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Abstract

:

Carbon-reinforced polymer composites form an important category of advanced materials, and there is an increasing demand to enhance their performance using more convenient and scalable processes at low costs. In the present study, graphitic flakes were prepared by the mechanical exfoliation of synthetic graphite electrodes and utilized as an abundant and potentially low-cost filler to fabricate epoxy-based composites with different additive ratios of 1–10 wt.%. The morphological, structural, thermal, and mechanical properties of these composites were investigated. It was found that the thermal conductivity of the composites increases by adding graphite, and this increase mainly depends on the ratio of the graphite additive. The addition of graphite was found to have a diverse effect on the mechanical properties of the composites: the tensile strength of the composites decreases with the addition of graphite, whilst their compressive strength and elastic modulus are enhanced. The results demonstrate that incorporating 5 wt% of commercially available graphite into epoxy not only raises the thermal conductivity of the material from 0.223 to 0.485 W/m·K, but also enhances its compressive strength from 66 MPa to 72 MPa. The diverse influence of graphite provides opportunities to prepare epoxy composites with desirable properties for different applications.
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1. Introduction


Epoxy resins, classified as thermosetting polymers, are widely used as the matrix for advanced polymer-based materials owing to their appropriate mechanical properties, low shrinkage, and excellent adhesion to substrates, as well as their chemical resistance, low cost, lightweight, and manufacturability [1]. Moreover, they are thermal and electrical insulators and transparent to electromagnetic radiations, making them attractive for a number of applications such as heavy-duty anticorrosion coating [2], structural adhesive [3], and biomedical systems [4].



However, the insulating nature of resins is a barrier against their usage in thermal management applications [5] in which conductivity is important. In order to mitigate this limitation, there are growing research activities aiming to improve the thermal/electrical properties of resins for a range of applications [6]. In this regard, adding appropriate fillers to the resin is an effective and convenient way to obtain composite materials with multifunctional properties such as increased thermal and electrical conductivity as well as improved mechanical and barrier properties. A great deal of investigations has been conducted on modifying the properties of epoxy by adding different types of fillers, such as alumina (Al2O3) [7], silicon carbide (SiC) [8], and boron carbide (B4C) [9], enabling us to improve the mechanical properties of epoxy. Moreover, additives such as molybdenum sulfide (MoS2) [10] and polytetrafluoroethylene [11] make epoxy suitable for use in low-friction and low-wear environments.



It has been found that carbon fillers such as carbon nanotubes [12], graphene/graphene oxide [13], and expanded graphite [14] may increase the mechanical, thermal, and electrical properties of native polymers. Although underestimated in the literature, graphite, a three-dimensional pure form of carbon with a layered hexagonal crystalline form, can be an attractive filler in comparison with carbon nanotubes and graphene because of its low cost and high availability. In graphite, the covalent carbon sp2 bonds along the pristine graphitic sheets can provide thermal and electrical conductivity as well as excellent chemical stability and lubricant properties. Despite the interesting features of graphite, its application in epoxy-based composites has been underestimated in comparison with considerably more expensive and environmentally problematic alternatives. In particular, the mechanical exfoliation of graphite [15] can lead to the preparation of graphitic flakes that can potentially act as ideal fillers for enhancing the thermal and mechanical properties of polymer composites. Other possible approaches, which typically involve increased costs, include molten salt exfoliation [16], liquid-phase exfoliation [17], and chemical vapor deposition [18].



Epoxy resins generally have low thermal conductivity; however, incorporating graphite derivatives such as expanded graphite [19,20], graphene nanoplatelets [21], and graphene oxide [22] can enhance this property. Furthermore, the mechanical properties of epoxy-based materials can be altered by the addition of carbon materials [23]. Nonetheless, much of the existing research has concentrated on expensive and engineered carbon nanostructures, which may not be feasible for large-scale applications. In this study, commercially available graphite is introduced into the epoxy matrix to fabricate graphite-reinforced epoxy composites using a solution-based approach. Subsequently, the properties of these resulting composites are meticulously examined and correlated to their morphologies. The obtained results affirm the beneficial influence of graphite not only on the thermal conductivity but also on the mechanical properties of the polymers. These findings hint at novel opportunities for crafting low-cost yet high-performing epoxy composites.




