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Abstract
The graphene filled polymer composites have both good mechanical and thermal properties and may be applied for heat management of electronics. The strategies to fabricate three-dimensional (3D) graphene structures as well as their polymeric composites are summarized. First, the polymeric composites composed of 3D graphene foam (GF) and polydimethylsiloxane were manufactured. The thermal conductivity (TC) of composite is 0.56 Wm-1K-1 at only 0.7 wt%, i.e. about 300% that of pure matrix. The incorporation of multilayer graphene flakes as second fillers raised the TC to 1.1Wm-1K-1, Second, by using the rolling technique, the vertical alignment of graphene film resulted in 2.6 Wm-1K1 at 16wt%. Furthermore, by increasing the loading to 92wt%, the TC of composites increased to 612 Wm-1K-1. Ice-templated assembly strategy is also a promising and simple method to realize 3D graphene structure (aerogel). Other techniques such as 3D hot pressing and 3D printing were also utilized to prepare 3D graphene filled polymeric composites and the resulted TC was satisfactory. Based on above study, the 3D structural arrangement of graphene is a promising method to fabricate the polymeric composites with excellent thermal and mechanical performance.

1.
Introduction
Recently, graphene-based composites [6] have been regarded as the most promising candidate for heat dissipation materials due to ultra-highly thermal conductivity (~5300Wk-1m-1) [7] and excellent mechanical properties of graphene. Initially, the researchers just followed the conventional method to fabricate graphene-based polymeric composites via simple stirring and mixing. It is found that the poor dispersion and moderate loading of graphene are crucial challenge in this process due to the huge surface area (2630 m2/g) [9] and light weight of graphene. In most reported results 
 ADDIN EN.CITE 

[10]
, the thermal conductivity of composites obtained via traditional strategies is hard to exceed 5Wm-1K-1. Therefore, novel approaches need to be developed

For a single layer GNPs with a perfect crystal structure, thermal conduction along the carbon plane is ballistic with an ultra-highly thermal conductivity. However, when constructing it into macroscopic structure, the large interface, boundary gaps as well as defects would lead to phonon leakage and umklapp scattering [13]. Further, when incorporating it into composites, the phonon mismatch between polymer and graphene crystal lattices would inevitably cause phonon scattering again. To reduce the interfacial thermal resistance inside the composites, one of the efficient strategies is to decrease the interfacial area. Besides, increasing the size of graphene from nanometer to micrometer or even from single nanoplatelet to 3D interconnected structure was found to be a significant and feasible method. Recently, numerous efforts have been made on microstructure engineering of graphene including construction of 3D interconnected frameworks and high orientation processes to enhance thermal conductive performance of composites. In this paper, recent research progress on microstructure engineering of graphene towards highly thermal conductive composites is firstly summarized. Moreover, the effectiveness, mechanism and theoretical simulation of these structures for thermal conductive enhancement are discussed. A schematic summary of microstructure engineering of graphene is shown in Fig. 1.

[image: image1.png]CVD graphene foam Graphene aerogel

CVD graphene networks

Ice-templated graphene 3D hot compression

Vacuum filtration Vertical alignment

Graphene microstructure engineering




Figure 1 Summary for microstructure of graphene towards highly thermal conductive composites

2. 3D interconnected structure

2.1 Template-based synthesis

Chemical vapor deposition is the most efficient approach to gain monolayer graphene film with large area and high quality [15]. Moreover, various substrates have been reported for graphene formation such as metals 
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[21]
, alloys [31] and [32] as well as inorganic materials 
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[33]
. In addition to CVD method, graphene can also grow directly from carbon atoms aggregation. In general, the quality of graphene is determined by several factors such as roughness and grain size of substrates, lattice match between graphene and substrate and growth condition such as temperature and pressure. Therefore, the quality and thermal conductivity of graphene vary with respect to different methodologies. Zhao et al. [36] synthesized graphene onto nickel foam via CVD and gained 3D interconnected GF by etching off nickel. Then the composite was fabricated by infiltrating PDMS into graphene foam and a highly thermal conductivity of 0.56Wm-1K-1 at 0.4 wt.% was achieved. Gong et al. [37] and Yang et al. [38] used nickel mesh network as growth templates to obtain GMN through similar CVD process. With polyimide and epoxy as matrix, the fabricated composites show thermal conductivity of 3.73Wm-1K-1 and 1.15Wm-1K-1, respectively. 
2.2 Carbonization of polymer frameworks

Hierarchically porous polymers including PU foam [43], melamine foam 
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[44]
, pitch 
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[46]
 and aromatic polyimides [48] are the common template for carbon foam due to simple synthesis route of one-step polymerization. The obtained graphene foams inherit the open cellular and interconnected structure from these polymer foams after carbonization. Karthik et al. [52] used this method to fabricate the GF/PCM composites with TC of 3.77Wm-1K-1 at 25wt.%. Liu et al. [53] improved this method by coating GNPs on PU foam and then carbonizing PU at 700°C. The obtained graphene foam/epoxy composites exhibit 1.52Wm-1K-1 at 5wt.%. Actually, carbonization of polymer template can easily gain a GF with higher loading than CVD method. However, the quality of obtained GF seems to be not good enough. Interconnected degree of the GNPs is obviously lower than the GF from CVD method. In addition, the GNPs are stacked together rather than forming a smooth and flat surface in pyrolysis carbon. Summarily, carbonization process actually provides a feasible strategy to get carbon foam with high loading, but the relatively poor quality of carbon foam degrades its performance.
2.3 Ice template

