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Abstract

:

This paper evaluates the mechanical and thermal properties of 3D-printed short carbon fiber reinforced composites (sCFRPs). A numerical analysis was developed to predict the mechanical and thermal properties of the sCFRPs, which were verified via experimental tests. In the experiments, a novel technique was adopted by coating the sCFRPs with carbon fiber fabric and copper mesh to further improve its mechanical and thermal performance. Various copper meshes (60-mesh, 100-mesh and 150-mesh) were integrated with carbon fiber fabric to form a multilayer structure, which was then coated on the surface of Nylon 12-CF composite material (base material) to form a composite plate. The effects of the copper mesh on the mechanical and thermal properties of the composite plate were studied theoretically and experimentally. The results show that the addition of different copper meshes had a significant influence on the mechanical and thermal properties of the composite plate, which contained carbon fiber fabric, copper mesh and the base material. Among them, the mechanical and thermal properties of the composite plate with the 60-mesh copper mesh were significantly improved, while the improvement effect slowly declined with the increase in the thickness of the base material. The composite plate with 100-mesh and 150-mesh copper meshes had improved mechanical properties, whereas the influence on its thermal conductivity was limited. For thermal conductivity calculation, both the thickness and length directions of the heat transfer were considered. The comparative analysis indicated that the calculated values and experimental results are in excellent agreement, meaning that this numerical model is a useful tool for guiding the design of surface lamination for 3D-printed sCFRPs.
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1. Introduction


Carbon fiber reinforced composites (CFRPs) have the advantages of light weight, high strength, fatigue resistance, corrosion resistance and excellent designability, and are widely used in aerospace, wind power, sports and leisure, the automotive industry and bridge construction [1,2,3,4,5,6,7]. With 3D printing technology, the advantages of material properties and the process characteristics of the rapid forming of complex structures can be brought into play simultaneously. This combined application breaks the limitations of traditional winding, laying, lamination and other manufacturing methods on the design of composite materials [8,9,10,11,12,13,14,15]. The 3D printing of short carbon fiber reinforced nylon composites (sCFRPs) has been adopted extensively, and their application in service robots can help lighten the weight of the robots in terms of the aspects of material and structure optimization [16,17,18,19]. However, moderate mechanical performance and poor thermal conductivity limit its application in key links with bearing capacity and heat conduction requirements [20]. Therefore, further optimization of the mechanical and thermal performance of the 3D-printed sCFRPs is mandatory to enrich its application in various fields.



Much research has been conducted in the selection of printed raw materials and interface modification, such as the modification of carbon fiber surfaces [21,22,23], the metallization treatment in the process of composite material molding [24] and the selection of continuous carbon fiber as the reinforcement phase and polyether ether ketone and other high-thermal-performance thermoplastic resins as the matrix [25]. Since composite materials exhibit different characteristics compared with metal materials, the traditional metal surface treatment process may not be suitable for composite materials [26]. Therefore, in order to improve the electrical and thermal conductivity of composite components, surface metallization treatment is adopted [27]. A very thin and dense metal coating is formed on the surface of a composite matrix via chemical plating, magnetron sputtering, arc ion plating and vacuum evaporation, and this coating plays a conductive and protective role. Nevertheless, further investigation is needed for complex structural components. Therefore, in the existing commercial use of 3D-printed short carbon fiber composites, it is still necessary to explore a surface-strengthening treatment method that is straightforward and suitable for complex parts.



Carbon fiber fabric is an excellent reinforcing material which has been widely used in the bridge, construction, hydropower and other industries [28,29,30]. By applying fiber fabric on the surface of the component for reinforcement, the mechanical properties of the component can be improved without increasing the weight and cross-section size of the structural component [31]. In addition, copper mesh has been used as an antistatic surface layer for CFRPs due to its excellent electrical and thermal conductivity and ductility [32,33,34]. This paper combines carbon fiber fabric and copper mesh to form a multilayer coating on the surface of a 3D-printed carbon fiber reinforced nylon composite component, and investigates the effects on the mechanical and thermal properties of the component.




