—. £=0.010
B
; 4 & btk = ().011
| ! I ! | ! I ! I ! I !
-1.0 -0.5 0.0 0.5 1.0 1.5

log (f/fref)





media/file21.jpg
(tan  )max

01

1 5 10 15 30
Frequency (Hz)
(©

3

Bl il
5 10 15 30
requency (Hz)

1.5 10

01 1 5 10
Frequency (Hz)

Frequency (Hz)
[ Experiment
@ g

15

pradiction

15 30





media/file26.png
0.2 wt%

0.1 wt’%

Epoxy 0.05 wt%

—=— Trial 1

(a)

—eo— Trial 2

T,=70.13°C
T,=67.63°C

T,=67.03°C
T, = 65.96 °C

T, = 67.51°C
T,=69.74°C

=68.11°C
=67.15°C

50

100

150

Temperature (°C)

Heat flow (mW)

(225 DMA (Loss modulus)

80 - [ ]pbsc
71.854
|'mEm67.63°2%%° . 65.508 68.88
0005 ] . i
60 B }ss.st L 57485

v:v
XD
O
X

6.495

V‘V
R
55
9a%ad

DX XRCX ]
CXARXA
0]

RIS
B

%"23:3
SO ESEOE

o
KKK o Do Se%e%
o] o oSS
OO K O DK ]
P ] PSRN e
(SO S 19.9.9.9. 29999
XK EXRK KRR RS
PN KKK POSEX] S
KX X XK KN 9.9.9.9, XXX X
RS Ko OO
40 - X oededed Roseseds B
EXXX] XH] oo >
RS DS SeX] S
PSS ) ) 9.90.9.9, XD
eSO SRR
S See
”" .’ < ’0’0’0’0"
KSR Ll
RS K00
Soss SEEE
RO KRR
K]
SO
20 | B3 S
1 Bateted

(&
O
O
S

SRR

K

s
s
O

5%

IRK
ERKK
ERRK]

005 01 02
Nanofiller content (wt%)

XK

v’v






media/file27.jpg
(@)

—— Epoxy. 2
—80 00SW%GE —Epoxy
2 ——0Aw%GE ¥ = bk
=% ——02wt% GE Eu —stwnoe
Da ® Increasing thermal
2 H stabilty

2

500 60 700 800 900
0 200 400 600 800 1000 Temperature (°C)

Temperature (°C)





media/file3.jpg
Specimen

Speckle pattern






media/file22.png
~

|
D29.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9-9.9.9.9.9.9.9.9.9.9.9
12929.9,9.9.9.9.9.9.0.90. 95909:9.9.9.0.9.9.9.9.9.9.9.9.%,
% 702020 70% %% %705 %67 % % %0 %0 %0 % % %

o &

3

=
S 5
N SRRKL .m ..m
2 S 0TIt I L NIt o 5
e 2 o
04 T} x 2
E€o - wa
e O N
]
=2 3 = m&
-
w o o 2% % y
i SRR (]
RERIRRLRKRK
3 c
2 g
= )
b )
— o N
o 5 -
S Qm FFI
o

o2
KRS
SRR

SO AARK K
SRR
QRSRLIHRIHIRKS
2020262020 2020202030206

0.971

952

15 30

557 Experiment

F
wn
o] o
o
P
....... 0
B % S o
=2} SRR BB RIBEZLLE BB v
o 9.90.90.0.0, 9,9.9.90.9.90.0.9.9.0.0.¢. 9.9.9.9.0.0.4
o K ROIRIIIRIIEIIRRAEEIEN

0202620202020 20 20 %0 202020 SRRRERRRERRRRS

5% Experiment
T[] Prediction
3
0.

5
Frequency (Hz)

(a)
0.974 0.964

Frequency (Hz)

(c)

00 RAAARARARNANS
29.9.9.9.9.90.9.9.9,

I RS

19.9.9.9.9.9.9.9.9.9.9.9.

o
XNEA Q Cﬂﬁv

Frequency (Hz)





media/file19.jpg
Tg (C)

] Experiment

se68| o [e8825 [ Prediction
S0He 30 Hz|83.262
90912 88.825 0028|2012
w6150 (55462 2 w2
2 15 Hz|82.837 75912
88.537 88.500 828 "
85.950 85.125 - 15 Hz
10 Hz tome[79400 |75.362
88.375 85.125 e “lesars|
85.700 84.787 ) 74975
85.700 SHE sazer| CNE L= 5Hz |68.000
2 2 81.937 o
80.237 77.300 -
1Hz 1he (13887 |\ [Geea7)
82.287 80.325. 73.887 Pyl
76.462 75.263 71.887 60.950
1 H 0.1 H: 0.1 Hz{ 80 ¥
ar1z] M 7a2e7 71.887) 64.250 *1 12
0 0.05 0.1 0.2