2. Materials and Methods


2.1. Sample Preparation


All the chemicals utilized in this study were procured from Sigma-Aldrich. To create graphite/epoxy composites, a scalable solution-based approach was adopted, enabling the cost-effective production of composite samples. The graphitic flakes were obtained by the mechanical exfoliation of synthetic graphite rod (Goodfellow7440-44-0, C > 99.997%) with grain sizes in the range 21–100 µm and a density of 2.27 g/cm3 using a mortar and pestle for 2 h. The powder obtained was then combined with poly (propylene glycol) bis(2-aminopropyl) ether (Jeffamine D-230) and subjected to 30 min of sonication in an ultrasonic bath. Following this, a pre-melted epoxy monomer, diglycidylether bisphenol (EPON 826), and neopentyl glycol diglycidylether (NGDE) were introduced into the mixture. The amounts of graphite flakes in the components used in the preparation of the composites are shown in Table 1. The graphite flakes were added at rates of 1%, 5%, and 10% by weight. The resulting blend was vigorously shaken to ensure a homogeneous suspension, as illustrated in Figure 1a. Subsequently, the suspension was poured into rubber molds of various shapes and cured at 100 °C for 1 h. Post-curing was then conducted at 130 °C for 1 h to produce the composite specimens for the subsequent tensile (ASTM D 412), compressive (cylindrical; diameter = 1 cm, height = 1 cm), and thermal conductivity (cylindrical; diameter = 2 cm, height = 1 cm) tests. These specimens are depicted in Figure 1b, Figure 1c, and Figure 1d, respectively. The latter set of specimens was also employed for SEM, FTIR, and XRD analyses.




2.2. Characterization


Morphological examinations were conducted using a scanning electron microscope (FEI NanoSEM, USA). The cross-sections of both the pure epoxy and the graphite/epoxy samples were prepared by cutting the samples for a microscopy analysis. The compressive properties of the samples were assessed using Hounsfield equipment (Model H10KS, UK), with a cross-head rate set at 0.5 mm/min to record the strains. Compressive specimens were compressed between two steel plates, with the load applied until the specimen was compressed to approximately 25% of its original length. The tensile tests were carried out using an Instron machine (Model 5982, USA) at room temperature. Three identical specimens were employed for both tensile and compressive testing, and the mean values obtained were recorded as the final results. The thermal conductivity measurements were performed on cylindrical specimens at room temperature using a thermal conductivity meter (Hot Disk M1, Sweden). In this setup, the samples were manipulated without any further preparations beyond ensuring one plane surface on each of the two sample specimens to sandwich a Kapton-insulated sensor between them (refer to Figure 1e). At least three measurements were conducted for each specific material. The surface properties of the composites were evaluated using Fourier transform infrared spectroscopy (FTIR, Bruker Tensor 27 FTIR, Germany) within the frequency range of 500–4000 cm−1 utilizing cylindrical specimens. X-ray diffraction (XRD) patterns were taken on cylindrical samples using a Philips X’Pert PW3020 X-ray diffractometer (UK) with Cu Kα radiation.





3. Results


3.1. Morphological and Structural Characterization


The morphological, mechanical, and physical changes associated with the addition of up to 10 wt% graphite flakes to epoxy were investigated in this study. The graphitic flakes were obtained by the mechanical exfoliation of a synthetic graphite rod (C > 99.9%) using a mortar and pestle. In order to obtain a homogeneous distribution of graphite in epoxy, a solution-based method was successfully adapted as described in the experimental section. Figure 2 shows the SEM morphologies of the graphite powder, epoxy, and their composites produced. According to Figure 2a, the initial graphite particles were irregular in shape and highly agglomerated with a fluffy structure and large voids. The morphology of the neat epoxy, presented in Figure 2b, can be characterized by the presence of uneven surfaces with agglomerated clusters and numerous holes and gaps. Figure 2c and Figure 2d represent the morphology of the epoxy composites containing 5 wt.% and 10 wt.% graphite additives, respectively. The morphology of these samples displays similar characteristics as observed in the neat epoxy in terms of the presence of a rough surface. However, it can be observed that the number of holes and gaps has sharply decreased by adding graphite. These textures, therefore, seem to be modified towards a more compact morphology. It was reported that the morphology of epoxy does not considerably change by the addition of 0–30 wt.% graphite filler [24]. The great performance of graphite in the morphological modification observed in this study can be attributed to the homogeneous distribution of graphite in the epoxy. The delamination nature of the graphite layers can promote the penetration of epoxy, resulting in a well-dispersed composite [25,26].