2. Materials and Methods


2.1. Materials


The Nylon 12-CF composite filament was purchased from Stratasys with a short carbon fiber content of 35%. Carbon fiber fabric (T300-3K) was a twill fabric purchased from Toray Corporation of Japan (Tokyo, Japan). Copper meshes (60-mesh, 100-mesh and 150-mesh) were purchased from Churui Hardware Products Ltd. (Hengshui, China). The base adhesive (Yini special covering adhesive for carbon fiber) and surface adhesive (Yini epoxy resin adhesive) were purchased from Yini Composite Materials Ltd. (Dongguan, China). The vacuum bag used was PE/PA copolymer purchased from Tang Zheng Machinery Co., Ltd. (Suzhou, China).




2.2. Sample Preparation


2.2.1. Preparation of the Base Material


Stratasys’ Fortus 380 mc Carbon Fiber FDM 3D printer was used to print the base material, with dimensions of 120 × 20 × 2.1 mm, 120 × 20 × 3.15 mm, 120 × 20 × 4.15 mm, 10 × 10 × 1 mm and 10 × 10 × 2 mm. An example of the specimens is shown in Figure 1. The 3D printing process parameters of the specimens are shown in Table 1.




2.2.2. Coating Sample Preparation


The copper meshes, carbon fiber fabric and plastic film were first trimmed to a specified dimension (slightly larger than the base material). The surface of the base material was then polished with 180-mesh sandpaper and cleaned with alcohol. The two-part epoxy resin base adhesive was prepared according to the mass ratio of 1:1, and after slowly stirring evenly, the adhesive was evenly applied on the surface of the specimen with a nylon brush. The adhesive surface density was roughly 0.1 g/cm2. Then, the copper mesh and carbon fiber fabric were laid in turn, the whole sample was wrapped with polyethylene (PE) plastic film, and the sample was stored in vacuum bag at room temperature (not less than 25 °C). Once the base adhesive was completely cured, the specimen surface was then polished with 1500-mesh sandpaper, and cleaned with alcohol. The two-part epoxy resin surface adhesive was prepared according to the mass ratio of 1:2, and after stirring evenly, the adhesive was applied on the surface with a nylon brush, and the thickness of the adhesive layer was controlled at about 0.02–0.03 mm via the control of the adhesive amount applied. The sample was then transferred into an oven kept at 60 °C for 1 h, or at room temperature (not less than 25 °C) for 12 h. The adhesive was applied 3~4 times until the desired thickness was reached. The composite plates were cured and polished before the test. Both sides of the base material were coated for the bending test, while only one side of the base material was coated for the thermal conductivity test. The schematic diagram for the preparation of coated sCFRPs and the process illustration are shown in Figure 2 and Figure 3, respectively.



Four kinds of coated sCFRPs were prepared by using the base material with thicknesses of 2.1 mm, 3.15 mm and 4.15 mm: the surface only coated with carbon fiber fabric; the surface coated with 60-mesh copper mesh and carbon fiber fabric (#60); the surface coated with 100-mesh copper mesh and carbon fiber fabric (#100); and the surface coated with 150-mesh copper mesh and carbon fiber fabric (#150).





2.3. Sample Characterization


The sides of the #60, #100 and #150 composite plates were polished and cleaned with alcohol before being placed under a microscope (BX53M, Olympus, Toyko, Japan) to observe the microstructure of the sides of the coated sCFRPs.



Three-point bending properties of the base material (without coating) and four kinds of coated sCFRPs were tested using a mechanical testing machine (50ST, Tinius Olsen, Shanghai, China) according to the GB/T1449-2005 standard. The test span was 35 mm, and the loading speed was set at 1 mm/min. The bending modulus E was calculated using Equation (1).


