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ABSTRACT: One of the key issues of the development of cost-effective thermoplastic 

composites for the aerospace industry is the process quality control. A complete, void free 

impregnation of the textile reinforcement by the thermoplastic resin is an important measure 

of the quality of composites. The introduction of new, more thermal resistant and tougher 

polymers is accompanied by a large number of trial and error cycli to optimise the production 

process, since the polymer grade strongly influences the processing conditions. Therefore, a 

study on the impregnation is performed. 

Thermoplastic manufacturing processes are often based on pressure driven, transverse 

impregnation, that can be described as a transient, non-isothermal flow of a non-Newtonian 

fluid, where a dual scale porosity is assumed for the reinforcement's internal geometry. Meso- 

and micro scale models of isothermal flow revealed a limited sensitivity to the process 

conditions at the bundle scale for high pressure processes such as plate pressing, with an 

increasing sensitivity for lower pressures as apply for autoclave processes. The process 

conditions are significant for the quality of impregnation at filament scale. Specific 

combinations of pressure, viscosity and bundle compressibility can lead to void formation 

inside the bundles, as confirmed by microscopic analysis. The methodology developed has 

been translated to a ready-to-use design tool for the implementation of new polymers. 
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INTRODUCTION 
 

The application of thermoplastic composites offer a wide variety of opportunities for various 

industries, but most particularly the aerospace industry. A key issue for this industry is the 

product quality, which by itself is not a problem: a more than sufficient product quality can be 

achieved by the current state-of-the-art production technologies. However, once new 

materials are used, such as improved thermoplastics, a trial-and-error process has to be 

followed to obtain the production process settings to achieve the quality required. The 

bottleneck is a sound understanding of the processes occurring during the production of the 

thermoplastic product.  
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Thermoplastic composite production processes differ from thermoset composite production 

processes due to the constraints set by the higher viscosity. In general, dry or pre-impregnated 

(but not void free) fabric is consolidated using a combined heat and pressure cycle. The focus 

here is on the plate pressing process as applied by Ten Cate Advanced Composites for the 

production of the thermoplastic sheet material Cetex
©

, a woven glass reinforced PPS sheet 

material. The procedures described in this paper are also valid for other thermoplastic 

composite production processes. 

The fabric is placed between foils of thermoplastic material, as shown in Fig. 1. The mould is 

heated, the thermoplastic material becomes viscous and impregnates the fabric after the 

pressure is applied. The matrix material solidifies during the cooling cycle, resulting in the 

fully impregnated product. Note that both woven fabrics and (stacks of) uni-directional fabrics 

can be used.  

 

 

 

a. Stack of thermoplastic sheets and woven fabric layers, 

prior to the pressurized consolidation process. 

b. Fully impregnated fabric at the end of the 

production cycle. 

 

Fig. 1: Hot press production for thermoplastic material. 

 

The process described sets the following requirements to the model: A thermal cycle has to be 

included as well as a two-level flow model. The two levels are defined at the length scale of 

the fibre bundles (interbundle) and the fibre filaments (intrabundle). Voids are generally 

formed at the intrabundle level. Complications are furthermore found in the fact that the 

thermoplastic material generally exhibits a strain rate dependent viscosity (non-Newtonian 

behaviour). 

Grouve and Akkerman [1] showed that three different steps in the production cycle can be 

recognized (see Fig. 2) and can be treated independently for the process investigated: 

1. Elevate temperature, to lower the viscosity of the matrix material. 

2. Increase the pressure, to force the matrix material to impregnate the fabric. 

3. Cooling and solidification of the laminate. 

They stated that the interbundle space is filled during the first phase of the production process. 

The thermoplastic material is sufficiently viscous to flow around the fibre bundles (Fig. 2 

state A), but too viscous to impregnate the fibres. This is only achieved after applying 

pressure to the mould (Fig. 2: B to C). The applied pressure is distributed over the resin and 

the textile, resulting in impregnation of the fibres accompanied by compaction of the fabric.  

Interbundle and intrabundle flow models are discussed in this paper, explaining the 

observation by Grouve and Akkerman [1]. The thermal modelling is not addressed here, but is 

incorporated in the design tool that has resulted from this research. Details are found in ref [1]. 

 



 

 

 

 

 
 

Fig. 2: Process variables measured during the production of a glass/PPS laminate and the 

micrographs of cross-sections of the laminate at the three points during the process cycle. 

