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Abstract. Wet compression molding (WCM) provides large-scale production potential for continuously fiber-reinforced 
structural components due to simultaneous infiltration and draping during molding (viscous draping). Experimental and 
theoretical investigations proved strong mutual dependencies between resin progression and textile draping. Significant cavity 
pressures only develop towards the end of the tool stroke, when the cavity is almost filled with resin and fibers. Therefore, 
the resin’s impact on the draping behavior (intra-ply and interface behavior) is of great relevance, since it represents a large 
share of the draping process. This study extends the work presented by Hüttl et al. [1] with experimental interface tests on dry
and infiltrated woven fabrics, which confirm rate-, pressure- and viscosity-dependent tangential contact behavior within the 
viscous draping stage. Furthermore, experimental results for the ply-ply interface are utilized 
to parametrizes a contact model, which is subsequently applied to assess and evaluate the process relevance on part level by 
means of FE forming simulation. Although a relatively simple geometry has been investigated, numerical results show 
a significant impact of the infiltration-depended tangential contact formulation on part level. Beyond that, an investigation 
of the ply-ply contact state (pressure or tension) reveal that transversal pressure is only predominate towards the end of the tool 
stroke. Consequently, contact characterization and parametrization should also include tests at low transversal pressure. 

INTRODUCTION

Wet compression molding (WCM) provides large-scale production potential for continuously fiber-reinforced 
structural components as a promising alternative to resin transfer molding (RTM). Lower cycle times are enabled by 
parallelization of the process steps draping, infiltration and curing during molding. Key process parameters cannot be 
predicted in virtual forming analysis due to a lack of knowledge or suitable numerical tools to account for the above 
outlined dependencies by existing process stimulation approaches [2-4]. Thus, identification, understanding and 
modelling of the occurring dependencies is needed to enable further development of adequate simulation approaches 
for the WCM Process.  Since, significant cavity pressures only develop towards the end of the tool stroke, when the 
cavity is almost filled with resin or fibers, the resin’s impact on the draping behavior (intra-ply and interface 
behavior) is of great relevance, since it represents a large shear of the draping process. Regarding intra-ply 
behavior, experimental and numerical investigations carried out with a modified bias extension test (IBET) 
revealed both viscosity– and rate-dependent material response for the infiltrated shear behavior with a relevant 
influence on the viscous draping behavior [3]. Several studies [4-7] show that rate-, pressure- and viscosity 
dependent material models need to be applied for modelling of the tangential contact behavior for both 
thermoplastic and thermoset based processes. Beyond that, Hüttl et al. [1] showed that fiber orientation and 
infiltration state effect the coefficient of friction (CoF) of woven fabrics within the viscous draping stage. 
Moreover, Nosrat-Nezami et al. [8] presented correlations between the CoF and relative fiber orientations as well 
as different shear states of the contact plies of dry woven fabrics.
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In this work, experimental results of tangential contact behavior of dry and infiltrated woven fabrics are presented, 
considering different infiltration viscosities, contact velocities and transversal pressures. Moreover, an existing contact 
model, implemented in ABAQUS [7,9], is parametrized with the obtained experimental results to assess the relevance 
on part level by means of FE forming simulation. Beyond that, the numerical model is used to evaluate the contact 
state (tension or pressure) between the plies during the viscous draping. 

EXPERIMENTAL PART 

An experimental test set-up, according to Figure 1 (a) and Figure 2 (a), comprising an infiltratable sliding surface 
in conjunction with a rope-guided sled, mounted on a tensile testing machine of the company Zwick GmbH & Co. 
KG (Germany), as presented in [1] used. In this study, a SIGMATEX (GB) 12K carbon fibre woven fabric without 
binder is used. It consist of T700SC-12K-50C Zoltek fibres. The area weight is 330  10 g/m² and roving width is 5.0 

 0.5 mm, while the initial spacing measures 2.0  0.3 mm. Silicon oils with three rate-independent viscosities (20, 
135, 250  3 mPas) are used to avoid additional heating of the test bench and related uncertainties regarding local 
temperature distribution. To investigate the rate-dependency of tangential contact behavior, three different 
displacement velocities are applied during the experiments (100, 350, 700 mm/min). Two contact pairs are 
investigated, namely the ply-tool and ply-ply. Thus, in contrast to Hüttl et al. [1], this study focuses on the effects of 
rate- and transversal pressure dependency of infiltrated contact interfaces within the viscous draping stage and not on 
relative fiber orientations during quasi-static conditions. Furthermore, only undeformed fabrics in terms of shear are 
investigated. To investigate a potential pressure-dependency, two different weights (718 g and 1218 g) are used for 
the sled with a contact area of 3600 mm2. To account for a homogeneous and comparable inflation state, the same 
amount of resin is applied during each experiment on top of the clamped fabric. In order to minimize drag forces of 
the fluid, only the amount of resin needed for a homogeneous and complete infiltration is applied. A time period of 
two minutes is waited until the resin is distributed within the test bench prior to testing. Subsequently, the sled is 
placed at a constant starting position on the sliding surface and another minute is waited to ensure contact infiltration.   