  E =    L 3  × Δ P   4   bh  3  × Δ S    



(1)




where  E  is the flexural elastic modulus, Pa;   Δ P   is the load increment in the initial straight section of the deflection curve, N;   Δ S   is the deflection increment at the midpoint of span corresponding to load increment   Δ P  , m;  L  is the span between two supports, m; and  b  and  h  are the width and thickness of the sample, respectively, m.



The thermal conductivity of the base material and four kinds of coated sCFRPs were tested using a laser thermal conductivity meter (LFA467, Netzsch, Selb; Germany). The test temperature was 70 °C, and the thermal conductivity was calculated using Equation (2).


  λ =  C p  × D × ρ  



(2)




where  λ  is the thermal conductivity, W/(m·K);    C P    is the specific heat capacity, J/(kg·K);  D  is the thermal diffusion coefficient, mm2/s; and  ρ  is the material density, kg/m3.





3. Results and Discussion


3.1. Microstructure Analysis


Figure 4 shows the microstructure of the coated sCFRPs with various copper meshes. As can be seen from Figure 4, the overall thickness is increased by about 0.5 mm, and the carbon fiber fabric forms a dense composite material with the base adhesive and the surface adhesive, which is recorded as the carbon fiber layer with a thickness of about 0.3 mm. The copper mesh and the base material form a dense composite material, which is referred to as the copper mesh layer with a thickness of about 0.2 mm.



At the interface between the carbon fiber layer and the copper mesh layer, it can be found that the carbon fiber fabric and copper mesh are interwoven together to form a composite skin containing carbon fiber fabric and copper mesh as the reinforcement phase and epoxy resin as the matrix. At the reinforcing phase, the volume fraction of the continuous copper wire in the copper mesh can affect the mechanical properties of the composite. The pore size of the copper mesh directly affects the structure of this composite material, which is because the pores of the slightly larger copper mesh can make more carbon fiber fabric interwoven in the larger copper mesh surface and pores, forming a composite material with a complex reinforced phase structure. On the interface between the copper mesh layer and the base material, the copper mesh layer and the base material are directly adhered together through the base adhesive.




3.2. Bending Properties


In the bending process of the sample, the force–displacement curves are nonlinear, as shown in Figure 5. The coating film plays a major role in bearing the load, and the use of different copper meshes affects the bending performance of the sample. When the force is loaded to a certain extent, the curve first exhibits a slight fluctuation, which is a slight fold fracture of the carbon fiber layer on the extruded surface. With the increase in force, the carbon fiber layer and copper mesh layer on the stretched surface also gradually fold and fracture. When the maximum bending force is reached, the amplitude of the curve decreases rapidly, resulting in the obvious fracture of the carbon fiber layer and the copper mesh layer on the stretched surface, and at the same time, the debonding of the coating layer in the stressed area appears.



The maximum failure force of the specimen can be obtained through the bending test. The width and thickness of the sample measured before the test are substituted into Equation (1) to obtain the elastic modulus, and the calculated mean value of the three tests of each group of samples is taken. The mean value of the elastic modulus is shown in Figure 6. The results show that the bending property of carbon fiber fabric is greatly improved when the base material is coated with carbon fiber fabric. Moreover, with the addition of copper mesh, its bending property is further increased. When the thickness of the base material is 2.1 mm, the mean bending moduli of the #60, #100 and #150 composite plates are 16.31 GPa, 14.19 GPa and 14.06 GPa, respectively. The bending modulus of the #60 composite plate is the largest, as it is 240% and 79% higher than those of the base material and the sample coated with carbon fiber fabric only, respectively. Generally, the experiment results exhibit good repeatability, except for the #150 composite plate; its error is slightly larger. This may be because the pores of the 150-mesh copper mesh are very small, which is not conducive to the penetration of the base adhesive; the composite of the copper mesh layer and the carbon fiber layer is incomplete; the area of the copper mesh layer adhering to the base material is much smaller; and more of the base adhesive is retained on the surface of the base material, resulting in the thickness of the sample becoming much larger, and these factors cause instability in the performance of the sample. When the thickness of the base material is increased, the bending modulus of the coated sCFRPs decreases slightly.




