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Abstract

Based on the peridynamics theory which employs a nonlocal model, a particle model was proposed for the numerical analysis on the tensile mechanical properties of randomly orientated discontinuous carbon fiber reinforced thermoplastics (RODCFRTPs). The multi-scale structure and the random damage propagation of the RODCFRTPs limit the application of traditional local numerical model. In this paper, the nonlocal model parameters were used for the simulation of the characteristic parameters of chopped carbon fiber tape reinforced thermoplastics (CTT) at meso-scale. The effect of tape length, tape thickness on the tensile properties of CTT was studied. A comparison between the peridynamic simulation and the experimental results showed a good agreement. 
1.
Introduction
As one kind of discontinuous carbon fiber reinforced thermoplastics (DCFRTP), the ultra-thin chopped carbon fiber tape reinforced thermoplastics (CTT) had been gained considerable attention in the aerospace and automotive industries, because they have excellent formability for producing complex shape [
,
,
,
]. The thin prepreg could suppress the micro-cracking, delamination, and splitting damage and increase volume fraction of carbon fiber[
,
,
,
]. But the random oriented strands in CTT induce the multi-scale structure and high heterogeneity, which make the mechanical analysis facing more challenge.

As an effective numerical method, the Finite Element (FE) method have been developed to simulate the progressive damages and failures in continuous fiber composite such as laminated composites and textile composites[
,
,
]. However, the application of numerical analysis for the mechanical properties of DCFRTP with random oriented reinforcement is limited[
,
,
]. The multi-scale structure of this material induces more meso-scale factors, including the random distribution of short fiber, the length of tape and the properties of interface, which determine the mechanical properties of DCFRTP. These meso-scale factors are hardly be represented in the simplified FE model which employs homogenization method. Furthermore, the constitutive equation involved in the conventional FE method is the partial differential equation of displacement field which requires the continuity of the displacement, because the partial derivative with respect to the spatial coordinates is incomputable along the discontinuities. The spontaneous formation of discontinuous, such as initiation and propagation of crack in solid, is difficult to be represented by the partial differential equations in traditional solid mechanics. The application of conventional numerical method in solving the discontinuous problems in DCFRTP is limited by these difficulty[
,
]. 

Silling [
-,
,
,
,
] proposed a non-local theory of continuum mechanics, Peridynamic (PD) Theory, in which the integral equations rather than differentiation equations are used to present the constitutive relation. It could avoid the requirement of continuity of displacement for the derivatives of displacement in discontinuous areas. As opposed to local theory of classical continuum mechanics, in which just the adjacent particles have interaction with each other and are taken into account in the constitutive relation, PD is a strongly non-local theory of continuum mechanics, because the constitutive relation is constructed through the internal force between any two particles in a certain horizon[
]. 

The remarkable agreement of the PD simulation with the experimental observation in the above published paper demonstrates the capability of the PD approach to assess the mechanical properties and to realistically capture failure initiation and propagation of the continuous long fiber reinforced composites, especially for the laminated composites. Compared with long fiber composites, the CTT with randomly oriented reinforcement exhibits more meso-scale structural irregularities, which induce more meso-scale structure parameters affecting the macro-mechanical properties and are difficulty to be characterized by these homogenized PD model. In this paper, a heterogeneous particle model was proposed based on the PD to analyze the mechanical properties of CTT.
2.
PD theory
An integral formulation is used to represent the balance equation between rate of change of linear momentum and applied force on a deformable body B. For any material particle at the location x (x∈B) the equation of motion of PD theory is written as [29]
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Figure 1. Non-local model.

where ρ is the mass density of particle x, u is the displacement of particle x at time t, ü denotes the accelerate, b is the body force. For any particles belong to the region B, there is a horizon H with radius R and the center located at the location of this particle. Particle x has interaction force with the any other particles in its horizon, not restricted to the neighboring particles as the local model does, as shown in Fig. 1. The interaction between two particle (x and x’ for example) is characterized by the pairwise force vector f. In the equation (1), f denotes the force density, force per unit volume squared. It is a function of the relative position vector ξ in the reference configuration and the relative displacement vector η in the deformed configuration at time t.

