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Abstract

:

As a lightweight and highly insulating composite material, epoxy resin syntactic foam is increasingly widely used for insulation filling in electrical equipment. To avoid core burning and cracking, which are prone to occur during the casting process, the epoxy resin-based syntactic foam insulation materials with high thermal conductivity and low coefficient of thermal expansion are required for composite insulation equipment. The review is divided into three sections concentrating on the two main aspects of modifying the thermal properties of syntactic foam. The mechanism and models, from the aspects of thermal conductivity and coefficient of thermal expansion, are presented in the first part. The second part aims to better understand the methods for modifying the thermal properties of syntactic foam by adding functional fillers, including the addition of thermally conductive particles, hollow glass microspheres, negative thermal expansion filler and fibers, etc. The third part concludes by describing the existing challenges in this research field and expanding the applicable areas of epoxy resin-based syntactic foam insulation materials, especially cross-arm composite insulation.
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1. Introduction


Recently, with the development of materials and technology for electrical equipment, composite insulation materials (insulators, insulation cross-arms) have been used in domestic transformer substations and lines. They have replaced the traditional porcelain insulation materials in AC and DC power systems due to their unique antifouling performance and superior properties. However, these electrical insulation materials have more stringent requirements on inner filling materials because they operate outdoors for many years and bear strong electric fields and erosion by harsh weather conditions, and they are affected by factors such as high and low-temperature changes, wind, rain, and snow. Among them, the composite foam material with porous composite structure is cured by the resin matrix filled with low-density filler. It has attracted significant research attention as filling materials in various composite insulation materials owing to their low density, high strength, and low defects, and their water absorption rate and mechanical properties are far better than those of traditional natural foams.



As a thermosetting resin with high insulation properties, epoxy resin is widely used as the resin matrix for syntactic foams. The molecule of the epoxy resin contains two or more epoxy groups that can form a three-dimensional (3D) cross-linked network under the action of a suitable curing agent. The resulting network exhibits low water absorption, impact resistance and crack resistance. Epoxy-based syntactic foams have been extensively studied in China, some of whose functions can be optimized, or the development of certain unfavorable characteristics can be suppressed, by adding specific functional fillers into epoxy resins [1]. The application of epoxy resin-based syntactic foam in missile launchers can effectively reduce the density and improve the heat resistance of the launcher. Epoxy resin-based syntactic foams can be employed in solid buoyancy materials [2] to effectively reduce their water absorption [3,4], and can greatly improve the compressive strength of lightweight buoyancy materials. This feature is suitable for water diffusion leakage current testing of insulation materials used in electrical equipment. In general, compared with other foams, epoxy resin-based syntactic foams have the following special advantages: (1) They have a very high closed cell rate, and thus excellent electrical insulation. (2) Their base material is epoxy resin, which does not require low-temperature storage conditions as does phenolic foam [5,6]. (3) They have excellent chemical resistance. (4) They are flame retardant as the oxygen index can reach 40% without adding any flame retardant. (5) The preparation process is simple and inexpensive.



There are more stringent evaluation criteria in the application of epoxy resin-based syntactic foams in internal insulation, including higher insulation strength, lower water absorption, higher thermal conductivity, and lower coefficient of thermal expansion (CTE), etc. Take the application of insulation filling in composite insulation cross-arms as an example. On the one hand, poorly matched CTE will cause a large amount of residual stress in the composite cross-arm, resulting in falloff or cracking during the molding process, and these affect the performance and service life of the cross-arm [7,8,9] (Figure 1). On the other hand, due to the low thermal conductivity, it is difficult to transfer the heat generated during the resin cross-linking reaction, which causes the core-burning phenomenon in the composite [10] (Figure 1b). Therefore, there is a need to modify the thermal properties of epoxy-based syntactic foam to improve the thermal expansion and conductivity of syntactic foam insulation materials. Most studies focus on modifying the thermal properties of resin–matrix composites because the research and application of epoxy-based syntactic foam insulation materials is still evolving, and research on the modification of thermal properties is still insufficient. However, epoxy-based syntactic foams are two-phase foam materials and their structure and material properties are different from those of traditional solid composites. Therefore, the results based on traditional solid composites cannot be fully applied to epoxy-based syntactic foam.



This paper reviews the recent progress of the thermal conductivity mechanism, thermal conductivity model and filling modification of epoxy resin-based composite foam thermal conductivity materials, including the filling modification of thermal conductivity particles, hollow glass microspheres (HGMs) and negative thermal expansion (NTE). Finally, the prospect of application of composite foam material promotes the application and development of epoxy resin-based composite foam, which is of great significance to improve the reliability of composite insulation material.




2. Thermal Characteristics Mechanism and Model of Composites


2.1. Thermal Conductivity of Composite


The thermal conduction mechanism of polymer composites is mainly divided into two aspects: thermal conduction percolation theory and thermal conductive pathway theory. Herein, we focus on the latter. The thermal conductivity of composites is improved to various degrees by adding thermally conductive fillers into the matrix [11,12]. It is reflected in the “sea-island” structure when the content of the filler is small, which indicates very little contact between the fillers, and the heat transfer is very fast even in the filler. Moreover, even if the heat transfer is very fast in the fillers, the thermal resistance of the filler–matrix interface limits the improvement of the thermal conductivity of composites [13,14]. The addition of fillers reduces the distance between the “sea islands” until the occurrence of contact phenomena. Thus, pathways are formed through some parts or the entire material. Then, the thermal conductivity of the filled composite is significantly improved (Figure 2a). In this process, the agglomeration phenomenon between fillers (which cannot be ignored) can be considered a turning point for constructing thermal conductive network pathways. Once the agglomeration is transformed into a thermally conductive network structure (Figure 2b), the thermal conductivity will increase rapidly (Figure 2c) [15].




2.2. Thermal Conductivity Model of Composites


2.2.1. Theoretical Model of Spherical Filler


Maxwell [17,18] obtained the thermal conductivity equation for composites based on spherical fillers by solving the Laplace equation:


  λ =   2  λ 1  +  λ 2  + 2 V  (   λ 2  −  λ 1   )    2  λ 1  +  λ 2  − 2 V  (   λ 2  −  λ 1   )     λ 1  ,  



(1)




where λ1, λ2, and λ are the thermal conductivities of the matrix, filler, and composite, respectively, and V is the volume of the fillers.



This model is suitable for predicting thermal conductivity when a single spherical filler is filled with a volume of less than 1%.



Bruggeman [19] reported that the Maxwell equation can be obtained by adding only a small amount of dV to the composite with higher spherical content. Then, the equation of the composite of the spherical-filler filling system with high filling content can be obtained through integration as follows:


  1 − V =    λ 1  − λ    λ 2  −  λ 1       (     λ 1   λ   )     1 3    ,  



(2)







These two models are suitable for predicting only the binary system of spherical fillers, but when the thermal conductive chain (network) is formed between the filler particles with ultra-high filling content, the Agari equation, given below, must be used [20,21]:


     lg λ = V   f   C 2     lg λ     2       +   (  1 −  V f   )  lg  (   C 1   λ 1   )  ,  



(3)




where C1 is the factor that affects the crystallinity and size of the polymer crystal, λ1, λ2, and λ are the thermal conductivities of the matrix, filler, and composite, respectively, and Vf is the volume of the fillers.




2.2.2. Theoretical Model of Fiber Filler


The Springer–Tasi semiempirical model is proposed based on the assumption that the filler is cylindrical fiber and distributed at right angles in the matrix. The thermal conductivity formula is given as:


     λ = λ   1     {  1 − 2    V π    +  1 B       [  π −  4    1 −  (     B 2  V  π   )        tan   − 1   (     1 − (    B 2  V  π  )      1 +     B 2  V  π      )  ]   }  ,  



(4)




where B = 2(λ1/λ2) − 1 is the semiempirical model.




2.2.3. Theoretical Model of Flake Filler


The Hatta model is a formula specially used to predict the thermal conductivity of composites filled with flake fillers [22], and it is given as follows:


   λ   λ 1     = 1 +   V  S  (  1 − V  )  +    λ 1     λ 2  −  λ 1      ,  



(5)




where S is a physical quantity related to the direction of the thermal conductivity measurement. When the thermal conductivity of a material is measured along a plane, S = πL/4X, and when measured along the thickness, S = 1 − (πL/2X), where L is the effective diameter of the flake filler in the composite, and X is the thickness of the flake filler in the composite.