Experimental results and discussion 

The experimental results for the tool-ply contact pair are presented in Figure 1. The tangential stress does significantly 
depend on slip-rate and viscosity of resin. The impact of infiltration increases with increasing sled weight. Moreover, 
rate-dependency increases along with contact viscosity.  

 
FIGURE 1. Experimental test set-up and tangential stresses of the tool-ply contact for a fiber orientation of 0/90° under different 

infiltration states; (a) Test set-up, (b) Results with a constant sled weight of 718 g and 1218 g. 
 

Furthermore, the experimental results of the ply-ply contact pair are presented in Figure 2, using the same parameter 
combinations. In contrast to the tool-ply contact, a contact infiltration leads to reduces tangential stresses and the rate-
dependency is less pronounced. The viscosity impact increases with increases sled weight, similar to tool-ply contact.   
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FIGURE 2. Experimental test set-up and tangential stresses of the ply-ply contact with 0/90° fiber orientation under different 

infiltration conditions; (a) Test set-up, (b) Results with a constant sled weight of 718 g and 1218 g. 
 

Regarding the experiments with the tool-ply contact pair (cf. Figure 1), the tool provides a smooth, rigid contact 
interface. Therefore, the scattering of the test results is low, compared to the ply-ply contact. Furthermore, the closed 
contact surface of the tool enables a hydrodynamic friction state, which leads to a complete separation of the contact 
interfaces of tool and ply. This separation could be confirmed by optical measurements during experiments. The 
obtained results are therefore dominated by the fluid behavior. Consequently, the tangential stress increase along with 
contact velocity and viscosity. Note that due to fluid displacement caused by the sled, the formation low-pressure 
zones below the sled cannot be excluded completely. 

Regarding the experiments of the ply-ply interface (cf. Figure 2), both contact surfaces are heterogeneous and 
deformable, which can lead to interlocking of fibers and mixed contacted states during the experiments. Therefore, 
scattering of the results is higher compared to the tool-ply ones. In addition, the gaps between the rovings in 
conjunction with the surface structure prevents a proper separation of the contact pairs - a hydrodynamic friction state 
can only be assumed locally. The contact infiltration leads to a lubrification of the contact areas with leads to a reduced 
coefficient of friction (COF) (cf. Table 1). Since the contact is in a mixed state, the rate-dependency is therefore less 
pronounced compared to the tool-ply contact. The results of the test with low contact velocities are in agreement with 
the results presented by Hüttl. et.al. [1], which could be extended by rate- and pressure dependent results for the same 
material combination. 

NUMERICAL PART 

In the following, FE forming simulation is utilized to assess and evaluate the process relevance of the experimental 
findings of the ply-ply interface on a generic double dome geometry. On macroscopic scale, FE forming simulation 
bases on constitutive modelling of the relevant deformation mechanisms during forming, which are usually 
categorized according to intra-ply and interface mechanisms. All constitutive models are implemented within the 
commercially available FE solver ABAQUS by means of several user-subroutines [3,7,9]. To account for a decoupled 
membrane and bending behavior, superimposed membrane and shell elements are applied to represent the single layer 
of the stacked laminate. The membrane model is parametrized according to previously published experimental shear 
analysis of the same material [3]. For bending modelling, an existing hypoviscoelastic model presented by Dörr et al. 
[9] is applied. To limit the numerical investigation to the influence of the contact behavior, only the dry parameter set 
are used for the membrane and bending behavior during all simulations, which leads to a constant, rate-independent 
intra-ply behavior. Regarding the interface-mechanisms, a contact formulation based on the approach presented by 
Dörr et al. [7] is applied, adopted and described in the following. 
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Numerical contact model 

Regarding the modelling of the contact behavior, normal traction  and tangential traction  are naturally 
described separately. Penetration resistance and adhesion is obtained by suitable constitutive equations in normal 
direction (cf. Figure 3(a)), whereas sticking and sliding is accounted for in the constitutive equations in tangential 
direction according to Figure 3(b)). 

 
FIGURE 3. Schematic illustration of the applied contact modelling approach and correlation in normal (a) and tangential (b) 

direction within the local contact coordinate system  
 
Normal traction. To account for penetration resistance and adhesion between the plies, two penalty stiffnesses  

and   along with a penalty damping  are introduced. The normal traction  within the local contact coordinate 
system  is calculated according to 

 

(1) 

where  is the relative contact displacement and the corresponding velocity. As shown in Figure 3 (a), tension 
within the contact is only accounted for until a maximal admissible distance .  
 

