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Abstract
The thermal protective materials of the spacecraft were facing the challenge of increasing flight speed and the severe flight enveriments. Therefore, it is a challenge to balance the requirements between the excellent thermal insulation properties and good mechanical properties. Carbon bonded carbon fiber composites (CBCFs) have been widely used in aerospace engineering structures such as thermal tile due to their ultra-low density and perfect thermal insulation. In our previous work, we established a 3D fiber network model and simulated the compressive behavior of CBCFs, which is verified by the experiemental results of the unxial compression of CBCFs. In this paper, we focus on the compressive mechanical properties and the thermal conductivity of CBCFs at high temperature based on the 3D fiber network model. Due to the oxidation ablation, the elastic modulus degradation and the reduction in cross-sectional area of carbon fiber with the increasing temperature are considered. The effect of fiber length and fiber orientation on the compressive properties and thermal conductivity is also discussed. The results shows that the elastic modulus of CBCFs changes little due to the unchanged properties of carbon fiber below 823 K, while the elastic modulus of CBCFs obviously decreases with the increasing temperature at the moderate temperature. The compression strength of CBCFs reduced with the temperature rising, due to the limitation of the fiber strength and cross-sectional area. The proper increase of fiber length is beneficial to improve the mechanical properties, especially the in-plane direction of CBCFs, and the appropriate orientation angle α improve the out-of-plane properties of CBCFs. However, with the increase of the orientation angle α, the insulating capacity of CBCFs in out-of-plane direction is reduced. The microstructure parameters such as fiber orientation angle and fiber length are optimized according to the simulation results. This work provides a theoretical reference for the improvement and optimization of material preparation.
1.
Introduction
CBCFs consist of the chopped carbon fibers and pyrolytic carbon derived from phenolic resin. During the preparation, the random carbon fibers pile up and bond with the pyrolytic carbon, which causes CBCFs as a typical fiber network materials[1; 2]. Moreover, carbon fiber exhibits degradation of mechanical properties at high temperature in air due to the oxidation reaction. For example, Feih[3] reported that the fiber modulus decreased with the temperature increasing in air, which limits their applications in high temperature environments with oxygen. 
In order to improve mechanical properties of CBCFs, scholars have carried out a series of researches. The experimental research focuses increasing the performance of the materials by changing the processing technology[4; 5]. During the preparation process, high-temperature resistance elements such as Si and Zr[6; 7] were introduced to increase the high-temperature resistance of the CBCFs. Recently, some scholars adopted chemical vapor deposition methods for low-dimensional nanomaterials such as nanowires[8] to improve the mechanical properties of CBCFs. Nanowires are introduced into the surface of carbon fibers to enhance interfacial strength, and also to consume oxygen in order to avoid contact of oxygen with carbon fibers. As we know, the mechanical and thermo-physical properties both highly depend on the internal structure of porous materials. Therefore, it is necessary to understand the relationship between the properties and the structure of CBCFs.
For the theoretical study of porous materials, early Gibson and Ashby[9] established the cubic staggered model, analyzed the mechanical properties of foam and found a power exponential relationship between mechanical properties and the relative density of foam. However, this model is difficult to reflect detail structure of CBCFs. Picu et al.[10] analyzed the critical threshold of the feature length for the transformation of the tension/bending deformation mechanism in the fiber network based on the affine deformation assumption. At present, the research on thermo-physical properties of CBCFs is rarely reported. However, thermo-physical properties are an important indicator of composite materials. It is necessary to understand the thermo-physical properties of CBCFs for the application in thermal environments. Donaldson[11] established a simplified fiber network heat transfer model and analyzed the thermal conductivity of the material based on the internal microstructure. However, Donaldson’s simplified model used to calculate the heat transfer analysis are different from the real parameters, such as the internal parameters of fiber orientation distribution. For the affine deformation, it is confirmed that the internal deformation of the material is non-affine[12]. Therefore, the analysis of fiber network based on the theoretical model still has some limitations.
In this paper, we simulated the mechanical properties and thermal conduction of CBCFs at high temperture by the FE method. The influence of the structure parameters such as the fiber length and fiber orientation angle on the mechanical properties and thermo-physical properties are discussed.
2.
Model and Method
2.1 3D fiber network model
In our previous work, a 3D random fiber network model was established based on the SEM of CBCFs. In order to characterize the fiber-bonded-fiber structure, we generate the random fibers in the domain based on the porosity of real CBCFs materials. Then, we propose the algorithm to check the location between any two fibers and delete the overlapped fibers. Next, we link the fibers with the bonding materials in which the least distance of any two fibers satisfied the bonding conditions. Then, we apply periodic boundary conditions and check the connectivity of the fiber network in order to delete the isolated fiber networks in the model. Finally, we established a 3D random fiber network which can reflect the internal structure of CBCFs as shown in Fig.1.
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Figure 1. Geometrical model with random bonded networks (a) 3D model domain, (b) enlarged view of (a), (c) bonding materials between fiber and fiber.
As we know, the influence of oxidation ablation on the CBCFs can lead to the changes of internal morphology and the degradation of mechanical properties. Based on the experimental testing, Feih[3] observed the SEM of carbon fibers following heat-treatment in air and found that the correlation between mass loss and diameter loss of carbon fiber is occurred due to surface oxidation. Due to skin-core heterogeneity of carbon fiber, the relationship between the fiber diameter and the mechanical properties was also tested by Feih. In our simulation, we also hypothesize that oxidation ablation only changes the cross-sectional dimensions of the carbon fibers and other geometric paraments of fiber unchange at high temperature. We established numerical models with different fiber diameters and the different mechanical properties at the corresponding temperature based on Feih’s experimental results listed in Table 1 (also shown in Fig. 2(c)). 
Tabel 1. Fiber diameter (D), Elastic modulus(E), Strength(σs) and Thermal expansion(αL) .vs. Temperture(T) when heated in air for 30 min[3].
	T
	D /μm
	E /GPa
	σs /GPa
	αL