2.2.4. Theoretical Model of Irregular Filler


Wang [23] improved the Bruggeman equation based on irregular particle shape, particle content, and interface thermal resistance as follows:


     ( 1  −  V 2  )  n   = (     λ 1     λ 2     )   ( 1 + na  −  a ) ( 1  −  a )       [       λ c  −  λ 2   ( 1  −  a )     λ 1  −  λ 2   ( 1  −  a )     ]       n / ( 1  −  a )     



(6)








2.2.5. Theoretical Model of Multifiller


When one type of thermally conductive filler cannot meet the requirement for actual applications, the above-mentioned thermal conductivity model cannot be used. A new model that can be applied to the number of filler particles in the system is established based on previous research work as follows:


     lg λ = V   f   (   X 2   C 2     lg λ   2     + X   3   C 3     lg λ   3   … …   )   +   (  1 −  V f   )    lgC  1   λ 1   



(7)




where λ1, λ2, and λ are the thermal conductivities of the matrix, filler, and composite, respectively, Vf is the volume fraction of the mixed filler in the composite material, and Xi is the percentage of each filler in all fillers.





2.3. Thermal Expansion Mechanism of Composite


CTE is an important indicator for quantifying the expansion or contraction deformation of a material after being heated. The thermal expansion of a solid can be summarized as follows: when the temperature increases, the kinetic energy of adjacent atoms in the solid increases, increasing the average distance and the generation of thermal expansion. This is the source of vibration for thermal expansion. When the degree of separation of atoms is symmetrical to the potential energy, zero thermal expansion occurs, and NTE is the same as shown in Figure 3 [23]. In Figure 3a, the ordinate V(r) is the potential energy of the interaction between atoms, and the abscissa r is the size of the interaction distance between the atoms. The interaction force between atoms is expressed as (−(dE(r))/dr). The equation shows that when the potential energy corresponding to the re position is the smallest, and the force is 0, which indicates the most stable structure. When the temperature increases, the interaction force between two atoms can be completely offset, and the equilibrium position does not change with the temperature; therefore, there is no macroscopic thermal expansion. In normal circumstances, atoms cannot return to equilibrium (that is disharmonic vibration), which is macroscopically expressed as positive thermal expansion or NTE, as shown in Figure 3b. When materials with different CTEs are used to control the CTE of composites, it can be realized in terms of material ratio and microstructural design. When combined with actual fillers, it can be further subdivided into the concentration, size, and shape of the filler.




2.4. Thermal Expansion Model of Composites


The thermal expansion of materials can be characterized by CTE, that is, the relative change in volume per unit temperature can reflect the degree of thermal expansion of a material [24].



CTE of most solid materials is in the order of 10−6. The thermal expansion of anisotropic materials differs in different directions; therefore, the linear CTE needs to be used to express them. Under constant pressure, the coefficient of linear expansion αl is defined as:


   α l   = (    ∂ lnl   ∂ T    ) P   =   1 l    (   ∂ l   ∂ T   )  P    ≈    1 l    l −  l 0    T −  T 0     =   1 l    Δ l   Δ T      



(8)




where l is the length along the main axis.



For a material with volume V, when the change in volume after a temperature change of ΔT is ΔV, then CTE can be defined as:


   α V   = (    ∂ lnV   ∂ T    ) P   =   1 V    (   ∂ V   ∂ T   )  P    ≈    1   V 0      V −  V 0    T −  T 0     =   1   V 0      Δ V   Δ T      



(9)




where V and V0 are the volume under pressure.



For isotropic materials, such as cubic structures, the expansion coefficients along each axis of the crystal are equal; i.e., αV = 3αl. For anisotropic materials, such as hexagonal and tetragonal structures, the expansion coefficients of the crystals along each axis are different; αl is not related to αV.



In addition, the Gruneisen equation can also be used to express the relationship between the CTE of a material and temperature [25].



This is expressed by the mode Gruneisen equation as:


   α V   =   1  BV     ∑    i = 1     3 N     C i   γ i     



(10)




and by the average Gruneisen parameter as:


   α V  =    C V   γ -    BV    



(11)




where αV is the coefficient of volume expansion, T the temperature, γ the Gruneisen constant, CV the specific heat capacity of the object, and B the elastic modules of the object.





3. Modification of Thermal Characteristics of Epoxy Resin Composite Foam Insulation Materials


There are two main techniques to improve the thermal performance of insulating composites. The first is to change the body structure of the matrix, thereby improving the thermal conductivity and thermal expansion performance of the matrix [26,27,28]. However, this method cannot meet the actual production and application requirements because the polymer synthesis is complicated, and the cost of the matrix material is high. The second method is improving the thermal performance of epoxy-based composite foam by adding functional fillers. Compared with the first method, this method is easy to perform and suitable for mass production, and it is also a research hotspot worldwide. This article reviews the epoxy-based foam materials considering filler modification, including the addition of thermally conductive particles, HGM, negative CTE materials, and fibers.



3.1. Filling Modification of Thermally Conductive Particles


There are two factors affecting the thermal conductivity of composites filled with thermally conductive particles. The first is the heat conduction pathway, that is, the ability to form phonon transmission paths. If a heat conduction filler can form more heat conduction channels in a composite, the phonon transmission capacity would be stronger, and the thermal conductivity of the composite would be higher. However, most of the thermally conductive particles form chains or agglomerates inside the matrix. When the thermal conduction chain structure is generated, the weak interaction between the chains becomes thermal resistant. Therefore, the capacity for heat transmission of the polymer can be improved by enhancing the interconnection between the chains, which increases the thermal conductivity of the polymer. Then, the internal structure of the polymer is as shown in Figure 4 [29].



When the agglomeration occurs, the thermal conductivity of the composite is not greatly improved, but it is considered a turning point in the construction of thermal conduction network pathways. Once the agglomeration is transformed into a thermally conductive network structure, the thermal conductivity increases rapidly. The SEM image of a thermally conductive path formed by a connected thermally conductive filler is shown in Figure 5. The second factor affecting the thermal conductivity of composites filled with thermally conductive particles is the interface thermal resistance. The thermal resistance between the matrix molecules is generally much greater than that between fillers. If there are more filler–matrix interfaces, it is difficult to increase the thermal conductivity of the composite. After combining the above factors with the actual filler, the factors affecting the thermal conductivity of composites can be further subdivided into the concentration, size, shape, type of filler, and interaction between the matrix and the filler [1,29,30,31,32]. Chung et al. [33] studied the effects of filler content, particle size, oxygen content, and surface treatment on the thermal conductivity of epoxy-based composites. Within the range of factors investigated in the research, it was found that the filler content has the greatest impact on the thermal conductivity of composites. As the proportion of filler volume was increased from 10% to 60%, the thermal conductivity increased by 1567%. Among the other factors, particle size had the greatest impact on the thermal conductivity of composites. When the filler content was 60%, the increase in the percentage of thermal conductivity reached at 106%, which is attributed to the particle size.



Epoxy resin can be varied in different degrees by adding different fillers to the epoxy group, which not only reduces the cost but also expands the application range of the composite. Adding some common fillers with high thermal conductivity and low thermal expansion can significantly improve the thermal performance of epoxy-based composites. Huang et al. [34] used silver nanoparticles to add polyvinylidene fluoride to test its effect on thermal conductivity. When the loading was higher than 15.0%, the thermal conductivity of the composite increased significantly. When the loading reached 20.0%, the thermal conductivity was about 27 times that of pure polyvinylidene fluoride. Datsyuk et al. [35] used the carbon nanotube core as a filler to prepare a composite. When the filler content was 1.94 wt.%, the thermal conductivity of the composite was 50 times that of the matrix. The above two fillers are metal and carbon fillers, respectively. Adding them to a composite can greatly improve the thermal conductivity of the composite but reduces the insulation performance. Therefore, for electrical equipment, like composite cross-arms, such fillers should be restricted, and the selection and modification of thermally conductive fillers should be studied in depth [36].