 

 

THEORY 

 

The interbundle flow is initially analysed employing a transient, isothermal, two dimensional 

analysis in Comsol. This multiphysics software package numerically solves the Navier-Stokes 

equation: 
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With  the density, u the velocity vector, t the time, p the pressure, I the identity tensor,  the 

dynamic viscosity and f the vector of body forces. The Carreau model for the viscosity [2] 

was used, to account for the shear thinning properties of the fluid during the initial phase of 

the impregnation. According to this model, the effective dynamic viscosity eff is defined as: 
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With 0 and ∞ the viscosity at zero strain rate and infinite strain rate respectively. The 

parameters n and  are to be determined experimentally. The Carreau model performs well for 

lower shear rates (~10
3
s

-1
) to reasonable for shear rates in the range of 10

5
s

-1
. Often, a power-

law function is used, but this significantly overestimates the viscosity at lower shear rates, 

which was judged undesirable in this case. The viscosity as a function of the shear rate is 

shown in Fig 3. 
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Fig.3: Measured viscosity of PPS as a function of the shear rate compared to a Carreau 

(coefficients are indicated to the right of the graph) and a power-law model for the viscosity. 

 

The impregnation is governed by a transverse flow across aligned fibre bundles (interbundle 

flow) or fibres (intrabundle flow). It is assumed that there is no significant flow in axial 

direction due to the absence of a pressure gradient in the plane of the textile. The pressure 

distributions in a lab-scale press (width: 0.25m) and an industrial press (width: 1m) were 

measured revealing a nearly constant pressure over the width for the industrial press, though a 

significant pressure gradient was observed in the lab scale press. For the bundle impregnation, 

it is assumed firstly that the flow front is essentially oriented in radial inward direction and 

secondly that the flow obeys Darcy’s law, thus reading for the fluid superficial velocity u: 
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With K the permeability,  the viscosity, p the pressure and r the radial coordinate. The 

bundle shape is elliptical in general and therefore an equivalent radius req is employed, which 

reads [3]: 
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With r1 and r2 the minor and major radii of the ellipse representing the cross-sectional shape 

of the fibre bundle. The bundle permeability is assumed to be constant, despite a certain 

distribution of the fibre filaments in the bundle. Gebart’s formulation for hexagonally packed 

fibre bundles [4] is  employed to estimate the bundle permeability K: 
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With Vf and Vfmax the actual and maximum fibre volume fraction in the bundle respectively 

and rf the filament radius. These properties are determined by using micrographs.  

 

 



 

RESULTS & DISCUSSION 

 

Firstly, the interbundle flow is investigated using a 2D model. An elliptically shaped bundle is 

assumed [5], as shown in Fig 4. A transient analysis is employed to model the wetting 

process. The air initially surrounding the bundle is modelled as a thin fluid. A transition 

region must be set to obtain numerical stability. The resin pushes the air out of the domain by 

prescribing a velocity condition on the inflow boundary. Symmetry boundary conditions are 

applied to model to obtain periodicity of the geometry. Dirichlet boundary conditions are 

applied at the bundle interface. A limited sensitivity to the boundary conditions was observed. 

Detailed modelling of the boundary conditions at the bundle interface is discussed in Grouve 

and Akkerman [6]. 

 

 

Bundle width lf 0.1866 mm 

Bundle height hf 0.1170 mm 

Cell width Lf 0.2195 mm 

Cell height Hf 0.13 mm 

Polymer height hp 0.05 mm 

 

Fig. 4: Cross-sectional shape of the flow domain. The dimensions are obtained from 

microscopy images. 

 

The progression of the flow front is visualised in Fig. 5 for three different inflow velocities. 

The colour in the graphs indicates the shear rate. The shear rate is relatively low for the main 

part of the domain, but the maximum increases nearly proportional to the inflow velocity. 

 

 
 

Fig. 5: Flow front progression at three different prescribed velocities (0.05mm∙s
-1

, 0.1mm∙s
-1

 

and 0.2mm∙s
-1

), at similar relative impregnation stages. The colour indicates the shear rate. 

 

A thin layer of air remains present at the bundle interface. This results from the transition 

region combined with the overestimated fluid viscosity of the air, required to obtain numerical 



 

stability; The air is modelled as a thin Newtonian fluid, being significantly more viscous than 

in reality (10
-4

 Pa∙s), but still orders of magnitude lower than the PPS viscosity (~10
2
). A 

number of tests showed that the viscosity selected for air contributes positively to the stability 

of the solution, but does not affect the results. 

The significant difference in the inflow velocity causes significantly higher shear rates, but 

the maximum shear rate remains below the limit where shear thinning becomes relevant (see 

Fig. 3). Hence, there is also no significant difference in the flow front progression. The 

conclusion can be drawn that shear-thinning is not relevant for the process settings used here. 

The analysis of 3D models resulted in the same conclusion. 