Nanofiller content (wt%)





media/file7.jpg
Pristine specimens Tested specimens
(@) (b) (o) (d) e ® (@ (h)






media/file10.png
<N

w
. 1

Axial strain (%)
- N

o
1 A

(a)

| —=— Two-point technique (Video extensometer) .
—o— Full field technique (DIC) 0%

0 20 40 60 80 100 120 140 -
Time (s) - 7/
.I

= 0. (b) AN o
n_60
=
7))
» 40 -
D
=
7))
2 20- Epoxy
) —0.05 Wt% G/E
5 ——0.1 wt% G/E
— 0- —_— .2 Wt% G/E

0 1 2 3 4 5

Tensile strain (%)

0.05%

0.05%

(c)

01% 0.2% Sy (%)

N> o w®3 R RS

(d)

01% 0.2%

I

£,y (%)

2.5
2
1.5
1
0.5

0
-0.5
-1





media/file33.jpg
0.8+

EMI SET (dB)
g
o

0.4

—=— Epoxy
—=—0.05 wt% G/E
—+— 0.1 wt% G/E
—v— 0.2 wt% G/E

9 0 1 12
Frequency (GHz)





media/file32.png
Thermal conductivity (W/mK)

=
o

=
H
|

o
N
|

(2252 Experiment
.| Prediction
0.§_07
: 0.264 0.268 0.282
0.258 T 0.263 . 0:269 K
0 0.05 0.1 0.2

Nanofiller content (wt%)





media/file28.jpg
N
ci
AwIdT (%I°C)

e

—— Epoxy 1
0.05 wt% GIE

. i GIE | Increasing thermal stability
—— 0.2 wt% GIE L .

Temperature (°C)

500
;aas{
on

S

dw/dT (%/°C)

® )

150 300 450 600 750

Temperature (°C) Temperaturs (-C)





media/file14.png
60 90 120 150

Temperature (°C)

60 90 120 150
Temperature (°C)

f=1Hz

q=2.465 |

60 90 120 150
Temperature (°C)

f=1Hz

p=0.110
q=2966 |

Experiment
Pure Epoxy
6 6
0.6
® 4- E E 44
& 0.4 g g
w2, 0.2 W W 2.
0. 0.0 0
30 60 90 120
Temperature (°C)
0.05 wt% Epoxy/GO
6 6
-0.6
— 4_ ? -~ 4
S 0.4 % & s
o = o
21 0.2 LW 2
0. 0.0 0
30 60 90 120
Temperature (°C)
0.1 wt% Epoxy/GO
6 6
f=0.1 Hz 06
-4 © < 4
@ 22 -0.4 Q. o
a p =0.103 ) S
i 2- g=2.895 (0.2 w w2
0. -0.0 0-
30 60 00 120
Temperature (°C)
0.2 wt% Epoxy/GO
8 f=0.1Hz -0.8 81
—~6 RE=i 0.6 — ~ 6
S p =0.122 o o
O 4 0.4 O Q 4]
: q=2.976 : .
w w
5 0.2 W 5
o v : '0-0 0
30 60 90 120 150

Temperature (°C)

60 90 120 150
Temperature (°C)

E" (GPa)

E" (GPa)

p=0.099 |

E" (GPa)

E" (GPa)






media/file11.jpg
5 8 8

Tensile strength (MPa)
3

* Experiment

Halpin-T-sai Model

Tensile modulus (GPa)

Poison’s ratio

005 o1
Nanofiller content (wt%)

02

15 30
Axial strain (%)





media/file6.png
0.05 wt% 0.1 wt% 0.2 wt%






media/file15.jpg





nav.xhtml


  polymers-13-02831


  
    		
      polymers-13-02831
    


  




  





media/file29.png
(a)

] — Epoxy
. 80- ———0.05 wt% G/E
= —— 0.1 wt% G/E
- 60 —— 0.2 wt% G/E
=
D 40-
é .
204 0 X7 :/v
0- S |
200 400 600 800 1000

Temperature (°C)

—— Epoxy

— 0.05 wt% G/E
— 0.1 wt% G/E
— 0.2 wt% G/E

Increasing thermal
stability

N

600 700 800 900
Temperature (°C)





media/file16.png
L
a)

(Emax) (GP,

- : L
&ey 0.1 Xperimenta

¢ -
'.-.' 5 3 [ 8 .
! ! : % " Q
lp'l 3 t "‘ ) Q
" | 1] u' ‘. *
2 § g ;
(R ' .\
N 1 & .“ ;
3 = 0 . \§ |
74 q. (6) . 30 s
%, '69(, il
.
> " Experimental /o
% 0.1 p

Eqg. (6)