3.3. Thermal Conductivity


Figure 7 shows the influence of the addition of different copper meshes on the thermal conductivity of the coated sCFRPs in terms of thickness direction and length direction. The results indicate that only the thermal conductivity of the #60 composite plate is slightly improved. This may be because the pores of the copper mesh in #60 are slightly larger, which can make more carbon fiber fabric interweave with the copper mesh, forming a large area of a continuous heat transfer interface, resulting in higher thermal conductivity.



The thermal conductivity of the specimens in the thickness direction was also examined. The thickness of the base material was 1 mm, and the thermal conductivity of the #60 composite plate was increased by 5.5% compared with that of the base material. To test the thermal conductivity in the direction of length, the thickness of the base material is 9.42 mm, and the thermal conductivity of the #60 composite plate is increased by 7.4% compared with that of the base material.





4. Numerical Model


In order to predict the influence of copper mesh on the mechanical properties and thermal conductivity of composite plates with different thicknesses of base material, the appropriate thicknesses of the base material and copper mesh can be selected for multilayer surface coating to improve the mechanical properties and thermal conductivity of composite plates. For simplicity, several assumptions were made in this model. It was assumed that the interface between the copper mesh layer and the base material does not separate, and the heat loss in the interface is negligible. The composite plate can be simplified into a sandwich structure formed by the base material, the copper mesh layer and the carbon fiber layer; in addition, the interface between the layers is a plane.



4.1. Calculation of Bending Properties


By using Equations (3)–(5), the relationship between the bending modulus of the coated sCFRP and the thickness of the base material can be calculated, as shown in Figure 8


  I =     bt  3    12    



(3)






  E I =  E 1   I 1  +  E 2   I 2  +  E 3   I 3   



(4)






  E =    E 1   t 1 3  +  E 2    [   (  t 1  + 2  t 2  )  3  −  t 1  ]  3  +  E 3  [   (  t 1  + 2  t 2  + 2  t 3  )  3  −   (  t 1  + 2  t 2  )  3  ]    t 1  + 2  t 2  + 2  t 3     



(5)




where   I ,  I 1  ,  I 2  ,  I 3    are the moments of inertia of the composite plate, base material, copper mesh layer and carbon fiber layer, respectively,    m 4   ;   E ,  E 1  ,  E 2  ,  E 3    are the bending moduli of the composite plate, base material, copper mesh layer and carbon fiber layer, respectively, Pa;   t ,  t 1  ,  t 2  ,  t 3    are the thicknesses of the composite plate, base material, copper mesh layer and carbon fiber layer, respectively, m;  L  is the distance between the two supports, m; and  b  is the width of the composite plate, m.



The experimental values of the specimens with three thicknesses of base material were substituted into Equation (5) to calculate     E   1     and     E   2    , and their average values were taken into Equation (5) to depict the relationship, as shown in Figure 9 and Table A1.



The bending modulus comparison between the calculated and experimental results. The bending modulus tends to decrease with the increase in the thickness of the base material. When the thickness of the base material is 2.1 mm, the #60 composite plate shows the highest modulus. As the thickness of the base material increases, the changes in the bending properties of the coated sCFRPs are negligible.



It is worth mentioning that the largest discrepancy between the calculated data of the #60, #100 and #150 composite plates and the test values is within 10%. When the thickness of the base material is small, the error between the simulated data and the test values is less than 10%, and the data are in good agreement. This can be used as a reference guide for actual production. However, when the thickness of the base material increases, the numerical model overestimates the bending modulus, and this is because the phenomenon of uneven film coating stripping occurs during bending, thus reducing the effect of the coating on the bending performance of the composite plate.




4.2. Calculation of Thermal Conductivity


In this calculation, it is assumed that each layer maintains a continuous form of aggregation to form a continuous block, and the heat flow is conducted in series or parallel mode [35].