Currently, inorganic fillers have attracted attention owing to their excellent electrical insulation and their ability to improve other properties. They are mainly categorized into two: metal oxides and metal nitrides. The commonly used inorganic fillers are silicon nitride, boron nitride (BN), aluminum nitride (AlN), silicon oxide, and aluminum oxide (Al2O3). Among them, nitride fillers (such as silicon nitride, BN, and AlN) have excellent thermal and insulating properties, and they are preferred for thermally conductive insulating fillers [37,38,39].



Hong et al. [40] investigate the influence of relative composition and different sizes on the heat conduction path by designing a composite system of AlN and BN mixed fillers. When the relative composition of AlN and BN was 1:1 and the particle size was similar, the thermal conductivity was the largest because the interface thermal resistance and conductive network may be sensitive to the relative composition mode of AlN and BN. The influence of the relative size of the filler on the heat conduction path can be represented by a bimodal distribution curve. When the bimodal distribution is a continuous valley, the number of conductive networks increases and the contact area would be optimized, resulting in high thermal performance. Moradi et al. [41] found that the thermal conductivity of a composite increases with an increase in the particle size of BN when the volume fraction of BN is controlled. This shows the effect of particle size on the thermal conductivity. The difference in the thermal conductivity of composite materials due to different sizes of fillers is mainly attributed to the difference in the interface thermal resistance between the filler and the matrix. After certain treatments, the compatibility of the filler–matrix interface can be enhanced, improving the thermal conductivity of the composite to a certain extent [42].



The shape of the filler is also one of the important factors affecting the thermal conductivity of a composite. The general 3D, 2D, and 1D fillers can form heat conduction pathways in different capabilities and methods. Sun et al. [43] compared the thermal conductivity of composites using hexagonal BN and hexagonal BN microspheres as fillers. With 40 wt.% hexagonal BN microspheres and hexagonal BN, the thermal conductivity of the composite material was 1.03 and 0.86 W·m−1·K−1, respectively. Recently, Wang et al. [44] obtained tangentially distributed BN nanosheets through self-assembly. The special structure has excellent insulation and thermal conductivity. When epoxy and BN films of the same specification were used as thermal interface materials, different heat dissipation effects were observed. The test device is shown in Figure 6. Finally, compared with commercial silicon wafers, the advantages of heat dissipation performance of BN films were analyzed through finite element simulation.



Recently, 2D covalent organic frameworks (2D-COFs), which have the same properties, have been used in many fields. Evans et al. [45] synthesized 2D-COFs film by the template gel method. The thermal conductivity of the composite was as high as 1 W·m−1·K−1, and the dielectric constant was as low as 1.6. Compared with other organic or porous materials (Figure 7) 2D-COFs exhibit an extremely high thermal conductivity at the same density. In general, BN fillers have excellent thermal conductivity and insulation properties and can construct a heat conduction pathway inside composites after adjusting the microstructure. However, in practical applications, this type of filler is expensive and generally added only in a small amount, that is, it is added as an auxiliary filler together with other fillers to improve the thermal conductivity and insulation performance of composites.



Considering the influence of the microstructure on the overall thermal conductivity of composites, a specially designed heat conduction path is constructed during the processing to reduce transmission resistance of phonons to obtain high thermal conductivity in a certain direction [46,47,48,49]. As shown in Figure 8, Xu et al. [50] constructed a 3D BN foam to achieve good thermal conductivity and insulation simultaneously. A self-supporting and pressure-enhanced 3D BN foam can be constructed by mixing BN powder and ammonium bicarbonate particles and then removing the ammonium bicarbonate by heat treatment. Then, the foam is immersed in a liquid epoxy mixture to obtain a 3D-BN/epoxy composite through a curing process. Chen et al. [51] mixed BN with a salt template at first to dissolve polyvinylidene fluoride (PVDF) as a binder in acetone to prevent the precipitation of BN (Figure 11). Then, they used acetone to evaporate and remove salt to form a BN network. Finally, they employed the vacuum-assisted impregnation method to infiltrate the epoxy resin into the stent to prepare the corresponding composites.



At present, the research on epoxy resin thermal conductive particle composites is mostly at the theoretical stage and has not been widely used in practical power engineering. The main reasons are that the poor dispersion of filler particles in the epoxy resin polymer matrix and the complex environment in actual power engineering (long-term low-temperature environment, high altitude low-voltage environment, magnetic field environment, salt spray environment, etc.) affect the long-term working stability of electrical equipment.




3.2. Filling Modification of Hollow Glass Microsphere


HGM is a closed-cell miniature sphere filled with CO2 gas. It has relatively good fluidity and dispersion in the matrix as it is small in size and its surface is smooth, which is essential for maintaining the uniform properties of composites [52]. HGM has many physical and chemical properties that other lightweight fillers cannot match since spheres have the smallest surface area among other shapes with the same volume. It is characterized by lightweight, high strength, stable performance, high melting point, high resistivity, and low thermal shrinkage coefficient, which enables HGMs to be widely used in composites. Matrices with HGM generally have good creep and heat resistance under certain processing technologies, which can also improve the mechanical properties of the composite without significantly increasing the weight, and simultaneously the dimensional stability and insulation of the composite are improved [21,31,53]. In the power field, HGM’s insulation and low thermal shrinkage coefficient can also be used to process and produce cable insulation material.



Liu et al. [54] hypothesized that HGM in powder is mainly distributed in three configurations, namely, no-void, cubic dense, and hexagonal dense packing. A single HGM model is shown in Figure 9. It can be periodically repeated to form an entire composite. In the end, a 3D two-step layered calculation method is used to predict its effective thermal conductivity, and the results show that the hexagonal dense packing model can reflect the true distribution of the polymer better than the cubic dense packing and single-microsphere model.



Hu et al. [55] used a schematic diagram to show the plane between the glass microsphere/matrix (Figure 10a) and listed the heat transfer path between the composites (Figure 15). The contribution of the gas in HGM to the thermal conductivity is attributed to the collision of gas molecules in the void (stage II in Figure 10b) and between gas molecules and the solid wall of the interface (stage III). Heat transfer in solids (stage I) mainly depends on the molecular vibrations in the material. Heat transfer collisions at all stages can be described by dynamic theoretical models [56,57].



When there are some external factors, the original form of heat conduction will change. On the one hand, when the cavity of the glass microsphere is incomplete, the generated inorganic fragments can form additional continuous heat conduction paths to improve the thermal conductivity of the composite [58]. On the other hand, when the temperature is higher than the glass-transition temperature of the composite, a continuous network is obtained, which ultimately increases the heat transfer capacity [55,59].



Considering thermal expansion, the significantly low CTE of glass microspheres and their interaction with epoxy resin are the main reasons for the decrease in CTE of the composite. The low CTE can enhance the thermal stability of the composite to a certain degree, and it is difficult to age under long-term light [60]. Pei et al. [61] established Table 1 based on experimental studies. The thermal expansion coefficient of a composite has a downward trend when the HGM ratio increases, and the performance of the composite is improved. Yung et al. [62] measured the CTE of a composite before and after the glass-transition temperature. As shown in Figure 11, the addition of HGM significantly changed the performance of the composite.



Tamara et al. [63] investigated HGM and Piasa fibers mixed with resin. Experiments showed that there is no great adhesion between HGM and the matrix in the absence of a coupling agent. This increases the thermal resistance of the filler/matrix interface. This weak interaction inevitably results in the poor electrical, mechanical, and thermal properties of the composite, and the heat transfer capability can be significantly enhanced by optimizing the filler–matrix interconnection. This is consistent with the experimental results of Wouterson et al. [64]. The microscopic morphology of the sample is shown in Figure 12 and Figure 13. It shows that it is necessary to modify the surface of HGM to improve the performance of the composite. Common surface modification methods include coupling agent modification, acid–base etching, plasma surface treatment, and elastomer-coating treatment [65].



