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Abstract 

This work contributes to the modelling of manufacturing process of thermoplastic composites. The 

main aspect of the research is the modelling of possible damages and defects nucleation in 

thermoplastic composites, which caused by manufacturing temperature cycles. Stress states of 

thermoplastic matrix material in the case of transversal loading of unidirectional composite are 

analyzed. Random placement of fibers are imposed into modelling of periodical cells of composites. It 

is shown for transversal tension loading of unidirectional composite that the most of the matrix 

material is loaded by biaxial tension. Material model for thermoplastic polymer with taking into 

account susceptibility to the stress state type is performed. All constants required for stress analysis 

based on polyetheretherketone (PEEK) thermoplastic material are performed. 

 

1. Introduction 

 

The main purpose of this work is to analyze stress state conditions in thermoplastic matrix material of 

unidirectional composite in case of presence of residual stresses, which caused by technology 

temperature cycles. Because of the expense of manufacturing experiments to get required quality of 

composite products based on thermoplastic matrix material, the modelling of polymer material failure 

became a competitive and vital for engineers problem. The main difficulty of modelling of polymer 

material is the dependence of material characteristics on phase state, temperature conditions and type 

of loading. Models for heterogeneous materials for elastic and plastic conditions, which susceptible to 

the type of stress state are relatively well developed in a number of solid mechanics areas. Such kind 

of models can be found developed for rock materials, concreate, ceramics and even for well-known 

structural material as cast iron. Nevertheless, the most general approach, that can take a broad view on 

most known plasticity criteria and elastic potential are described in works [1-7]. The idea of this 

research is to use described in [1-7] approach to plasticity modelling of thermoplastic material and 

understand the range of stress states that matrix material undergoes during composite laminate 

loading. Typical residual stress distribution in transversal to fibers direction is shown in figure 1.  
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Figure 1. Final distribution of transverse stresses over the thickness of unidirectional APC2/PEEK 

specimen, corresponding to the temperature cooling regime 350C/sec [8]. 

 

 

2. Plasticity model 

 

Due to temperature variation during manufacturing process, composite material exhibits the presence 

of residual stresses. Based on obtained values of residual stresses, the following step should be an 

evaluation of possible damages within a matrix of a composite material being studied. Such problem 

can be solved using micromechanical approach based on modeling of periodic cells of composite 

material. Now let us consider a solution of this problem in terms of transverse tension loading of 

unidirectional specimen. Such loading case can presumably be considered the most critical and 

common in a composite laminates under residual stresses. A similar problem was considered in [9] for 

a thermoset composite. In figure 2, a finite element model of a periodic cell being studied is shown. 

Periodic boundary conditions are used such that loading is done directly by transverse strains. 

Arrangement of fibers is done randomly, satisfying periodicity conditions and a given fiber volume 

fraction.  

 

 
Figure 2. Model of periodic cell of unidirectional composite with a random distribution of fibers. 

Fiber diameter – 5 µm, relative fiber volume fraction – 0.6. 
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The most difficult question is the choice of material model for thermoplastic matrix. Based on 

available publications a following table has been prepared, containing values of strength parameters of 

thermoplastic material (PEEK) at room temperature for a maximum degree of crystallinity of 0.37 (see 

Table 1). 

Table 1. Characteristics of PEEK [10-13]. 

 

Parameter Cytec Bearing Works Victrex TDS 450G Wikipedia 

Tensile modulus, GPa 3.6 4.34 4 3.6 

Tensile strength, MPa 100 110 98 90–100 

Ultimate tensile strains, % 70 40 45 50 

Bending modulus, GPa  170 200  

Bending strength*, MPa  138 119  

Compressive strength, MPa  138 119  

Compressive modulus, GPa  3.45   

Shear strength, MPa  55.2 53  

 

*Stresses corresponding to 5 % strain 

 

 

As is evident from the table 1, the material studied is a strength and modulus dependent on stress state. 

It is assumed here that the difference in moduli, dependent on loading type, is of no importance to 

simulation of a chosen limit state of the cell, and that the stiffness modulus of the material is equal to 

3.6 GPa. The strength dependence on stress state type in this case plays an important role in damage 

modeling. Based on works [1-7] the following generalized criterion is used as a plasticity model: 

     (5) 

where , , , . 

Following [5–7], we consider a linear variant of function f(ξ): 

 

. 