%, W1 "ol





media/file2.png
Magnetic
stirrer

;Graphene-Oxlde (GO) ___ _Epoxyresin Sonication

TEM image

EPOXV/G{) mixer  Addition of hardener

A

Mold

il 4

Nanostructure  Epoxy/GO plate  Casting Epoxy/GO mixer
investigation





media/file20.png
Tg (°C)

Experiment

88.688 88.825 Prediction
30 Hz 30 Hz |83.262
90.912 88.825 30 Hz
86.150 85.462 ki R |,
15 Hz 15 Hz| 82.837 75.912 ¢
26.09( e 82.837 s 68.838
85.950 85.125 : ' 15 Hz
10 Hz 10 Hz | 79-100 75.362
88.375 85.125 a2400| '° HZ|68.475
. 10 Hz
85.700 84.787 74.975
80.237 77.300 73.887 -
| 'z 11z 1Hz |66.637]
76.462 75.263 e o307
; 0.1 Hz— 0.1 HZ- 8871 | }1260.950 0.1 Hz
28.712 78.287 71.887 64.250|
1 | 1 |
0 0.05 0.1 0.2

Nanofiller content (wt%)





media/file23.jpg
Inf (H2)]

200 285 200
1000/(Tg) (K

®)






media/file5.jpg
0.05 wt% 0.1 wt%

),






media/file24.png
In [f (HZ)]

o
]

B

(a) ——y = -58.833x + 165.302

R?=0.977
———y = -60.527x + 170.703
R?=0.912
——y =-50.584x + 144.434
¢ R?2=0.0978
—y = -54.281x + 158.680
R? = 0.965
| — - Epoxy
—+—0.05 wt% G/E
—a— 0.1 wt% G/E
—v— 0.2 wt% G/E

275 280 285 290 295
1000/(Tg) (K1)






media/file1.jpg
Guph-nn—oxld- (GO) Epoxy resin Sonication

L EpoxylGO mixer - Addition of hardener

e

Nanostructure  gpoxy/GO plate  Casting Epoxy/GO mixer
investigation






media/file31.jpg
S
IS

Thermal conductivity (W/mK)
o
o

Experiment
Prediction
0.307
0.264  0.268 282
0.258 0.263 ___ 0.269 :
0 0.05 0.1 0.2

Nanofiller content (wt%)





media/file25.jpg
B 8 R

A

Epoxy 005wt% 01wt 0.2wt%

8 8B &8 B

(@
—e—Trial1 —+— Trial2

1,013
PT TS

Heat flow (mW)

o
Nanofil

(b)

DMA (Loss modulus)

005 01 o0z
ler content (wt%)





media/file12.png
Nanofiller content (wt%)

© .

o (a)

= 80+ I 5

= | i = -4

O 60 -

[ - B

S 3 $ I -3

e ! S

D 40- — -

Q@ &

‘0 e Experiment .

Ea 20 1 Halpin-T-sai Model |1
0 0.05 0.1 0.2

Tensile modulus (GPa)

Poison's ratio

&
N

(b)

0.3-
- Epoxy
0.2 — 0.05 wt% G/E
' ——0.1 Wt% G/E
0.1- ——0.2 Wt% GI/E
0.0/ —
0.0 15 3.0

Axial strain (%)





media/file9.jpg
(a) (c)
s v—
TR echniaun 96) 4 om0 oz G
R o G 8 w0 T 10

™
1] 1l

g

o

.

.

.

2

Time (s) . ,/

1 (d)

Axial strain (%)

"? 60 (b) 0% 005% 01% 02% & (%)
[ 7 25
F 2
5
§ 40 o
£ os
9 0
22 —— Epoxy '
@ ——0.05 wt% G/E P
H —— 0.1 wt% GIE
[ ——0.2 wt% GIE

o

0 1 2 3 4 5
Tensile strain (%)





media/file0.png





media/file8.png
Pristine specimens

@ (b) () (d)

Tested specimens

() (g (h)






media/file34.png
EMI SET (dB)

0.8-

—
o
]

0.4+

—=— Epoxy
——0.05 wt% G/E
—a— 0.1 wt% G/E
—v— 0.2 wt% G/E

9 10 11 12
Frequency (GHz)





media/file17.jpg
©

al storage modulus (GPa)
> ~

—Epoxy: (E')ax = 0.096 log (f1f7ef) + 5.459, RZ = 0.991
| 0.05 wt% GIE: (E'),,, = 0.055 log (f/f"") + 5.358, R = 0.957
0.1 wt% GIE: (E'),, = 0.054 log (7/"®) + 4.697, R? = 0.946
—0.2 Wt% GIE: (E'),, = 0.210 log (f/f"®) + 8.300, RZ = 0.910

£=0.017

==¢:—_'.'=.'== ¢=0010

P ————— S ]

-1.0 0.5 0.0 05 1.0 15
log (fifref)