The study on the thermal properties of epoxy resin-based syntactic foams was carried out from the perspective of different composites, and the related theory of glass bead filler was used to analyze the problems. The traditional research mode of simple blending was broken through, so that the study on thermal properties of epoxy composite foam could be solved from a new perspective. After modifying glass microspheres, the interface connection between HGM and the substrate can be changed from simple physical miscibility to a strong chemical bond. The microsphere and matrix are better connected [66,67,68], giving the composite unique physical and chemical properties. As in-depth research is conducted on microspheres, better epoxy-based composite foam insulation materials will be further explored.




3.3. Filling Modification of Negative CTE


Due to the porous structure, epoxy-based composite foams exhibit a higher CTE than most polymer materials. Close to room temperature, the linear expansion coefficient of epoxy-based foam is 40–80 ppm/K which is also much higher than that of common metallic and ceramic materials. Therefore, when such materials are used, there is a large CTE mismatch with other materials. Especially after many thermal cycles, the two materials generate greater stress at the contact surfaces, which can cause the instability of device performance [69].



NTE materials have the opposite characteristics of conventional “thermal expansion and cold contraction”; that is, materials with a negative average CTE within a certain temperature range. The NTE phenomenon can be divided into two types: phase transition and framework types. The phase transition type can be divided into atomic radius contraction and magnetic volume effect. In general, phase change materials have larger negative CTEs and narrower temperature ranges than frame-type materials [70,71]. When a composite material with a negative CTE filler is employed in composite cross-arms, the low thermal expansion would reduce the thermal mismatch stress and achieve high-precision control of thermal expansion, thereby controlling the generation and development of interface cracks. Although the NTE phenomenon has been observed for a long time, the negative expansion phenomena of most materials, such as ice, quartz, Si, and zeolite, are restricted to a very narrow temperature range [72,73,74,75,76]. In addition, NTE materials have anisotropic thermal shrinkage and cold expansion when the temperature is too high or too low, which limits their applications.



Since the discovery of ZrW2O8 in frame structure materials, NTE materials have attracted widespread attention and developed rapidly [77,78]. Since then, much more NTE materials have been discovered. Sleight found materials with strong NTE effects, a wide temperature range, and isotropic properties in tungsten oxides [79], making the material attract global attention. The CTE of the composite can be significantly reduced when a small amount of NTE material is added to the composite. Ge et al. [80] reported a new material with a molecular formula of ZrScMo2VO12. This material has overcome the temperature limitation of general NTE materials and could have excellent continuous NTE characteristics in a wide temperature range. The moisture absorption rate within the studied temperature range is close to zero. The thermogravimetric/differential scanning calorimetry curve from room temperature to 873 K is shown in Figure 14 (hygroscopicity causes abnormal changes in the linear thermal expansion curve) [81]. Zhang et al. [82] found that when NTE material is used as a thermal expansion inhibitor to compound with epoxy resin, only 22.5 vol.% of Mn0.983CoGe is required to completely suppress the positive thermal expansion of epoxy resin. Notably, the thermal conductivity of composites has also increased significantly. For example, the thermal conductivity of Mn0.983CoGe/epoxy resin composite with a filling amount of 30 vol.% is almost twice that of pure epoxy resin at room temperature, and it is increased three times to about 150 K.



Compared with other fillers, NTE fillers are very scarce, and common chemical properties, such as NTE coefficient, thermal expansion anisotropy, and mechanical or electrical insulation performance, are within a limited range. Therefore, only very limited NTE materials are used as thermal expansion compensators in practical applications [80,83]. When using small-sized fillers, attention should be paid to the unique chemical properties of NTE materials to avoid chemical deterioration of the matrix and filler during the formation of the composite material, thus causing the filler to lose its NTE properties [84]. In addition, research on NTE materials not only focuses on developing new NTE materials but also adjusting their CTE to meet the complex engineering needs of composite cross-arms. To study the essential mechanism of isotropic NTE materials, there is a need to develop more NTE fillers with a wide temperature range and stable performance.




3.4. Fiber Filling Modification


Compared with particulate fillers, the strength and elastic modulus of fiber materials have great advantages. First, the fiber fillers with high thermal conductivity can not only increase the thermal conductivity of the composite but also serve as the main carrier in the composite. When the composite is subjected to an external force, the force is distributed to the internal fibers so that the load is evenly distributed, and its mechanical strength and modulus will greatly exceed those of conventional bulk polymers [85]. In addition, with an increase in fiber content, it is easy to form a larger heat conduction network in the matrix so that the heat flow circulates along the radial direction of the fiber, and this improves the heat conduction efficiency of the material along the radial direction of the fiber. Therefore, a combination of fiber and matrix results in a composite with high thermal conductivity and low weight [86]. In terms of thermal expansion, the generation of thermal stress may cause the bending of fibers, resulting in fiber debonding and interfacial crack propagation (even when the fiber has been modified), which greatly affects the thermal, electrical, and mechanical properties of the composite. Factors affecting the thermal conduction and thermal expansion of composites have been extensively studied, including fiber volume fraction, orientation arrangement, cross-sectional area, microstructure, and modification effects [87].



In the first section, we mentioned the overall thermal conductivity of composites can be improved by the ultra-high thermal conductivity of BNs, such as building a 3D network [88,89,90,91,92,93]. Hou et al. [94] employed this principle to make BNs fibers. BNs and carbon fibers were dispersed in a solvent, and after a series of high-temperature reactions, aluminum borate/BNs fibers were obtained. The test results show that the treated BNs significantly enhanced the thermal conductivity of the composite. Guoliang et al. [95] obtained the axial and radial thermal conductivity of a single fiber through indirect measurement of composite materials and establishing models and theoretical calculations because the measurement of the thermal conductivity of a single fiber is difficult. They expressed the prospect of heat conduction in different arrangements of the fibers. On the one hand, the thermal conductivity of the composite increased as the fiber volume fraction increased. On the other hand, the fiber fineness greatly affects the thermal conductivity. Ronca et al. [96] obtained similar results after experimental analysis of fiber samples.



Tan et al. [97] studied the effect of different fiber orientations on thermal conductivity. They divided the fiber arrangement direction into three categories, as shown in Figure 15. Figure 15a is overlapped and has the same fiber arrangement direction. In Figure 15b, the fibers are rotated by 90°. In Figure 15c, all the fibers are arranged toward the outer plate. Comparing the final verification with the volume fraction of the fiber, the orientation of the fiber is a very important factor that affects temperature distribution [98,99].



Recently, the wide application of fibers in composite cross-arm has promoted the development of manufacturing processes for composite cross-arms. When the composite cross-arm is used in a low-temperature or low-temperature alternating environment, the fiber composite will be damaged, decreasing the safety of the composite. The thermal expansion makes the boundary between the matrix and the fiber prone to damage. Fibers would be better used in electrical equipment after being researched and explored further in future studies as a reinforcing phase of composites.





4. Conclusions and Prospect


This paper presents the latest developments in thermally conductive particles, HGM, negative CTE-material, and fiber filling modifications considering thermal conductivity and expansion performance to determine a suitable modification method for preparing the inner filling material for composite insulation cross-arms. Recently, with more in-depth research, novel types of composites for preparing composite insulation cross-arms exhibit several high-quality properties under different filler modifications. The advantages are obvious, especially in terms of being lightweight, high strength, having good insulation performance, high thermal conductivity, and low thermal expansion. However, there are still many challenges in the compounding process. Such challenges are not limited to the types of substrates and fillers but also the complicated structural connections, chemical reactions, heat conduction, and interfacial problems. These have hindered the realization of the envisioned production mechanism. In this regard, we propose the following prospects:



Under high loads, the load on epoxy resin-based composite foam insulation materials modified by fiber filling is distributed along the fiber, and the load distribution is more uniform. Further research on fiber/matrix interfaces is required because the actual application environment of the composite insulation cross-arms is complicated, and the interface-coupling strength between the fiber and the matrix still needs to be improved.



The mechanical properties of epoxy resin-based composite foam insulation materials with high filling decreases with an increase in the filler content, which cannot guarantee the quality of actual engineering applications. Therefore, there is a need to investigate novel low-filling-content and high-modification-efficiency fillers by exploring theoretical models of thermal characteristics to ensure the overall quality of composite insulation cross-arms.