The crystalline structures of the neat epoxy, and the graphite powder and the composite containing 5wt% graphite were characterized by X-ray diffraction and the results are exhibited in Figure 3. The XRD pattern of the epoxy (Figure 3a) shows a broad peak extending from 16° to 22° which reflects the amorphous nature of the material. In contrast, the raw graphite material (Figure 3b) exhibits a sharp diffraction peak at 2θ = 26.45°, corresponding to the (002) planes of the graphite. The diffraction pattern of the graphite/epoxy composite (Figure 3c) is characterized by the presence of the (002) graphite reflection at the same 2θ position of 26.60° together with the broad epoxy peak, confirming the presence of the graphite with its identical hexagonal structure and the relatively same interlayer space in the composite material produced. In the XRD patterns of the graphite and the graphite/epoxy composite, the peaks observed at the two-theta values of 42.36°, 44.46°, and 54.12° can be related to the diffraction peaks originated from the (100), (101), and (004) planes of the graphite lattice, respectively. The surface characteristics of the neat epoxy and the graphite/epoxy composite containing 10 wt.% graphite was further analyzed by Fourier transform infrared spectroscopy (FTIR) at room temperature, and the spectra are shown in Figure 4. The FTIR spectrum of the neat epoxy shows the characteristic absorption peaks at 3390 cm−1 corresponding to the stretching vibrations of O-H, and the peaks at 2964 cm−1, 2920 cm−1, and 2866 cm−1 representing the stretching vibrations of aliphatic C-H [25]. In the case of the graphite/epoxy composite, the less intense and more broad peaks observed can be attributed to the presence of a smaller number of hydroxyl and aliphatic C-H bonds in the composite material in comparison to those of the neat epoxy, which can in turn be corresponded to the good mixing of the graphite into the polymer achieved.




3.2. Thermal Conductivity Characterization


The morphological modification observed had an enhancing influence on the thermal conductivity of the epoxy-based materials produced, as can be seen in Table 2. It should be mentioned that epoxy resins usually display a poor thermal conductivity, and therefore, graphite derivatives, i.e., expanded graphite [26], graphene nanoplatelets [27], and graphene oxide [28], can be used to improve the thermal conductivity of epoxy. It has been reported that the thermal conductivity of carbon/epoxy composites strongly depends on the content, shape, and dispersion of the carbon filler used [29,30,31]. The thermal conductivity of neat epoxy could be increased by a factor of 3–7 by adding 4–20% carbon additives comprising expanded graphite [32], carbon nanotubes [19], graphite oxide [33], or exfoliated graphite [34]. In this article, we report on the thermal conductivity of graphite/epoxy composites.



The average values of thermal conductivity for the neat epoxy and the graphite/epoxy composites prepared in this study were measured at 0.2229, 0.2783, 0.4853, and 0.5651 W/m·K for the graphite contents of 0, 1, 5, and 10 wt.%, respectively (Figure 5a). Each measurement was conducted three times to ensure reliability, and the average values are reported. The details of the characterization results, along with the standard deviations, are presented in Table 2. The result obtained is in line with the literature [35,36,37] suggesting that the thermal conductivity of the composites increase with the increase in the graphite content. It should be mentioned that unlike other forms of carbon nanostructures used as the filler such as expanded graphite [38], exfoliated graphite [39], and carbon nanotubes [40], graphite is an inexpensive, sustainable, and highly available raw material [41]. Therefore, the direct application of graphite powder to fabricate epoxy composites with improved thermal conductivity is interesting for applications such as aerospace engineering [42], automotive [43], and cryogenic engineering [44].




3.3. Characterization of Mechanical Properties


The mechanical properties of epoxy-based materials are important in structural applications. It was reported that graphite can increase the material rigidity of composites since it reduces the movement of the epoxy matrix under external forces [23]. Other carbon materials including carbon nanoparticles [45] and graphite nanoplates [46] have also been found to be able to increase the mechanical properties of epoxy. The compressive strength of the epoxy and its composites containing 1, 5, and 10 wt.% graphite was measured to have the average values of 66, 73, 72, and 73 MPa, respectively, as can be seen in Table 2 and Figure 5b. Notably, it can be observed that the compressive strength has been increased by 11% by adding only 1 wt.% graphite, providing the evidence for the appropriate mutual interaction between graphite and epoxy. This feature can be attributed to the homogenous mixing of the components leading to the morphological modification, as observed in Figure 2. However, from Figure 5b, the further addition of graphite over 1 wt% did not show a considerable effect on the compressive strength of the resultant composites.



The values of the tensile strength of the graphite/epoxy composites, exhibited in Figure 5b, were measured to be 39, 38 22, and 22 MPa for the composites containing 0, 1, 5, and 10 wt.% graphite additives, respectively. For the case of Young’s modulus, these values were 2171, 2878, 3159, and 3724 MPa, respectively. It can be seen that by increasing the graphite loading, the value of the tensile strength decreases while that of Young’s modulus increases. Accordingly, a prominent decrease in the tensile strength is observed in the composites containing 5 and 10 wt.% graphite additives. This observation can be explained based on the weak interlayer van der Waals forces in the graphite flakes used as the additive, decreasing the adhesive strength of the epoxy material, hence lowering the tensile strength.