Tangential traction. An isotropic constitutive equation for friction is applied to account for the transition from 
sticking to sliding by means of an isotropic yield function . Hence, relative fiber orientation is not taken into account. 
The stick-slip-condition of the tangential traction  is regularized by the penalty-method by 

 

(2) 

where  is the relative tangential displacement. The critical tangential stress  (cf. Figure 4 (b)) is modelled by 
means of a Coulomb friction law superimposed with a Cross model to account for the rate- and pressure dependent 
intra-ply slip behavior between the infiltrated plies according to 

 

(3) 

where  and  provide the material parameters, which depend on the actual tangential contact velocity  and the 
contact pressure , respectively.  

TABLE 1. Summary of the determined material parameters for tangential ply-ply interface. 
Infiltration state  / -  / MPas/mm  / MPas/mm m / MPas/mm n / - 

dry 0.290 1E-07 1E-07 1 1 
20 mPas 0.223 1E-04 2E-06 0.01 -5.0 

135 mPas 0.203 9E-05 3E-06 0.01 -5.0 
250 mPas 0.185 7E-05 5E-06 0.01 -5.0 

To limit the numerical investigations to the influence of the tangential contact behavior, constant parameters are used 
for the normal behavior in this study. The tangential material parameters μ and η are determined for each infiltration 
state according to Table 1 by comparison with the experimental results (cf. Figure 2). 
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FE forming simulation model and numerical results 

The presented numerical contact model in conjunction with the above outlined FE forming simulation approach is 
applied to the simulation setup of a double dome geometry according to Figure 5 (a). Simulations containing two plies 
with initial fiber orientations of  and  are conducted with a linear closing speed of 10 mm/s, implemented 
via a displacement boundary condition. The critical tangential stress  is reduced by 30% to account for the relative 
contact orientation of  according to the results presented by Hüttl et al. [1]. Preliminary studies show that the 
occurring tangential velocities at the ply-ply interface remain within the parametrized range (cf. Figure 4 (b)). 

 
FIGURE 4. (a) FE forming simulation set-up with surrounding blank holder and applied boundary conditions; (b) Comparison of 

the parametrized and occurring averaged tangential contact velocities during forming. 
 

Tool surfaces are modelled using rigid elements and gravity is taken into account. An additional global blank holder 
with a constant pressure of 60 N is used to emphasize the tangential friction during forming. Tool-ply contact is 
implemented via a built-in routine in ABAQUS using a constant CoF of . Thus, the above outlined contact 
model is only applied to the ply-ply interface.  

 
FIGURE 5. Illustration of the viscosity dependent relative tangential slip; (a) Actual relative between the plies at discrete states; 

(b) Averaged slip and contact state (1=Tension, -1= Pressure) within the final tool shape. 
 
 

Individual deformation of the two plies leads to relative slip. As Figure 5 illustrates, the final tangential slip depends 
on the infiltration state. The identification of material parameter show that the lubrification of the contact interfaces 
mainly leads to reduced COFs between the plies. Consequently, significant differences in terms of relative slip 
between the plies mainly occur within the last stage of the tool stroke when the contact state is pressure dominated. 
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DISCUSSION AND CONCLUSION 

The contact behavior of infiltrated woven fabric has been investigated by means of experimental and numerical 
investigations. Experimental results reveal a countervailing influence of infiltration regarding the investigated contact 
pairs. Whereas tangential stresses increase with increasing viscosity for the tool-ply contact, they decrease with regard 
the ply-ply contact. Still, both contact pairs show rate-and viscosity dependent tangential contact behavior. The 
differences between the closed tool interfaces and the heterogeneous, deformable ply interface are assumed to be the 
reason for the contrary behavior. Furthermore, experimental results of the ply-ply contact are used to parametrize a 
corresponding numerical contact model. Identification of the material parameters revealed that the lubrification 
between the plies mainly reduces the COF, whereas the rate-dependency is of minor importance. Subsequently, the 
parametrized contact model is used to access the process relevance on part level by means of FE forming simulation 
on a generic double dome geometry. Numerical results show a impact of the infiltration state on the occurring final 
relative slip between the plies. Consequently, infiltration-dependent contact formulations have to be taken into account 
for a more accurate process simulation of the viscous draping stage within wet compression molding (WCM) process. 
Furthermore, contact state results suggest further investigations on the  proper characterization and modelling of the 
so called “tension state”, as it accounts for large shear of the draping.  

Consequently, future work will focus on deeper analyses of the contact state within viscous draping. This includes 
further investigations on the different contact states and additional consideration of the presented experimental results 
of the tool-ply interface. Beyond that, the impact of infiltrated normal contact behavior will be investigated. 
Overarching objective remains the development of suitable simulation model to account for the simultaneous draping 
and fluid progression during forming, as well as their interdependence within the viscous draping stage. 
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