ξ=x’-x,                                                               (2)
 x and x’ denote the initial location of these two particles in the coordinate system.

η=u(x’,t)-u(x,t).                                                        (3)

The relative position between x and x’ in the deformed configuration at time t is

ξt=y-y’=[x+u(x,t)]-[x’+u(x’,t)]=ξ+η,                                        (4)

y and y’ denote the location of these two particles in the coordinate system at time t.

According to the Prototype Microelastic Brittle (PMB) model[
], the bond stretch s is used in the constitutive relationship,
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where 
[image: image5.wmf]ξ

 is the initial length of bond, R is the radius of horizon centered at particle x and c is the micro-modulus.

c=mE,                                                               (7)

where E is the elastic modulus , m is a parameter related to the model geometry. The relationship between micro-modulus c and the elastic constant of material was revealed through the energy conservation law, for the homogenous material, 
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where ʋ is poisson ratio. 

In equation (5), sc is the critical stretch of the bond, similar with elongation at break, related to the fracture properties of components. The bond will break when its elongation beyond the critical stretch[26]. For the homogenous material,
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where G0 is the critical energy release rate of material, K is the bulk modulus.

The bond related to particle x is available in the horizon of particle x, of which the size is determined by the parameter R. There are not any interaction between particles beyond the horizon. Therefore, R is not only a geometry parameter but also an important constitutive parameter. This character of R can be used for the simulation of mechanical properties of multi-scale structure, such as DCFRTP, in which there are many meso-scale structure geometry parameters contributing to the macro-scale mechanical properties. A history-dependent scalar Boolean function is:
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where 0≤t’≤t.
3.
Materials and numerical model
3.1 Materials

The CTT is composed of randomly oriented unidirectional prepreg tape with 44 μm thickness, which is ultra-thin (UT) compared with the conventional tape (about 150 μm or more), as shown in Fig. 3 (a). The tapes were provided by the Industrial Technology Center of Fukui Prefecture in Japan and are cut to 5 mm width with different length (6mm, 12mm, 18mm, 24mm and 30mm). To ensure a better tape distribution properties and to preserve the tape structure after molding, the intermediate CTT sheets were manufactured by wet-type paper making process, as shown in Fig. 3 (b). These sheets were cut into pieces with the mold dimensions and subsequently stacked together by heating to produce the final CTT plates with thicker thickness, as shown in Fig. 3 (c). Therefore, CTT has laminated structure, and one intermediate sheets is one ply of this laminated structure. The process of the tensile experiments were described in the reference[2]. The components in CTT were listed in Table 1 as below[2],

Table 1. Properties of components in CTT
	Components
	Material
	Density

(g/cm3)
	Young’s Modulus (GPa)
	Strength （MPa）
	Fracture Strain

(%)
	Volume Fraction

	Carbon fiber
	TR50
	1.82
	240
	4900
	2.0
	55%

	Matrix
	PA6
	1.14
	3.31
	15.0
	30
	45%
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Figure 3. Manufacturing of the CTT. (a) UT-tapes. (b)Intermediate CTT sheets. (c) CTT.

3.2. Numerical model 

Particles and bonds are used to set the physical properties of material in PD model. Particles with certain volume and density are used to present the various components in materials. The interaction between particles is defined through a bond with the mechanical properties of material. The breakage of the bond between particles could simulate the initiation and propagation of damage through the PD motion equation which involves the damage criteria.
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Figure 4. Heterogeneous particle model. 
Wan et al.[4] investigated the internal geometry of CTT. It was found that, the CTT is almost in-plane oriented and the carbon fiber strands are randomly distributed in the in-plane direction. This random distribution of reinforcement can be simulated through the heterogeneous particles in the PD model. The particles with certain volume, density and type are used to present the corresponding components in the heterogeneous materials, as shown in Fig. 4. For the convenience of showing the location of the particles, circle is used to denote the particle. The physical and mechanical properties of carbon fiber are represented by the reinforcement particles and the bonds between these particles. The matrix particles and the bonds between them denote the thermoplastic. The bond between reinforcement particle and matrix particle denotes the interface between carbon fiber and matrix. Each particle connects with every particle in its horizon. The relative position of two particles determines the orientation of the bond between these two particles. The orientation of reinforcement bond denotes the orientation of carbon fiber in CTT. The random orientation distribution of carbon fiber are represented through the random orientation distribution of bond between reinforcement particles, which is realized through randomly selecting particles as the reinforcement component, as shown in Fig.4 (b). The color denotes the type of particle. 