Here constant C is determined experimentally and characterizes the degree of sensitivity to a type of 

stress state of material. It can be shown that linear dependence of plastic yield criterion on ξ parameter 

is sufficient to obtain substantial plastic strains in basic limit loading cases given in Table 1. An 

analogy to linear dependence on triaxiality parameter in case of criterion (5) is a Drucker–Prager law 

[14], and a corresponding analogy to C constant is the relation of ( ), where  – angle of friction 

or dilatation angle of material. 

As a damage criterion, we consider an approach described in [15], according to which a material is 

deemed damaged if the following condition is satisfied: 

     (6) 
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where  – equivalent plastic strain,  – parameter determined experimentally. 

Parameter  depends on the triaxiality parameter and on the rate of equivalent plastic strain. 

Therefore, the model can be adjusted to accumulate more continuum damage in case of tensile loading 

and less damage in case of compressive one. 

 

Proposed elasticity model, and plasticity model with linear dependence on triaxiality parameter and 

failure condition (6), are standard for ABAQUS finite element modeling suite, thus allowing a 

researcher to simulate damage in the problem being studied. Table 2 shows parameters proposed by 

authors for selected models. 

 

Table 2.  Modeling parameters for PEEK  

Crystallinity  
Dilatatio

n angle 

k, 

MPa 

Tensile, 

MPa 

Equivalent 

plastic 

strains 

Triaxiality 

Strain 

at 

failure 

Modulus, 

GPa 

0.37 0.53 27.9 77 77 0 -0.333 1.5 3.6 

    81 0.1 0 1  

    100 0.5 0.333 0.7  

    101 2 0.495 0.6  

 

Figure 3 shows values inverse to stress intensities, depending on ξ parameter values corresponding to 

four loading conditions: tension, shear, compression, and flexure, given in Table 1.  
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Figure 3. Values of 1/σ0 at the onset of plastic yield for different loading conditions: compression 

(ξ= -0.333), shear (ξ= 0), tension (ξ = 0.333), and flexure (ξ = 0.495) 

 

Now let us consider results of loading periodic cells of PEEK based material. Figure 4 shows three 

variants of cells with different fiber arrangement at the moment of attaining a limit condition. As a 

fringe, the values of parameter (6) were used. 
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Figure 4. Results of damage modeling in periodic cells of unidirectional composite specimen in case 

of transverse loading. 

 

In Figure 5, loading diagrams for cells shown in Figure 4 are presented. It is evident that elastic and 

plastic stages closely match for all three scenarios. A certain difference can only be observed in limit 

strain regions. 
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Figure 5. Modelling diagrams for transverse loading of periodic cells in unidirectional PEEK-based 

composite specimen. 

 

The difference between the typical value of transverse tensile failure stresses [10] for unidirectional 

PEEK-based composite and the modeling value obtained using characteristics given in Table 2 is less 

than 2 % (see Figure 5).  
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3. Matrix stress state in the case of transversal tension of unidirectional composite 

 

For characterization of the material for particular problem it is important to know the diapason of 

possible stress states or in terms of stress state parameter the range of ξ parameter. Figure 6 shows 

areas for high values of traxiality ξ >0.4 in one of periodic cells model. One can see that material with 

high values of triaxiality has areas with loaded material, or with high values of maximum principle 

stresses. 

 

 

 
Figure 6. Maximum principle stress (MPa) with highlighted areas (dashed areas) where ξ>0.4. 

 

Next figure 7 shows distribution of triaxiality parameters in previously demonstrated (fig.4) patterns of 

periodic cells. 

 
Figure 7. Percentage of the section area of matrix material with corresponding value of the parameter 

ξ. 
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It is possible to see that the most area of unidirectional specimen section occupied by stress state 

corresponded to the value of ξ=0.55. This value of triaxiality parameter approximately means the 

biaxial tension of the matrix material.  

 

 

 
 

Figure 8. Interface stress componentsin case of transverse tension loading of periodic cells in 

unidirectional PEEK-based composite specimen. 

 

Figure 8 shows types of interface loadings taken from different fibers from modelled periodical cells 

(fig. 4). It is possible to see that the most critical types of loadings are in the range 0<σn/τn<1. 

 

 

3. Conclusions 

 

The approach to model damage in thermoplastic material was performed. All required for modelling 

constants and parameter dependencies for PEEK thermoplastic material are shown. The analysis of 

stress states of the matrix material in case of transversal tension loading of unidirectional laminae with 

random placement of fibers demonstrated that most of the material are loaded by biaxial tension. 

Moreover it was shown that most critical interface loads in terms of normal to fiber surface stresses are 

in the range 0<σn/τn<1. 
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