High-efficiency transmission of curing reaction heat is important for modifying the thermal properties of epoxy resin-based composite foam insulation materials. Therefore, in addition to enhancing the thermal characteristics of the inner filling material of composite insulating cross-arms, the difficulty in modifying the thermal characteristics can be fundamentally reduced by controlling the curing reaction heat, which has great significance to the engineering production of composite insulating cross-arms.







Author Contributions


Conceptualization, Z.Z. and X.D.; writing—original draft preparation, Z.Z. and X.D.; visualization, H.L., Y.L. and L.L.; supervision, S.Z. and W.X.; writing—reviewing and editing Z.Z., X.D., H.L., S.Z., W.X., Y.L. and L.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Science and Technology Project of China Southern Power Grid Research Institute (SEPRI-K195067), and the Special Fund for Basic Scientific Research Business Expenses of Central Universities (2020MS088,2018QN073).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wang, Z.D.; Meng, G.D.; Wang, L.L.; Tian, L.; Chen, S.; Wu, G.; Kong, B.; Cheng, Y. Simultaneously enhanced dielectric properties and through-plane thermal conductivity of epoxy composites with alumina and boron nitride nanosheets. Sci. Rep. 2021, 11, 2495. [Google Scholar] [CrossRef] [PubMed]

	



Li, R.; Wang, P.; Zhang, P.; Fan, G.; Wang, G.; Ouyang, X.; Ma, N.; Wei, H. Surface modification of hollow glass microsphere and its marine-adaptive composites with epoxy resin. Adv. Compos. Lett. 2020, 29, 2633366X20974682. [Google Scholar]

	



Wang, Y.; Duan, J.K.; Gao, Y.; Jiang, T.; Yang, K.L.; Zhao, Y.; Li, W.G.; Wu, X.F. A summary of epoxy—Based composite buoyancy materials for deep sea equipment. China Plast. Ind. 2020, 48, 1–4. [Google Scholar]

	



Wang, L.; Yang, X.; Jiang, T.; Zhang, C.; He, L. Cell morphology, bubbles migration, and flexural properties of non-uniform epoxy foams using chemical foaming agent. J. Appl. Polym. Sci. 2015, 131, 205–212. [Google Scholar] [CrossRef]

	



Lu, X.; Xu, G. Thermally Conductive Polymer Composites for Electronic Packaging. J. Appl. Polym. Sci. 1997, 65, 2733–2738. [Google Scholar] [CrossRef]

	



Liu, Z.; Chen, Y.; Dai, W.; Wu, Y.; Wang, M.; Hou, X.; Li, H.; Jiang, N.; Lin, C.; Yu, J. Anisotropic thermal conductive properties of cigarette filter-templated graphene/epoxy composites. RSC Adv. 2018, 8, 1065–1070. [Google Scholar] [CrossRef]

	



Liu, Y.L.; Lin, Y.L.; Chen, C.P.; Jeng, R.J. Preparation of epoxy resin/silica hybrid composites for epoxy molding compounds. J. Appl. Polym. Sci. 2010, 90, 4047–4053. [Google Scholar] [CrossRef]

	



Roh, J.H.; Lee, J.H.; Yoon, T.H. Enhanced Adhesion of Silica for Epoxy Molding Compounds (EMCs) by Plasma Polymer Coatings. J. Adhes. Sci. Technol. 2012, 16, 1529–1543. [Google Scholar] [CrossRef]

	



Heo, G.Y.; Park, S.J. Effect of coupling agents on thermal, flow, and adhesion properties of epoxy/silica compounds for capillary underfill applications. Powder Technol. 2012, 230, 145–150. [Google Scholar] [CrossRef]

	



Liu, Y.P.; Li, L.; Liu, H.C. Study on the thermal properties and electrical properties of micron boron nitride on the thermal properties and electrical properties of silicone modified epoxy resin-based lightweight insulation materials. China J. Electr. Eng. 2021, 41, 1–12. [Google Scholar]

	



Kargar, F.; Barani, Z.; Salgado, R.; Debnath, B.; Lewis, J.S.; Aytan, E.; Lake, R.K.; Balandin, A.A. Thermal percolation threshold and thermal properties of composites with high loading of graphene and boron nitride fillers. ACS Appl. Mater. Interfaces 2018, 10, 37555–37565. [Google Scholar] [CrossRef] [PubMed]

	



Li, A.; Zhang, C.; Zhang, Y.F. Thermal conductivity of graphene-polymer composites: Mechanisms, properties, and applications. Polymers 2017, 9, 437. [Google Scholar] [CrossRef]

	



Wang, Y.; Yang, C.; Pei, Q.X.; Zhang, Y. Some aspects of thermal transport across the interface between graphene and epoxy in nanocomposites. ACS Appl. Mater. Interfaces 2016, 8, 8272–8279. [Google Scholar] [CrossRef] [PubMed]

	



Feng, C.; Ni, H.; Chen, J.; Yang, W. Facile method to fabricate highly thermally conductive graphite/PP composite with network structures. ACS Appl. Mater. Interfaces 2016, 8, 19732–19738. [Google Scholar] [CrossRef]

	



Tavman, I.H.; Akinci, H. Transverse thermal conductivity of fiber reinforced polymer composites. Int. Commun. Heat Mass Transf. 2000, 27, 253–261. [Google Scholar] [CrossRef]

	



Pan, R.; Kovacevic, S.; Lin, T.S.; He, P.; Sekulic, D.P.; Mesarovic, S.D.; Yang, Z.; Shen, Y.; Wei, H. Control of residual stresses in 2Si-B-3C-N and Nb joints by the Ag-Cu-Ti plus Mo composite interlayer. Mater. Des. 2016, 99, 193–200. [Google Scholar] [CrossRef]

	



Maxwell, J.J.N. A treatise on electricity and magnetism. Nature 1873, 7, 478–480. [Google Scholar]

	



Progelhof, R.C.; Throne, J.L.; Ruetsch, R. Science. Methods for predicting the thermal nonductivity of composite systems: A review. Polym. Eng. Sci. 1976, 16, 615–625. [Google Scholar] [CrossRef]

	



Bruggeman, D. Berechnung verschiedener physikalischer Konstanten von heterogenen Substanzen. I. Dielektrizittskonstanten Leitfhigkeiten Mischkrper isotropen Substanzen. Ann. Phys. 1937, 421, 160–178. [Google Scholar] [CrossRef]

	



Nielsen, L.E. Generalized equation for the elastic moduli of composite materials. J. Appl. Phys. 1970, 41, 4626–4627. [Google Scholar] [CrossRef]

	



Agari, Y.; Uno, T. Estimation on thermal conductivities of filled polymers. J. Appl. Polym. Sci. 2010, 32, 5705–5712. [Google Scholar] [CrossRef]

	



Hatta, H.; Taya, M.; Kulacki, F.A.; Harder, J.F. Thermal diffusivities of composites with various types of filler. J. Compos. Mater. 1992, 26, 612–625. [Google Scholar] [CrossRef]

	



Liu, Z.K.; Shang, S.L.; Wang, Y. Fundamentals of thermal expansion and thermal contraction. Materials (Basel) 2017, 10, 410. [Google Scholar] [CrossRef] [PubMed]

	



Lind, C.J.M. Two decades of negative thermal expansion research: Where do we stand? Materials (Basel) 2012, 5, 1125–1154. [Google Scholar] [CrossRef]

	



Wang, L.; Wang, C.; Sun, Y.; Deng, S.; Shi, K.; Lu, H.; Hu, P.; Zhang, X. First-principles study of Sc1-xTixF3 (X0.375): Negative thermal expansion, phase transition, and compressibility. J. Am. Ceram. Soc. 2015, 98, 2852–2857. [Google Scholar] [CrossRef]

	



Jeong, I.; Kim, C.B.; Kang, D.G.; Jeong, K.; Jang, S.G.; You, N.; Ahn, S.; Lee, D.; Goh, M. Liquid crystalline epoxy resin with improved thermal conductivity by intermolecular dipole–dipole interactions. J. Polym. Sci. Part A Polym. Chem. 2019, 57, 708–715. [Google Scholar] [CrossRef]

	