The second stage in the filling process is the intrabundle impregnation. The resin has become 

sufficiently thin to flow around the filaments of the fibre. The bundle is surrounded by resin, 

resulting in an inward oriented impregnation, accompanied by a compressive pressure on the 

fibre bundle (see also ref. [7]). The applied compressive force FA is split in a part related to 

the compaction stress f of the fibre and the resin pressure pr, effectively driving the 

impregnation: 
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The compaction stress can be modelled with a power-law function [1], where the coefficients 

c0 and c1 are determined by experiments (1.15∙10
7
 and 2.68 for the glass fabric investigated):  
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The uncompressed thickness h0 was measured to be 0.3mm, h is the compressed thickness. 

The compaction results in an increase of the bundle fibre content (Vf in Eqn. 5). A Comsol 

model with an array of fibre filaments is used to investigate this effect. A minimum size 

repetitive unit is modelled, consisting of a single full fibre filament and three halve filament 

sections. The fibre filament radius is set to 3m, based on microscopic images. Symmetry 

boundary conditions are applied to the upper and lower boundaries, whereas a zero-pressure is 

set at the outflow on the right hand side. A velocity is prescribed at the inflow (0.1mm∙s
-1

) on 

the left hand side. The bundle can move, but no-slip boundary conditions are applied at the 

interface between fibre and fluid. The fibre filaments are connected to each other with truss 

elements, representing the bundle compressibility. The truss stiffness is set such that the 

compaction stress of the bundle is approximated. 

Once again, the Carreau model for the viscosity is employed but non-Newtonian fluid 

behaviour is only observed at small areas close to the filament interfaces. The shear rate 

hardly exceeds the value of 2000: the resin still behaves as a Newtonian fluid according to the 

viscosity versus shear rate graph of Fig 3. Hence, a viscosity that only depends on the process 

temperature can be used. 

The results show a small movement of the fibres, but no full closure of the intra bundle space: 

the resin can continue to flow through the bundle, resulting in a full impregnation and a void 

free final product. Fibre bundles with a low compaction stiffness can be difficult to 

impregnate void free. Generally, bundles in a woven fabric have an certain amount of twist 

[8], resulting in a (geometrical) compaction stiffness. However, some fabrics, and in 

particular unidirectional fabrics can show a low amount of twist, hence may suffer from a 

non-void free impregnation. 

 



 

  
a. Pressure distribution at t = 0.025s. b. Pressure distribution at t = 0.050s. 

  
c. Shear rate at t = 0.025s. d. Shear rate at t = 0.050s. 

 

Fig. 6: The pressure distribution and the shear rate at t = 0.025s and t = 0.05s (end of 

impregnation). The solid red line indicates the flow front. The shear rate in the uncoloured 

areas of the flow domain is higher than 2000s
-1

. 

 

The results suggest similar impregnation times and therefore a simultaneous impregnation of 

the interbundle and intrabundle space. However, the flow velocity component at the bundle 

interface in normal inward direction, is small compared to the tangential flow component, due 

to the difference in inter- and intrabundle permeability. The result is a sequential 

impregnation of the two domains, for this case. This situation alters if the inflow velocity (and 

hence the applied pressure) is substantially lower, as for example occurs in autoclave 

processes.  

 

 
Fig. 7: Flow diagram of the design tool. The ovals indicate user input, the circles to the right 

refer to the output of the tool and the coloured rectangles correspond to the items of the tool 

discussed in this paper. 

 

The results of this analysis were implemented in a design tool for film stacking processes. A 

flow diagram is presented in Fig. 7. The user needs to specify the material properties, the 

process cycle settings and the lay-up of the fabric and thermoplastic sheets in the mould. The 

algorithms in the tool subsequently determines the process characteristics, including the void 

content in the final product. This has led to a significant reduction in process time, since the 

process time was consciously overestimated to ensure a void free product. The tool also 

allows to investigate the effect of new materials on the process characteristics and the quality 

of the final product. 



 

CONCLUSIONS 
 

A design tool was developed for manufacturing processes of thermoplastic based composites. 

Transverse impregnation of the textile reinforcement can lead to void formation and a 

resulting poor product quality, if the process settings are not set appropriately. The resin, 

being above the glass-transition temperature but below the melting temperature, is sufficiently 

viscous to fill all interbundle spaces, but the intrabundle spaces are filled only once a pressure 

is applied and the temperature rises above the melting temperature. It is shown that shear 

thinning does not play a significant role for glass/PPS and that compaction of the fibre bundle 

for this material does not cause the formation of voids due to closure of the intrabundle space. 

The tool is developed for the plate pressing production process, in which the results are 

included. It allows the exploration of new thermoplastic materials without costly trial and 

error programs, but also sets requirements for the materials to be developed. 
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