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Abstract. The joining of continuous fibre-reinforced thermoplastic composites (TPC) by means 
of plastic deformation often results in a complex material structure in the forming zone. Especially 
process- and material-related parameters have high influence on the local deformation behaviour 
and therefore on the properties of the joint. In this paper, the focus is on mechanical joining 
processes based on the principle of moulding holes by a tapered pin. For the investigations, a 
simplified test is used in which the pin is pushed through a heated TPC plate in the thickness 
direction. By the pin movement the fibres and molten matrix are displaced radially and along the 
tool motion direction. Detailed investigations of the resultant material structure by computed 
tomography and numerical simulations are performed with varying pin tool geometries with 
bidirectional TPC material. For numerical analysis, the Arbitrary-Lagrangian-Eulerian method 
combined with a multi-filament approach is used. The result show that the tool geometry has a 
strong influence on the piercing force, the resultant material structure, and the occurring 
phenomena. It could be shown, that the simulation is capable to predict the resultant material 
structure. 
Introduction 
With their high specific stiffness and strength thermoplastic composites (TPC) offer a good 
opportunity to achieve a high degree of lightweight and increase resource efficiency. Due to the 
inhomogeneous inner material structure of orientated brittle fibres and ductile isotropic 
thermoplastic matrix an anisotropic material behaviour results. Hence, a variety of novel joining 
technologies have already been developed to join TPC components to adjacent assemblies. 
Bonding, the state of the art joining method, requires high standards for preparation and long 
curing times. Therefore, new mechanical joining technologies are in the scope of research [1], 
especially in the field of clinching technology [2]. The local forming processes of this joining 
method lead to a change of the material structure [3]. The changed material structure directly 
influences the load bearing behaviour and the capacity of the joints [4]. 

In thermal-assisted mechanical joining processes for metal-TPC-joints a tool [5] or auxiliary 
element [6] is moved in thickness direction through the material generating a hole and a form 
closure. Depending on process conditions (e.g. tool concept and velocity, process temperature), 
material properties of the matrix (e.g. melting temperature) and fibres (e.g. Young’s modulus, 
fracture strain) different material structure phenomena occur during hole forming [7]. Due to the 
softening of the matrix at higher temperatures, the viscous character of the matrix increases. 
Consequently, the fibre-matrix interactions (FMI) can be described as a fluid-structure-interaction 
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(FSI). Besides fibre-fibre interactions (FFI) can be observed [7]. Joining by piercing based on 
moulded holes is characterized by a displacement of fibres in in- and out-of-plane direction caused 
by pin penetration [8] and independent matrix flows around the pin [9]. Such joints are often 
assessed by the resultant load bearing behaviour in structural tests [10]. The required joining force 
to displace fibres and matrix for a single pin often cannot be measured due to the test setup [11] or 
the application of multi-pin arrays [12]. In [8] a single pin geometry is used for joining and the 
influence of heating area and temperature on the joining force and resultant material structure is 
investigated. Due to the temperature gradients in most processes, the joining zone cannot be 
assumed to be isothermal. This leads to a different material behaviour within TPC because of the 
temperature dependency of the matrix.  

By simulating such joining processes, the resultant material structure and load bearing capacity 
can be predicted. However, this requires the modelling of the textile architecture [13] for 
continuous fibres. For moulded holes with in-plane reorientation of the fibres, also an analytical 
approach is used in [14] to predict the fibre path. 

In the present paper, the interaction of the piercing process and material structure is shown. 
Therefore, a simple test setup with different pin geometries is used. Due to a lack of information 
when using transient local heating, the whole test setup is heated up to process temperature and 
kept constant instead. The resultant material structure is investigated by computed tomography 
(CT). Based on the findings, numerical models are developed and evaluated. A multi-scale 
approach and the Arbitrary-Lagrangian-Eulerian (ALE)-method is used [15]. 
Experimental setup 
The specimens are made of multi-layered uni-directional glass fibre (GF) reinforced polypropylene 
(PP) Borealis BJ-100HP with a melting temperature of 165 °C. The specimens are made of four 
unidirectional TPC-sheets with layup of [0°/90°]s, and have a thickness of 2 mm with a dimension 
of (80 x 80) mm2. 