4.2.1. Thickness Direction (Series Mode)


According to the series heat transfer, the heat flow through each layer is assumed to be constant, and the temperature difference between the top and bottom ends of the composite plate is equal to the sum of the temperature differences of each layer, as shown in Figure 10. Equation (8) can be derived using Equations (6) and (7). The relationship between the thermal conductivity of the composite plate along the thickness direction and the thickness of the matrix is calculated as shown in Figure 11 and Table A2.


   H •  = λ   Δ T  t  =  λ 1    Δ  T 1     t 1    =  λ 2    Δ  T 2     t 2    =  λ 3    Δ  T 3     t 3     



(6)






  Δ T = Δ  T 1  + Δ  T 2  + Δ  T 3   



(7)






  λ =      t 1     λ 1    +    t 2     λ 2    +    t 3     λ 3       t 1  +  t 2  +  t 3     



(8)




where    H •    is the load-rated heat flow, W;   Δ T , Δ  T 1  , Δ  T 2  , Δ  T 3    are the temperature differences between the beginning and end of the composite plate, base material, copper mesh layer and carbon fiber layer in the thickness direction, respectively, °C;   λ ,  λ 1  ,  λ 2  ,  λ 3    are the thermal conductivities of the composite plate, base material, copper mesh layer and carbon fiber layer in the thickness direction, respectively, W/(m·K); and   t ,  t 1  ,  t 2  ,  t 3    are the thicknesses of the composite plate, base material, copper mesh layer and carbon fiber layer, respectively, m.



Only the thermal conductivity of the #60 composite plate is slightly improved, and the improvement effect is negligible as the thickness of the base material increases. It is worth mentioning that the calculated values and experimental results are in excellent agreement, meaning that this numerical model is a useful tool for guiding the structure design of coated sCFRPs.




4.2.2. Length Direction (Parallel Mode)


According to the parallel heat transfer, theoretically, the total heat flow is equal to the sum of the heat flows of each layer, and the temperature difference between the beginning and the end of each layer is the same, as shown in Figure 12. Equation (11) can be derived by using Equations (9) and (10). The relationship between the thermal conductivity of the composite plate and the thickness of the base material at 70 °C is calculated as shown in Figure 13 and Table A2.


   H •  = λ t   Δ T  L  =  λ 1   t 1    Δ  T 1   L  +  λ 2   t 2    Δ  T 2   L  +  λ 3   t 3    Δ  T 3   L   



(9)






  Δ T = Δ  T 1  = Δ  T 2  = Δ  T 3   



(10)






  λ =    λ 1   t 1  +  λ 2   t 2  +  λ 3   t 3     t 1  +  t 2  +  t 3     



(11)




where    H •    is the load-rated heat flow, W;  L  is the length of the composite plate;   Δ T , Δ  T 1  , Δ  T 2  , Δ  T 3    are the temperature differences between the left and right ends of the composite plate, base material, copper mesh layer and carbon fiber layer in the length direction, respectively, m;   λ ,  λ 1  ,  λ 2  ,  λ 3    are the thermal conductivities of the composite plate, base material, copper mesh layer and carbon fiber layer in the length direction, respectively, W/(m·K); and   t ,  t 1  ,  t 2  ,  t 3    are the thicknesses of the composite plate, base material, copper mesh layer and carbon fiber layer, respectively, m.



Only the thermal conductivity of the #60 composite plate is significantly improved, and this improvement slowly decreases as the thickness of the base material increases. When the thickness of the base material is 1–10 mm, the thermal conductivity of the #60 composite plate can be increased by 5–38% compared with that of the base material. It is worth mentioning that the calculated values and experimental results are in excellent agreement, meaning that this numerical model is a useful tool for guiding the design of coated sCFRPs.






5. Conclusions


The mechanical and thermal properties of a coated carbon fiber reinforced composite were investigated using experimental measurement and numerical analysis. The effects of various copper meshes and thicknesses of the base material on the performance were discussed. The results show that the addition of different copper meshes had a significant influence on the mechanical and thermal properties of the composite plate, which contained carbon fiber fabric, copper mesh and the base material. This is because of the differences in the diameter and porosity of the copper mesh; the coated sCFRPs is mixed to different degrees at the interface. It is the existence of this composite material that directly affects the mechanical and thermal properties of the composite plate. The adhesive layer of the base adhesive on the base material directly affects the mechanical properties of the composite plate.