Liang, D. Research on the Preparation and Thermal Conductivity of Epoxy Composite Materials. Master’s Thesis, Xi’an University of Technology, Xi’an, China, November 2020. [Google Scholar]

	



Tu, H.; Ye, L. Thermal conductive PS/graphite composites. Polym. Adv. Technol. 2009, 20, 21–27. [Google Scholar] [CrossRef]

	



Song, W.L.; Wang, P.; Cao, L.; Anderson, A.; Meziani, M.J.; Farr, A.J.; Sun, Y.P. Polymer/boron nitride nanocomposite materials for superior thermal transport performance. Angew. Chem. Int. Ed. Engl. 2012, 51, 6498–6501. [Google Scholar] [CrossRef]

	



Qian, X.; Zhou, J.W.; Chen, G. Phonon-engineered extreme thermal conductivity materials. Nat. Mater. 2021, 20, 1188–1202. [Google Scholar] [CrossRef]

	



Yang, X.T.; Liang, C.B.; Ma, T.B.; Guo, Y.; Kong, J.; Gu, J.; Chen, M.; Zhu, J. A review on thermally conductive polymeric composites: Classification, measurement, model and equations, mechanism and fabrication methods. Adv. Compos. Hybrid Mater. 2018, 1, 207–230. [Google Scholar] [CrossRef]

	



Kango, S.; Kalia, S.; Celli, A.; Njuguna, J.; Habibi, Y.; Kumar, R. Surface modification of inorganic nanoparticles for development of organic–inorganic nanocomposites—A review. Prog. Polym. Sci. 2013, 38, 1232–1261. [Google Scholar] [CrossRef]

	



Wang, Z.D.; Priego, P.; Meziani, M.J.; Wirth, K.; Bhattacharya, S.; Rao, A.; Wang, P.; Sun, Y. Dispersion of high-quality boron nitride nanosheets in polyethylene for nanocomposites of superior thermal transport properties. Nanoscale Adv. 2020, 2, 2507–2513. [Google Scholar] [CrossRef]

	



Chung, S.L.; Lin, J.S.J.P.C. Thermal conductivity of epoxy resin composites filled with combustion synthesized h-BN particles. Molecules 2016, 39, 670. [Google Scholar] [CrossRef] [PubMed]

	



Huang, X.; Jiang, P.; Xie, L. Ferroelectric polymer/silver nanocomposites with high dielectric constant and high thermal conductivity. Appl. Phys. Lett. 2009, 95, 1–3. [Google Scholar] [CrossRef]

	



Datsyuk, V.; Trotsenko, S.; Reich, S. Carbon-nanotube–polymer nanofibers with high thermal conductivity. Carbon 2013, 52, 1–4. [Google Scholar] [CrossRef]

	



Zeng, X.L.; Sun, J.J.; Yao, Y.M.; Sun, R.; Xu, J.B.; Wong, C.P. A combination of boron nitride nanotubes and cellulose nanofibers for the preparation of a nanocomposite with high thermal conductivity. ACS Nano 2017, 11, 5167–5178. [Google Scholar] [CrossRef]

	



Skaff, H.; Emrick, T. Reversible addition fragmentation chain transfer (RAFT) polymerization from unprotected cadmium selenide nanoparticles. Angew. Chem. Int. Ed. 2004, 43, 5383–5386. [Google Scholar] [CrossRef]

	



Li, H.; Ai, D.; Ren, L.; Yao, B.; Han, Z.; Shen, Z.; Wang, J.; Chen, L.Q.; Wang, Q. Scalable polymer nanocomposites with record high-temperature capacitive performance enabled by rationally designed nanostructured inorganic fillers. Adv. Mater. 2019, 31, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Meziani, M.J.; Patel, A.K.; Priego, P.; Wirth, K.; Wang, P.; Sun, Y. Boron nitride nanosheets from different preparations and correlations with their material properties. Ind. Eng. Chem. Res. 2019, 58, 18644–18653. [Google Scholar] [CrossRef]

	



Hong, J.P.; Yoon, S.W.; Hwang, T.; Oh, J.; Hong, S.; Lee, Y.; Nam, J. High thermal conductivity epoxy composites with bimodal distribution of aluminum nitride and boron nitride fillers. Thermochim. Acta 2012, 537, 70–75. [Google Scholar] [CrossRef]

	



Moradi, S.; Calventus, Y.; Román, F.; Hutchinson, J.M.J.P. Achieving high thermal conductivity in epoxy composites: Effect of boron nitride particle size and matrix-filler interface. Polymers (Basel) 2019, 11, 1156. [Google Scholar] [CrossRef]

	



Zhang, Y.R.; Tuo, R.; Yang, W.; Wu, J.; Zhu, J.; Zhang, C.; Lin, J.; Bian, X. Improved thermal and electrical properties of epoxy resin composites by dopamine and Silane coupling agent modified hexagonalBN. Polym. Compos. 2020, 41, 4727–4739. [Google Scholar] [CrossRef]

	



Sun, J.; Wang, D.; Yao, Y.; Zeng, X.; Pan, G.; Huang, Y.; Hu, J.; Sun, R.; Xu, J.; Wong, C. Boron nitride microsphere/epoxy composites with enhanced thermal conductivity. High Volt. 2017, 2, 147–153. [Google Scholar] [CrossRef]

	



Wang, T.; Zhang, G.; Zhang, B.; Liu, S.; Li, D.; Liu, C. Oriented boron nitride nanosheet films for thermal management and electrical insulation in electrical and electronic equipment. ACS Appl. Nano Mater. 2021, 4, 4153–4161. [Google Scholar] [CrossRef]

	



Evans, A.M.; Giri, A.; Sangwan, V.K.; Xun, S.; Bartnof, M.; Torres-Castanedo, C.G.; Balch, H.B.; Rahn, M.S.; Bradshaw, N.P.; Vitaku, E.; et al. Thermally conductive ultra-low-k dielectric layers based on two-dimensional covalent organic frameworks. Nat. Mater. 2021, 20, 1142–1148. [Google Scholar]

	



Liang, C.B.; Qiu, H.; Han, Y.Y.; Gu, H.; Song, P.; Wang, L.; Kong, J.; Cao, D.; Gu, J. Superior electromagnetic interference shielding 3D graphene nanoplatelets/reduced graphene oxide foam/epoxy nanocomposites with high thermal conductivity. J. Mater. Chem. C 2019, 7, 2725–2733. [Google Scholar] [CrossRef]

	



Li, J.C.; Li, F.Z.; Zhao, X.Y.; Zhang, W.; Li, S.; Lu, Y.; Zhang, L. Jelly-inspired construction of the three-dimensional interconnected BN network for lightweight, thermally conductive, and electrically insulating rubber composites. ACS Appl. Electron. Mater. 2020, 2, 1661–1669. [Google Scholar] [CrossRef]

	



Liu, Z.D.; Chen, Y.P.; Li, Y.F.; Dai, W.; Yan, Q.; Alam, F.E.; Du, S.; Wang, Z.; Nishimura, K.; Jiang, N.; et al. Graphene foam-embedded epoxy composites with significant thermal conductivity enhancement. Nanoscale 2019, 11, 17600–17606. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Xu, X.W.; Hu, R.C.; Chen, M.Y.; Dong, J.; Xiao, B.; Wang, Q.; Wang, H. 3D boron nitride foam filled epoxy composites with significantly enhanced thermal conductivity by a facial and scalable approach. Chem. Eng. J. 2020, 397, 1–7. [Google Scholar] [CrossRef]

	



Chen, X.L.; Lim, J.S.K.; Yan, W.L.; Guo, F.; Liang, Y.N.; Chen, H.; Lambourne, A.; Hu, X. Salt template assisted BN scaffold fabrication toward highly thermally conductive epoxy composites. ACS Appl. Mater. Interfaces 2020, 12, 16987–16996. [Google Scholar] [CrossRef] [PubMed]

	



Yu, X.D. Study on the Mechanics of Foam Aluminum—Hollow Glass Microbeads/Epoxy Composites. Master’s Thesis, Yanshan University, Qinhuangdao, China, December 2020. [Google Scholar]

	