The test setup shown in Fig. 1a is integrated in a standard testing machine Zwick Z1465 
(ZwickRoell GmbH & Co KG) equipped with a heating chamber and a 100 kN load cell. The 
isothermal conditions of 180 °C, controlled by three thermocouples at the specimen, the pin and 
within the chamber, are realized within a dwell time of 30 min. To prevent sticking between the 
heated specimen and the die/blank holder, thin perforated films (0.2 mm) made of polytetraflour-
ethylene are fixed to the metal parts. The pin is pushed path-controlled with a velocity of 
1000 mm/min into the TPC. After the piercing process, the pin rests within the TPC until the 
specimen temperature is cooled down to 150 °C by an air flow system near the pin. To investigate 
the process-structure-interaction (PSI) in terms of the tool-structure-interaction, two different pin 
geometries shown in Fig. 1b are used. 
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Fig. 1: a) Experimental setup for the pinning process and b) the two different pin geometries; all 

dimensions in mm. 
Numerical setup 
For the numerical simulations, the multi-filaments (MF) approach from [16] in combination with 
the ALE-method is used. The MF approach is based on a digital element chain [17], where the 
properties of the beam element summarize the properties of a certain amount of single fibres [18]. 
The setup is presented in Fig. 2 and the mesh information with the characteristic element length le 
are given in Table 1. 

Due to the orthogonal four layers of MF, a half model is set up. The boundary conditions (BC) 
at the ends of all MF are defined to only allow a translation in fibre direction. Whereas, the nodes 
of the MF in the 90°-layers, which lie in the symmetry plane, can only move in-plane without 
rotational degrees of freedom. For both MF directions side walls with a penalty contact definition 
are implemented to avoid fibre movement out of the fluid domain. In accordance to the specimen 
dimension and the joining zone area, in 0°-direction the full length of 80 mm is modelled. For the 
90°-layers, only 40 mm width of the layers is considered (Fig. 2 right). The tools and side walls 
are assumed to be rigid. Furthermore, except for the pin, they have fixed BC. Consequently, the 
clamping pressure between blank holder and die is not taken into account. Penalty contact 
definitions between MF, die and blank holder are defined. The pin has a displacement controlled 
translation definition in thickness direction through the layers. It is defined as a solid to avoid 
leakage in the ALE calculation. However, a special forming contact based on shell elements proved 
to be suited to model the sliding between MF and the pin. In order to apply this contact, a shell 
mesh is defined at the surface nodes of the solid. A constrained-based coupling algorithm between 
fluid and MF is defined. The beam element chain with a diameter of 0.5 mm representing the MF 
exhibits an elastic material behaviour with a Young’s modulus of 57 MPa. For the matrix 
properties, a simplified viscous material model with a constant dynamic viscosity η of 530 Pas 
(based on experimental results) is used. The simulations are carried out with a mass scaling factor 
of 10,000. 

 
Table 1: Mesh information of the numerical setup for pin P1. 

Domain le [mm] Number of elements 
Fluid 0.5 361,000 

Multi-filament 1.5 4,988 
Tools - 54,904 

Punch shell - 8,204 
Walls - 21,120 
Σ  450,816 elements; 480,678 nodes 
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Fig. 2: Numerical setup for pinning process simulation with the pin P1. 

Results and Validation 
In Fig 3, the force-displacement curves of experiments where both pin geometries are investigated 
at two specimens (specimen number in brackets) are given. It can be seen that both the force peak 
and the descent of the curves of the blunt pin P2 are much higher than for the sharp pin P1. It is 
also evident that the force peak of P1 is achieved at higher displacements due to the long taper 
shape. 

 

 
Fig. 3: Force-displacement curves for the different pin geometries.*modified curve. 

The resultant material structure of the specimen ‘2105’ is presented in Fig. 4. On the blank 
holder side, a bulk is formed in 0°-direction consisting of matrix and in 90°-direction of yarns and 
matrix (1) (Fig. 4a). The 0°-yarns, pointing directly to the pin, are bent in piercing direction (2). 
The nearby yarns are displaced in 90°-direction (3). This radial reorientation leads to a torsion of 
fibre bundles in the yarn and the bulk forming on the free surface on the blank holder side (3) 
(Fig. 3a-b). The 90°-yarns are also bent in thickness direction (4). The increasing pin movement 
leads to a compaction, shifting and twisting (torsion) of all yarns in each layer (5) (Fig. 4b). 
Especially, the yarns of the die-sided layers are shifted out-of-plane. Here, on the one hand, the 
yarns distant to the pin are more shifted than twisted (6). On the other hand, the yarns close to the 
pin are splayed which is caused by the tool-yarn-friction and the motion of the pin (7). The friction 
also causes yarn shifting in fibre direction of 0°-yarns. The interaction between the different layers 
(e.g. FFI) lead to a shifting and bending (ondulation) of the 90°-yarns in radial direction to the pin 
(8) (Fig. 4c). The tool-yarn-friction, FFI and the yarn tension, result in a compaction of the yarns 
around the pin (5). Hence, matrix flow in the outer area of the piercing zone occurs, leading to 
matrix rich zones (9). Because of the shifting, bending and splaying, voids occur around the 
forming zone (10). 