Among the plates, the mechanical and thermal properties of the composite plate with a 60-mesh copper mesh were significantly improved, while the improvement slowly declined with the increase in the thickness of the base material. The composite plate with 100-mesh and 150-mesh copper meshes had improved mechanical properties, whereas the influence on thermal conductivity was limited. For a thermal conductivity calculation, both the thickness and length directions of the heat transfer were considered. The comparative analysis indicated that the calculated values and experimental results are in excellent agreement, meaning that this numerical model is a useful tool for guiding the structure design of coated sCFRPs.
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Table A1. Apparent bending modulus (GPa) of the samples.






Table A1. Apparent bending modulus (GPa) of the samples.





	Thickness of the base material (mm)
	Base Material
	Carbon Fiber Fabric
	#60
	#100
	#150





	2.1
	4.85 ± 0.29
	9.11 ± 0.61
	16.31 ± 0.29
	14.19 ± 0.79
	14.06 ± 2.45



	3.15
	4.80 ± 0.35
	8.45 ± 0.45
	11.51 ± 0.54
	12.6 ± 0.06
	11.97 ± 3.87



	4.15
	4.78 ± 0.23
	9.37 ± 0.48
	9.37 ± 0.95
	9.68 ± 0.91
	9.76 ± 0.92
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Table A2. Thermal conductivities of the sample.






Table A2. Thermal conductivities of the sample.





	Apparent Thermal Conductivity (W/m·K)
	Base Material
	#60
	#100
	#150





	Thickness direction
	0.365 ± 0.03
	0.385 ± 0.07
	0.338 ± 0.06
	0.314 ± 0.09



	Length direction
	0.539 ± 0.04
	0.579 ± 0.05
	0.198 ± 0.04
	0.541 ± 0.06
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Figure 1. An example of the specimens. 
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Figure 2. Schematic diagram for the preparation of coated sCFRPs. 
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Figure 3. Preparation of coated sCFRPs: (a) copper mesh laid flat, (b) carbon fiber fabric laid flat, (c) wrapped in plastic film, (d) stored in a vacuum bag at room temperature, and (e) final specimen. 
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Figure 4. The microstructures of the coated sCFRPs: (a) #60 composite plate, (b) #100 composite plate, (c) #150 composite plate. 
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Figure 5. The force–displacement curves of the specimens. 
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Figure 6. The comparison of bending moduli of the prepared specimens. 






Figure 6. The comparison of bending moduli of the prepared specimens.



[image: Jcs 07 00297 g006]







[image: Jcs 07 00297 g007 550] 





Figure 7. Thermal conductivities of base material and coated sCFRPs. 
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Figure 8. Three-point bending diagram of the composite plate. 
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Figure 9. Bending modulus comparison between the calculated and experimental results. 
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Figure 10. Schematic diagram of heat conduction in series mode. 
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Figure 11. Thermal conductivity comparison between the calculated and experimental results in series mode. 
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Figure 12. Schematic diagram of heat conduction in parallel mode. 






Figure 12. Schematic diagram of heat conduction in parallel mode.



[image: Jcs 07 00297 g012]







[image: Jcs 07 00297 g013 550] 





Figure 13. Thermal conductivity comparison between the calculated and experimental results in parallel mode. 
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Table 1. The 3D printing process parameters.
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	Process Parameter
	Paving Direction (°)
	Nozzle Diameter (mm)
	Height (mm)
	Fill Line Width (mm)
	Fill Overlap (mm)
	Nozzle Temperature (°C)
	Print Speed (mm/s)
	Filling Rate (%)





	Value
	±45
	0.5
	0.254
	0.43
	0.01
	355
	-
	100
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