Aslani, F.; Wang, L.N. Fabrication and characterization of an engineered cementitious composite with enhanced fire resistance performance. J. Clean. Prod. 2019, 221, 202–214. [Google Scholar] [CrossRef]

	



Liu, B.; Wang, H.; Qin, Q.H. Modelling and characterization of effective thermal conductivity of single hollow glass microsphere and its powder. Materials (Basel) 2018, 11, 133. [Google Scholar] [CrossRef]

	



Hu, F.; Wu, S.Y.; Sun, Y.G. Hollow-structured materials for thermal insulation. Adv. Mater. 2019, 31, 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Schiffres, S.N.; Kim, K.H.; Hu, L.; McGaughey, A.J.; Islam, M.F.; Malen, J.A. Gas diffusion, energy transport, and thermal accommodation in single-walled carbon nanotube aerogels. Adv. Funct. Mater. 2012, 22, 5251–5258. [Google Scholar] [CrossRef]

	



Chen, G. Nanoscale Energy Transport and Conversion: A Parallel Treatment of Electrons, Molecules, Phonons, and Photons; Oxford University Press: Oxford, UK, 2005; pp. 1–556. [Google Scholar]

	



Cheng, T.; Chen, C.; Wang, L.; Zhang, X.; Ye, C.H.; Deng, Q.; Chen, G. Synthesis of Fly Ash Magnetic Glass Microsphere@BiVO4 and Its Hybrid Action of Visible-Light Photocatalysis and Adsorption Process. Pol. J. Environ. Stud. 2021, 30, 2027–2040. [Google Scholar] [CrossRef]

	



Hu, Y.; Mei, R.; An, Z.; Zhang, J. Silicon rubber/hollow glass microsphere composites: Influence of broken hollow glass microsphere on mechanical and thermal insulation property. Compos. Sci. Technol. 2013, 79, 64–69. [Google Scholar] [CrossRef]

	



Ren, S.; Guo, A.R.; Dong, X.; Tao, X.; Xu, X.; Zhang, J.; Geng, H.; Liu, J. Preparation and characteristic of a temperature resistance buoyancy material through a Gelcasting process. Chem. Eng. J. 2016, 288, 59–69. [Google Scholar] [CrossRef]

	



Li, P.X.; Zheng, W.; Yu, X.Y.; Zhang, J. The preparation and performance of hollow glass microbead modified epoxy resin. Chin. J. Colloid Polym. 2020, 38, 7–10. [Google Scholar]

	



Yung, K.C.; Zhu, B.L.; Yue, T.M.; Xie, C.S. Preparation and properties of hollow glass microsphere-filled epoxy-matrix composites. Compos. Sci. Technol. 2009, 69, 260–264. [Google Scholar]

	



Borges, T.E.; Almeida, J.H.S.; Amico, S.C.; Amado, F.D. Hollow glass microspheres/piassava fiber-reinforced homo- and co-polypropylene composites: Preparation and properties. Polym. Bull. 2017, 74, 1979–1993. [Google Scholar] [CrossRef]

	



Wouterson, E.M.; Boey, F.Y.; Hu, X.; Wong, S.C. Specific properties and fracture toughness of syntactic foam: Effect of foam microstructures. Sciencedirect 2005, 65, 1840–1850. [Google Scholar] [CrossRef]

	



Gupta, N.; Pinisetty, D. A Review of Thermal Conductivity of Polymer Matrix Syntactic Foams-Effect of Hollow Particle Wall Thickness and Volume Fraction. JOM 2013, 65, 234–245. [Google Scholar] [CrossRef]

	



Zhang, L.; Ma, J. Effect of coupling agent on mechanical properties of hollow carbon microsphere/phenolic resin syntactic foam. Compos. Sci. Technol. 2010, 70, 1265–1271. [Google Scholar] [CrossRef]

	



Choi, M.H.; Jeon, B.H.; Chung, I.J. The effect of coupling agent on electrical and mechanical properties of carbon fiber/phenolic resin composites. Polymer 2000, 41, 3243–3252. [Google Scholar] [CrossRef]

	



Afolabi, L.O.; Ariff, Z.M.; Hashim, S.F.S.; Alomayri, T.; Mahzan, S.; Kamarudin, K.A.; Muhammad, I.D. Syntactic foams formulations, production techniques, and industry applications: A review. J. Mater. Res. Technol. 2020, 9, 10698–10718. [Google Scholar] [CrossRef]

	



Zhang, Y.; Chen, B.; Guan, D.; Xu, M.; Ran, R.; Ni, M.; Zhou, W.; O’Hayre, R.; Shao, Z. Thermal-expansion offset for high-performance fuel cell cathodes. Nature 2021, 591, 246–251. [Google Scholar] [CrossRef] [PubMed]

	



Isobe, T.; Hayakawa, Y.; Adachi, Y.; Uehara, R.; Matsushita, S.; Nakajima, A. Negative thermal expansion in α-Zr2SP2O12 based on phase transition-and framework-type mechanisms. NPG Asia Mater. 2020, 12, 1–7. [Google Scholar] [CrossRef]

	



Dove, M.T.; Fang, H. Negative thermal expansion and associated anomalous physical properties: Review of the lattice dynamics theoretical foundation. Rep. Prog. Phys. 2016, 79, 1–50. [Google Scholar] [CrossRef]

	



James, H.A. The density coefficient cubical expansion ice. Philos. Trans. R. Soc. A 1901, 198, 422–424. [Google Scholar]

	



La Placa, S.J.; Post, B. Thermal expansion of ice. Acta Cryst. 1960, 13, 503–505. [Google Scholar] [CrossRef]

	



Hojo, F.; Kagawa, H.; Takezawa, Y. Synthesis of a polymer composite with networked alpha-alumina fiber and evaluation of its thermal conductivity. J. Ceram. Soc. Jpn. 2011, 119, 601–604. [Google Scholar] [CrossRef]

	



Röttger, K.; Endriss, A.; Ihringer, J.; Doyle, S.; Kuhs, W.F. Lattice constants and thermal expansion of H2O and D2O ice ihbetween 10 and 265 K. Addendum 2012, 68, 91–98. [Google Scholar]

	



Tanaka, H. Hydrogen bonds between water molecules: Thermal expansivity of ice and water. J. Mol. Liq. 2001, 90, 323–332. [Google Scholar] [CrossRef]

	



Mary, T.A.; Evans, J.S.O.; Vogt, T.; Sleight, A.W. Negative thermal expansion from 0.3 to 1050 kelvin in zrw2o8. Science 1996, 272, 90–92. [Google Scholar] [CrossRef]

	



Lakes, R.S. Cellular solid structures with unbounded thermal expansion. J. Mater. Sci. Lett. 1996, 15, 475–477. [Google Scholar] [CrossRef]

	



Sleight, A.W. Thermal contraction. Endeavour 1995, 19, 64–68. [Google Scholar] [CrossRef]

	



Ge, X.H.; Mao, Y.C.; Liu, X.S.; Cheng, Y.; Yuan, B.; Chao, M.; Liang, E. Negative thermal expansion and broad band photoluminescence in a novel material of ZrScMo2VO12. Sci. Rep. 2016, 6, 1–8. [Google Scholar]

	



Li, F.; Liu, X.S.; Song, W.B.; Yuan, B.; Cheng, Y.; Yuan, H.; Cheng, F.; Chao, M.; Liang, E. Phase transition, crystal water and low thermal expansion behavior of Al2-2x(ZrMg)(x)W3O12 center dot n(H2O). J. Solid. State Chem. 2014, 218, 15–22. [Google Scholar] [CrossRef]

	



Zhang, K.; Lin, J.C.; Guo, X.G.; Yang, P.; Wang, M.; Wu, Y.; Tong, P.; Lin, S.; Song, W.H.; Sun, Y.P. Thermal expansion coefficient and magnetically adjustable Mn0.983 CoGe/Epoxy Composites. J. Cryophys 2017, 039, 56–61. [Google Scholar]

	



Huang, R.; Liu, Y.; Fan, W.; Tan, J.; Xiao, F.; Qian, L.; Li, L. Giant negative thermal expansion in NaZn13-Type La(Fe, Si, Co)13 compounds. J. Am. Chem. Soc. 2013, 135, 11469–11472. [Google Scholar] [CrossRef]