4. Results and Discussion

4.1. Effect of the tape length on the tensile properties of CTT
Wan [2,7]and Yamashita [
] discussed the effect of the tape length on the mechanical properties of CTT. It was found that both of the tensile modulus and tensile strength increase with the increasing of the tape length. In this paper, a lot of simulation work focusing on the relationship between horizon and tape length was conducted firstly in order to looking for a proper value of horizon radius. 

The lattice constant a was set as 0.0005mm in the PD model with 35mm*50mm*2mm (a 50 mm extensometer was used in the experiments), the total number of the particle is 30805. The number of particles in the thickness direction is 4, there are 4 plies in the PD model. It was found when the radius of reinforcement horizon is 4a or so, the prediction modulus and strength agree well with the experimental data[2] as shown in Fig. 5. With the increase of horizon radius, the predicted tensile modulus and strength increase. This trend is consistent with the effect of tape length on the tensile properties of CTT[38], as shown in Fig. 6. For CTT, tape length is a key character size at the meso-scale and determines the continuity of the reinforcement which plays an important role in contributing to the resistance to deformation. For the PD model proposed in this paper, horizon was defined respectively according the different components, the reinforcement horizon determines the number of carbon particles bonded together. The increase of the horizon induces the more carbon fiber particles being connected up as a continuum in the PD model. Therefore, the horizon radius in this PD model can be used to characterize the tape length in CTT qualitatively.  
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Figure 5. Simulated (a) and experimetnal (b) stress-strain curves of CTT under tensile load
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Figure 6. Comparison between experiments and simulation about the effect of tape length on the tensile properties of CTT. (a) Tensile modulus. (b) Tensile strength.

4.2 Effect of the size of peridynamics model on the prediction results

Two peridynamics models with different sizes were prepared to investigate the size of models on the prediction of tensile mechanical properties. Both of the characteristic parameters of the particle and bond are identical. The thickness of two models is identical, as well as the number of plies. The size of the in-plane varies to form the small model (6mm*6mm*2mm) and large model (15mm*25mm*2mm). Five numerical models with different reinforcement distribution were also used for each size. 

The comparison of the simulated tensile properties between small and large peridynamics model was shown in Fig. 7. The influence of the size on the predicted results is not significant. The coefficient of variation of the large model is less than the one of the small model. With the increase of the size, the number of particles increases, as well as the uniformity of the distribution of carbon fiber. Therefore, the CV induced by the random distribution of reinforcement decrease. The difference of the predicted tensile strength between the small model and large model is obvious. The simulated tensile strength of the large model is much less than the one of small model. With the increase of the size, the probability of the various kinds of the reinforcement distribution increases, including the kind of the distribution where the damage easily initiate and propagate. Therefore, the predicted tensile strength decreases with the increase of the size. The CV of the predicted tensile strength is influenced by the size of model. The large model shows more scatter of the predicted results. For the small models, the tensile crack propagates in a narrow zone which is limited by the size of the model. For the large models, the tensile crack propagates in different path with the different reinforcement distribution. The initiation and propagation of the crack are more random in the large model than in the small model, which leads to the more scatter of the predicted strength in the large model.
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Figure 7. Comparison of the simulated tensile properties between small and large peridynamics model.

5. Conclusion

Based on PD theory, a heterogeneous particle model including matrix particle and reinforcement particle was employed to simulate the random orientation of carbon fiber in CTT, and to characterize the multi-scale structure of CTT through the nonlocal model parameter.
The improvement of the tensile properties induced by the increase of tape length was simulated by the increase of the deformation resistance caused by enlarging the horizon size. The scatter of the mechanical properties induced by the random distribution of reinforcement phase was simulated. 

The application of this heterogeneous particle model is not limited to the CTT, but also for other heterogeneous materials with random orientated reinforcement phase. 
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