Likewise, the resultant material structure of specimen ‘2107’ in combination with pin P2 is 
investigated (Fig. 5). In contrast to pin P1, the bulk consists of matrix in both fibre directions (1) 
(Fig. 5a). As with pin P1, the yarns in all layers pointing directly to the pin are bent in thickness 
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direction (2, 4). Due to the blunt shape of pin P2, no reorientation in 90°-direction or bulk forming 
consisting of matrix and yarns on the blank holder side occur. Instead, all fibres are compacted, 
distorted and shifted in out-of-plane direction (5) (Fig. 5b). Therefore, the height s with 12.35 mm 
of the displaced splayed fibres (7) is higher in comparison the configuration of P1 with 3.86 mm. 
Due to the high displacement of the 0°-yarn and the FFI, the ondulation of the 90°-yarns increases 
(8) (Fig. 5c). In contrast to the P1 configuration, all yarns of each layer are twisted and distorted 
similarly in the piercing direction (5). The compaction in the resultant material structure is less 
than in P1, which reduces the formation of matrix rich zones (9). Because of the more significant 
reorientation phenomena of shifting, bending and torsion, more voids in the forming zone can be 
observed (10). 

 

 
Fig. 4: CT-analysis of the resultant material structure for pin P1 (yarns highlighted in green, 

matrix in yellow and air volumes inside the TPC in red). 
The results of the simulations for pin P1 with the resultant material structure are given in Fig. 6 

and for P2 in Fig. 7. The modelling strategy is sensitive to the used pin geometry. Thus, the results 
show the influence of the pin sharpness on the resultant material structure. For pin P1, it can be 
seen that the MF of the blank holder sided layer are splayed (Fig. 6b). Also the bottom and mid 
layers are displaced continuously (Fig. 6b). Six MF next to the pin tip are excessively displaced 
and deformed, which can be caused by an unrealistic contact behaviour that results from the MF 
sticking to the pin and neglecting the clamping pressure (Fig. 6c). Excluding the “stuck” fibres, a 
displacement of approx. 7.4 mm is measured. Furthermore, the pin is not pushed through all layers 
despite a sufficient displacement (cf. Fig. 3). 
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Fig. 5: CT-analysis of the resultant material structure for pin P2 (yarns highlighted in green, 

matrix in yellow and air volumes inside the TPC in red). 

 
Fig. 6: Resultant material structure of pin P1 with the ALE method. 

The resultant material structure for pin P2 shows a higher displacement of the MF in thickness 
direction in the piercing area. The splaying of the mid and bottom layer can be seen in (Fig. 7b and 
c). Additionally, an excessive deformation of the MF under the pin can be seen. It can be concluded 
that an unrealistic contact behaviour leads to the deformation. Due to the large displacement of the 
MF, the simulation exhibits areas with less matrix (Fig. 7a). Despite the non-accurate contact 
definition and the simplified material behaviour (constant viscosity, linear elastic), the results show 
main phenomena of the piercing process, which also occur in the experiment. 
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Fig. 7: Resultant material structure of pin P2 with the ALE method. 

Summary and Outlook 
The piercing forces and the resultant material structure of a piercing process are investigated with 
different pin shapes using isothermal process conditions. Based on the test setup, numerical 
simulations are carried out with the MF approach and ALE method. The numerical results 
represent the main phenomena of bending and displacement of MF in out-of-plane direction. Due 
to the limited contact definitions and the simplified assumptions used to determine the resultant 
stiffness of the MF, the shifting in fibre direction cannot be predicted accurately. For a more 
elaborated comparison, experimental and numerical investigations have to be carried out with 
focus on bending stiffness of yarns under process conditions. Additionally, the initial 
inhomogeneous textile architecture of the TPC sheets has to be modelled more accurately. 
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