	



Takenaka, K.; Kuzuoka, K. Sugimoto NJJoAP. In Matrix-Filler Interfaces and Physical Properties of Metal Matrix Composites with Negative Thermal Expansion Manganese Nitride; Woodhead Publishing: Sawston, UK, 2015; pp. 2355–2854. [Google Scholar]

	



Wan, C.X.; Cao, T.; Chen, X.; Meng, L.; Li, L. Fabrication of polyethylene nanofibrous membranes by biaxial stretching. Mater. Today Commun. 2018, 17, 24–30. [Google Scholar] [CrossRef]

	



Mehra, N.; Mu, L.W.; Ji, T.; Yang, X.; Kong, J.; Gu, J.; Zhu, J. Thermal Transport in polymeric materials and across composite interfaces. Appl. Mater. Today 2018, 12, 92–130. [Google Scholar] [CrossRef]

	



Dong, J.; Cao, L.; Li, Y.; Wu, Z.; Teng, C. Largely improved thermal conductivity of PI/BNNS nanocomposites obtained by constructing a 3D BNNS network and filling it with AgNW as the thermally conductive bridges. Compos. Sci. Technol. 2020, 196, 1–11. [Google Scholar] [CrossRef]

	



Guo, Y.Q.; Ruan, K.P.; Shi, X.T.; Yang, X.; Gu, J. Factors affecting thermal conductivities of the polymers and polymer composites: A review. Compos. Sci. Technol. 2020, 193, 1–25. [Google Scholar] [CrossRef]

	



Yang, X.T.; Fan, S.G.; 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 2020, 128, 1–9. [Google Scholar] [CrossRef]

	



Zhang, R.C.; Huang, Z.R.; Huang, Z.H.; Zhong, M.; Zang, D.; Lu, A.; Lin, Y.; Millar, B.; Garet, G.; Turner, J.; et al. Uniaxially stretched polyethylene/boron nitride nanocomposite films with metal-like thermal conductivity. Compos. Sci. Technol. 2020, 196, 1–7. [Google Scholar] [CrossRef]

	



An, F.; Li, X.F.; Min, P.; Li, H.; Dai, Z.; Yu, Z. Highly anisotropic graphene/boron nitride hybrid aerogels with long-range ordered architecture and moderate density for highly thermally conductive composites. Carbon 2018, 126, 119–127. [Google Scholar] [CrossRef]

	



Li, J.P.; Wang, B.; Ge, Z.; Cheng, R.; Kang, L.; Zhou, X.; Zeng, J.; Xu, J.; Tian, X.; Gao, W.; et al. Flexible and hierarchical 3D interconnected silver nanowires/cellulosic paper-based thermoelectric sheets with superior electrical conductivity and ultrahigh thermal dispersion capability. ACS. Appl. Mater. Interfaces 2019, 11, 39088–39099. [Google Scholar] [CrossRef]

	



Hou, X.; Zhang, Z.B.; Wei, X.Z.; Qin, Y.; Song, G.; Li, L.; Li, M.; Dai, W.; Zhao, S.; Lin, C.; et al. Aluminum borate/boron nitride nanosheet fibers for enhancing the thermal conductivity of polymer composites. ACS Appl. Nano Mater. 2021, 4, 2136–2142. [Google Scholar] [CrossRef]

	



Dai , G.; Li, L.; Xiao , H.; Zhai , M.; Shi , M. Influencing Factors and measuring method of the heat conducting performance of UHMWPE single fiber. J. Ind. Text 2018, 47, 1908–1924. [Google Scholar]

	



Ronca, S.; Igarashi, T.; Forte, G.; Rastogi, S. Metallic-like thermal conductivity in a lightweight insulator: Solid-state processed ultra high molecular weight polyethylene tapes and films. Polymer 2017, 123, 203–210. [Google Scholar] [CrossRef]

	



Tan, L.Y.; Shi, X.C.; Cheng, T.; Zeng, X.; Zheng, H. Numerical study on effective thermal conductivity of transparent electrospun polymer composite. Appl. Therm. Eng 2019, 160, 1–11. [Google Scholar] [CrossRef]

	



Xu, Y.F.; Kraemer, D.; Song, B.; Jiang, Z.; Zhou, J.; Loomis, J.; Wang, J.; Li, M.; Ghasemi, H.; Huang, X.; et al. Nanostructured polymer films with metal-like thermal conductivity. Nat. Commun. 2019, 10, 1771. [Google Scholar] [CrossRef] [PubMed]

	



Ji, J.; Chiang, S.W.; Liu, M.; Liang, X.; Li, J.; Gan, L.; He, Y.; Li, B.; Kang, F.; Du, H. Enhanced thermal conductivity of alumina and carbon fibre filled composites by 3-D printing. Thermochim. Acta 2020, 690, 1–23. [Google Scholar] [CrossRef]








[image: Polymers 13 03185 g001 550] 





Figure 1. Thermal expansion and core burning of filling material in composite cross-arms (a) Cracking of a cross-arm sample; (b) Core burning of a cross-arm sample. 
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Figure 2. Schematic diagram of heat conduction mechanism (a) “Sea Island” under low filler loading; (b) Heat conductive path under high filler loading; (c) Change in the thermal conductivity of the composite materials. (a–c) Adapted with permission [16], Copyright 2020, Elsevier Ltd. 
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Figure 3. Relationship between the potential energy of (a) harmonic and (b) nonharmonic motion and atomic distance. 
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Figure 4. Schematic of the interaction between engineering molecules of heat transfer between chains. Adapted with permission [29], Copyright 2021, Nature Materials. 
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Figure 5. SEM image of the thermal path formed by the connection of thermally conductive fillers (Mag = 500×). Adapted with permission [30], Copyright 2018, Advanced Composites and Hybrid Materials. 
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Figure 6. Schematic diagram of heat conduction in a BN film. Adapted with permission [44], Copyright 2021, Applied Nano Materials. 
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Figure 7. Relationship between the density and thermal conductivity of materials. Adapted with permission [45], Copyright 2021, Nature Materials. 
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Figure 8. Schematic diagram of the formation process of 3D-BN/epoxy composite. Adapted with permission [50], Copyright 2020, Chemical Engineering Journal. 
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Figure 9. Corresponding HGM superimposed elements (a) Single; (b) Cubic; (c) Hexagonal HGM superimposed element. (a–c) Adapted with permission [54], Copyright 2018, MDPI. 
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Figure 10. Microstructure between glass microspheres/matrix (a) Schematic of typical three-stage heat conduction; (b) Heat conduction of composite solids. (a,b) Adapted with permission [55], Copyright 2018, Advanced Materials. 
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Figure 11. Thermal expansion coefficient of composites before and after the glass-transition temperature. Adapted with permission [62], Copyright 2008, Elsevier Ltd. 
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Figure 12. Interface diagram and partially enlarged figure of a composite without a coupling agent. (a) Mag = 460×; (b) Mag = 1415×. Adapted with permission [63], Copyright 2016, Springer. 
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Figure 13. Interface diagram and partially enlarged figure of a composite with a coupling agent. (a) Mag = 1900×; (b) Mag = 1000×. Adapted with permission [63], Copyright 2016, Springer. 
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Figure 14. Thermogravimetric differential scanning calorimetry curve. Adapted with permission [78], Copyright 2015, Scientific Reports. 
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Figure 15. Different arrangement directions of fibers. (a) pattern 1 with films overlapped along the same direction; (b) pattern 2 with films overlapped and rotated by 90°; (c) pattern 3 with fiber oriented to the out-panel direction. (a–c) Adapted with permission [95], Copyright 2019, Applied Thermal Engineering. 
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Table 1. Thermal expansion coefficient of HGM/epoxy resin composite. Adapted with permission [61], Copyright 2020, Chinese Journal of Colloid & Polymer.
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	HGM
	0%
	2%
	4%
	6%
	8%





	Thermal

expansion

coefficient
	4.39 × 10−5
	2.79 × 10−5
	2.75 × 10−5
	2.79 × 10−5
	2.39 × 10−5
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