	773 K
	6.51
	177.33
	2.86
	0.049

	823 K
	6.69
	191.48
	3.00
	0.036

	873 K
	6.71
	195.28
	3.57
	0.028

	923 K
	6.72
	197.47
	4.44
	0.024


2.2 
Numercial simulation
In our work, carbon fibers are simulated as Timoshenko beam theory. Bonding materials are also treated as short beam for the purpose of matching the degree of freedoms. After a detailed analysis of the microstructure of the material, the represented volume element (RVE) of CBCFs is obtained with dimensions of 1.5 L×1.0 L×1.5 L (L is the single fiber length) and 6 meshes assigned to each fiber segment. The constituent materials are brittle both for carbon fiber and bonding materials, and the onset and propagation of damage could be revealed by the failure criterions of maximum principal stress rule:
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where σ1 is the maximum principal stress; E(T), G(T), and σs(T) are the elastic modulus, shear modulus, and fracture strength, respectively; T is the temperature. For each cell section, the onset and propagation of damage are implemented with stiffness reduction method.
Based on the above geometric model, periodic temperature boundary conditions are used to ensure that there is a clear heat exchange relationship between the RVE and other adjacent RVE, and the input and output heat balance[13]. According to the determined boundary conditions, the thermal conductivity of the anisotropic solids is used.
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where, Ki is the corresponding thermal conductivity, qi is the average heat flux in the i-direction heat flow output surface, and i is the temperature gradient.
3.
Results
3.1 mechanical properties of CBCFs at high temperature
Fig. 2(b) and (c) represent the relationship between elastic modulus as well as compression strength of CBCFs and temperature. First, the mechanical properties of CBCFs are anisotropic and mechanical properties in in-plane direction are better than that of the out-of-plane direction. Second, elastic modulus of CBCFs decreases a little bit with temperature increment due to the unchanged elastic modulus and the cross-sectional area of fiber segment before 823 K, while elastic modulus of CBCFs decreased above 823 K. Third, compression strength of CBCFs obviously reduces with temperature increment, which causes by the significant limitation of fiber strength. Compared with elastic modulus and compression strength in two directions, the temperature increment has a great influence on the mechanical properties of CBCFs, especially for in-plane properties. Considering the internal microstructure, fibers mainly are distributed along the in-plane direction and demonstrate bending deformation. While, bending stiffness degraded due to the decrease of cross-sectional area with increasing temperature.
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Figure 2. (a) Compressive strength and (b) Elastic modulus of CBCFs vs. temperature,(c) fiber diameter, elastic modulus and compression strength of single carbon fiber vs. temperature.
3.2 Thermo-physical properties of CBCFs at high temperature
In Table.2, the thermal conductivity coefficient measured by numerical simulation is smaller than those calculated theoretically in Donaldson’s work[11]. The main reason for the difference: in the theoretical model, the fibers are arranged along an unidirectional direction in the plane, but in the actual material, the in-plane fiber orientation is randomly distributed (as seen in Fig. 3). Since the model only considers solid-phase heat transfer at 1000°C, the solid-phase thermal conductivity accounts for 79% in the overall thermal conductivity of CBCFs[11]. Therefore, the ratio is converted to consider gas phase and heat radiation. At this point, the overall thermal conductivity of the material is 0.405 W/(m•K), which is between 0.398 W/(m•K) and 0.44 W/(m•K). Therefore, our numercial model established in this paper characterizes the internal mesostructure of the material, not only can simulate the mechanical properties of CBCFs, but also can simulate the thermo-physical properties such as thermal conductivity coefficient.
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Figure 3. Temperature distribution in CBCFs.

Table 2. Varification of thermal conductivity of CBCFs along the in-plane direction

	Temp. (K)
	Solid conduction 

(W/(m·K))
	Theoretical thermal conduction (W/(m·K))
	Experimental thermal conduction (W/(m·K))

	298[14]
	/
	/
	0.398

	1273[11]
	0.38
	0.49
	0.44

	1273
	0.32
	/
	0.405


4.
Discussion
In this section, we disscuse fiber length and fiber orientation α in order to investigate the influence of these two geometric parameters on the mechanical properties and thermo-physical properties.The results show that proper increase of fiber length is beneficial to improve the mechanical properties, especially the in-plane direction of CBCFs (Fig. 4(a) and (b)), and the appropriate orientation angle α improve the out-of-plane properties of CBCFs (Fig. 4(c) and (d)). However, with the increase of the orientation angle α, the insulating capacity of CBCFs in out-of-plane direction is reduced (seen in Fig. 4(e)). The microstructure parameters such as fiber orientation angle and fiber length are optimized according to the simulation results. 
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Figure 4. (a) Elastic modulus and (b) Compressive strength of carbon bonded carbon fiber composites vs. fiber length, (c) Elastic modulus and (d) Compressive strength of carbon bonded carbon fiber composites vs. fiber orientation, thermal conductivity of carbon bonded carbon fiber composites vs. (e) fiber angle and (f) fiber length.

5.
Conclusions
In this paper, FEM simualtions are carried out on the mechanical property and thermo-physical property of CBCFs at high temperature, based on the 3D random fiber network model. Thermal conductivity of CBCFs is verified with previous experiments, which also proves that this numerical model is acceptable to charactize the internal structure of CBCFs. The results show that the best choice of fiber orientation α is 10°~ 20°, which is helpful to improve the mechanical property and the thermal conductivity. This work provides a method for the improvement and optimization of materials based on fiber networks.
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