Lian et al. [55] prepared VAHIGNs by a low cost three-step procedure, including formation of graphene oxide liquid crystals, oriented freeze casting and annealing reduction under Ar ambiance. The low-density ordered networks were utilized as the secondary phase to construct epoxy composite which has a highl TC of 2.13Wm-1K-1 at 0.92 vol.%. The porosity of graphene networks can be controlled by freezing temperature and rate during casting. Yang et al. [57] found that the micropores became sparser and smaller with decreasing freezing temperature. The obtained HPSs/PCMs composites exhibit a TC of 1.84Wm-1K-1 at 19.2 wt.% of BN. Schiffres et al. [58] discovered that if the freezing front is moving beyond a critical speed, the drag acting on a nanoparticle will exceed the free-energy gradient driving force, leaving the nanoparticles engulfed in the crystal, rather than concentrated and compressed into the intercrystal region.
2.4 Aerogel

Aerogel of all carbon materials has attracted tremendous attention to serve as the thermal conductive composites. Zhang et al. [63] synthesized 3D graphene aerogel by using a modified hydrothermal reduction of LGO. Subsequently, fabrication of GAPC has been employed with PDMS matrix via ice-bath-assisted infiltration and vacuum curing processes. The obtained composite exhibits a TC of 0.68Wm-1K-1 at 1wt.%. Yang et al. [65] fabricated high density graphene hybrid aerogels by self-assembly of aqueous mixtures of GO and high-quality GNPs. The corresponding PCCs with 12wt.% of graphene exhibit a TC of 5.92Wm-1K-1. 

2.5 3D hot compression

3D hot compression can solve the problem of poor dispersion of GNPs and form a cellular graphene framework for heat conduction by “one-step” fabrication. Wu et al. [70] designed and prepared an unique segregated double network by cooperating GNPs and MWCNT in PS. The TC of composites is 1.08Wm-1K-1 with 8vol.%. Another method is to fabricate the composites from special heterogeneous powders with core-shell structure (polymer ball and graphene serve as core and shell, respectively) by hot compression. Tu et al. [72]  used electrostatic assembly strategy to introduce the negatively charged GO particles onto positively charged PS latex. The GNPs networks are constructed in the PS matrix by hot pressing in-situ reduction. The TC of obtained nanocomposites is 0.47Wm-1K-1 at 1.53vol.%.
2.6 Hybrid
Zhao et al. investigated various hybrid composites consisting of GF and secondary fillers such as CF [73], MGF [74], as well as CB [75]. The result is presented in Fig. 2(a). It was found that when the content of CB increased to 8wt.%, the CB linking lines made up a continuous network of thermal transportation as shown in Fig. 2(b). Due to the synergic effect of CB and GF, the TC of composites can be enhanced remarkably. 
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Fig.2 (a) Thermal conductivity of composites filled with graphene foam and second fillers. (b) SEM image of freeze-fractured surface of CB/GF/PDMS composite containing 8wt% CB. 
2.7 High orientation

Graphene is an anisotropic thermal conductor, whose in-plane TC is about 5300Wm-1K-1, but out-of-plane value is lower than 10Wm-1K-1 [77]. Thus, various researches concentrated on making the best use of the ultra-high in-plane TC of graphene in order to improve the heat dissipation performance of composites. Han et al. [81] proposed a two-step reduction and hand-rolling process of graphene (Fig.3a). The TC of obtained composite is up to 2.645Wm-1K-1 at 15.79 wt.%. Following this strategy, Zhang et al. [82] fabricated VAGF by rolling graphite sheets (Fig.3b), then penetrated liquid PDMS to gain the composite with ultra-high out-of-plane TC of 614.85Wm-1K-1at 92.3wt.%.
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Figure 3 Fabrication procedure of (a) TR-VArGO/epoxy composite and (b) VAGF/PDMS composite.
3. Conclusions 

TC of graphene-based polymer composites largely depends on intrinsic microstructures of graphene. Different preparation methods of 3D graphene lead to different microstructures. These methods produce some defects like boundaries and impurities that result in lower thermal conductivity. The larger the inter-distance between graphene is and lesser the integrity is, the lower thermal conductivity of composites is. If the boundary width of filler is larger, the interfacial thermal resistance would increase largely. Although the alignment and high orientation processes can make the best use of ultra-high in-plane thermal conductivity of graphene, thermal conductivity along other directions would be small. Higher loading is required to reach the exceptional thermal conductivity of composites. The low loading increases considerably mean inter-particle distances and thus phonon scattering inside composites. In general, graphene loading is below 20wt.% and thermal conductivity of composites does not exceed 10Wm-1K-1 in reported publications, which is not good enough for commercial application. 
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