The addition of graphite generally increases the thermal conductivity of the epoxy material. As the weight percentage of graphite increases, the thermal conductivity also increases, as seen in the values for 1 wt.% graphite (0.45 W/m·K), 5 wt.% graphite (0.97 W/m·K), and 10 wt.% graphite (1.13 W/m·K). The addition of graphite generally decreases the tensile strength of the epoxy material. This is shown by the decrease in the tensile strength from 39.00 MPa for the pure epoxy to 22.00 MPa for the epoxy with 5 wt.% graphite and 10 wt.% graphite. The addition of graphite generally increases both the compressive strength and Young’s modulus of the epoxy material. As the weight percentage of graphite increases, the compressive strength and Young’s modulus also increase.



The preparation of epoxy/carbon composites reported in the literature often involves expensive and complex production methods. For example, Kuo et al. [47] utilized graphitic nanoflakes (GNFs) with the thickness of 20–100 nm to create composites with compressive strengths of 73 MPa and 51 MPa at 1 wt% and 5 wt% GNF, respectively. Additionally, the thermal conductivity of epoxy composites containing 2 wt% and 4 wt% carbon has been reported to be 0.260 W/m·K and 0.319 W/m·K, respectively [48,49]. In contrast, as shown in Table 2, epoxy composites with enhanced physical and thermal properties can be produced using low-cost and widely available graphite powder as the filler material. The results indicate that by adding 5 wt% of commercially available graphite to epoxy, not only the thermal conductivity of the material increases from 0.223 to 0.485 W/m·K, but also, the compressive strength of the material improves from 66 to 72 MPa, highlighting optimal conditions where both thermal conductivity and compressive strength are critical for epoxy applications. One such application can be the thermal interface materials used in electronics, in which the epoxy composites used [50,51] require high compressive strength to maintain contact between heat-generating components and heat sinks. This ensures efficient heat transfer and stability under compressive loads, while good thermal conductivity enhances heat dissipation.



As can be realized, the tensile strength of epoxy decreases with increasing the graphitic additive content, while compressive strength tends to increase. This behavior can be attributed to the structural characteristics of the graphitic lattice, which is composed of stacked graphene layers. These layers exhibit high strength under compression due to their ability to bear loads effectively when pressed together. However, the same graphene layers have relatively weak interlayer bonding, making them less effective under tensile stress. As more graphitic additive is introduced, the material’s overall structure becomes dominated by the properties of these graphene layers of the graphite flakes, leading to improved compressive performance while compromising tensile strength. The mechanical blocking of polymer chains can also play a role in this context. It should be mentioned that bulk graphite materials may be exfoliated into highly conductive graphene nanosheets [52,53] with few stack layers, in which the influence of van der Waals forces is minimal. The effect of such graphene materials that can be fabricated using highly available low-cost resources [54,55] on the mechanical and physical properties of the resultant epoxy composite is worthy to be investigated in future studies. In particular, graphitic materials with enhanced thermal oxidation stability above 400 °C [56,57] can enhance the safety characteristics of epoxy materials.





4. Conclusions


In the present study, commercial graphite was used to prepare 1–10 wt.% graphite/epoxy composites using a simple and facile solution-based method. The microscopy studies supported by the X-ray diffraction and FTIR spectroscopic characterization of the composite materials revealed the homogeneous distribution of graphite in the epoxy to form compact composites without any obvious graphite agglomerates and voids. The XRD studies of the composites further revealed that the d-spacing of the graphite material remains unchanged upon incorporation into the epoxy. The addition of graphite caused an increase in the thermal conductivity, compressive strength, and Young’s modulus of the composites. The tensile strength, however, decreased by adding graphite. The addition of 1, 5, and 10 wt% graphite to epoxy enhances the mechanical and thermal properties of the composite materials G1, G5, and G10, respectively. The compressive strength remains relatively stable across the samples, showing a slight increase with the addition of the graphite, rising from 66 MPa to 72 or 73 MPa for the composites. In contrast, the tensile strength decreases with increasing graphite content, with the pure epoxy exhibiting a mean tensile strength of 39 MPa compared to 38 MPa for G1 and 22 MPa for both G5 and G10. Young’s modulus shows a significant improvement, particularly in G10, which has a mean value of 3724 MPa, indicating enhanced stiffness with higher graphite content. The thermal conductivity also increases significantly with graphite addition, reaching a maximum of 0.5651 W/m·K for G10, highlighting the potential of graphite/epoxy composites for applications requiring improved heat dissipation. Overall, the incorporation of graphite enhances the thermal and structural characteristics of epoxy, especially in terms of stiffness and conductivity. The results obtained can be used towards the preparation of low-cost epoxy-based composites with improved properties.
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Figure 1. (a) The uniform suspension of graphite flakes, Jeffamine D-230, EPON 826, and NGDE used to prepare the samples for the (b) tensile, (c) compressive, and (d) thermal conductivity tests. (e) A close up of the setup used to measure the latter, in which a hot disk sensor is utilized. 
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