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Abstract: Through-Thickness Reinforcement (TTR) technologies are well suited to improving the
mechanical properties in the out-of-plane direction of fibre-reinforced composites. However, besides the
enhancement of delamination resistance and thus the prevention of overall catastrophic failure,
the presence of additional reinforcement elements in the composite structure affects also the mechanical
properties in in-plane direction. In this work, the flexural behaviour of a glass-polypropylene (GF/PP)
hybrid yarn-based composite with TTR in form of metallic pins has been investigated experimentally
and numerically. The insertion of the metallic pins is realized via thermoactivated pinning technology
(TAP). In four-point-bending tests, it is shown that the flexural stiffness and strength decreases with
an increase of the overall pin density. Hereby, it is observed that the pins act as crack initiators.
For numerical modelling on specimen level, a continuum damage mechanic (CDM) model is used
to predict the nonlinear deformation response of the composite, as well as fibre fracture and matrix
cracking. A debonding and slipping phenomena of the pin in the composite is modelled by a cohesive
zone modelling approach for the interface between pin and composite.

Keywords: through-thickness reinforcement; thermoactivated pinning (TAP); thermoplastic
composite; finite element analysis (FEA)

1. Introduction

Since recent years, fibre reinforced composites based on thermoplastic matrices are in the research
focus of the mechanical engineering, automotive and aerospace industries. Due to their advantages
in terms of short processing times, they enable a highly productive manufacturing process and
excellent specific mechanical properties in in-plane direction [1-3]. In contrast to conventional thermoset
composites, thermoplastic composites offer a repeatable meltability of the polymer matrix material,
which offers new opportunities and challenges for production and post-production processes. In particular,
the application of material specific joining technologies plays an essential role for the exploitation of
the load-bearing capacity of thermoplastic composites. Main technologies for joining thermoplastic
composites are based on adhesive joining [4], fusion bonding [5] and mechanical fastening [6-9]. However,
their application is challenging due to their sensitivity to delamination failure caused by typically very
low through-thickness strength dominated by the thermoplastic matrix material [10]. The delamination
resistance and the corresponding properties can be improved by using several TTR techniques [11,12].
The z-pinning technology, where a pin is integrated in through-thickness direction of the composite
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shows large analogies to pin-supported mechanical joining with regard to the strengthening mechanism
and is applied as well in joints [13-16].

In the past, the research focus of z-pin technology was mainly on the improvement of the mode I
interlaminar fracture toughness for thermoset composites (based on prepreg material systems) via
z-pins made of unidirectional composite fibres. However, the performance of composite z-pins shows
a high sensitivity to mode mixity ratios and large disparities between the mode I and mode II of
loading [17]. In comparison, z-pins made of metal shows a less sensitivity to mode Il loading due to their
capability to absorb large amounts of fracture energy via plastic deformation. However, the performance
under mode I loading is affected by their poor interfacial properties caused e.g., by the high thermal
mismatch between metallic z-pin and polymer composite [18,19]. It should be noted that the insertion
of z-pins disrupts the alignment of the reinforcement fibres and may lead to a degradation of in-plane
and flexural properties of the composite [20-23]. Here, the flexural strength decreases with increasing
pin content and pin diameter, in contrast the flexural and tensile modulus are not changed for z-pinned
carbon/epoxy laminates [24,25].

In last decades, various continuum damage mechanics (CDM) based models were developed
for damage and failure analysis of fibre reinforced composites materials [26,27]. In recent years,
these models were further extended to incorporate the strong non-linearities observed in thermoplastic
materials like the CDM model developed by Bohm [28]. The model is based on the failure mode concept
of Cuntze [29] which was already successfully applied for high-dynamic crash loaded composite
structures [30]. The numerical modelling of the delamination resistance of the z-pinned composite in
finite element analysis is mostly characterized by a cohesive zone model where the z-pin bridging
force is governed by traction-separation laws derived from mechanical models on micro scale [31,32].
Moreover, numerical methods based on detailed discretization of the individual z-pins on meso or
macro scale using enhanced continuum damage mechanic models and cohesive zone models for z-pin
slipping-out phenomena enable a detailed simulation of various damage modes and the detection of
damage initiation of composites with and without z-pin reinforcement [33].

In this work, the flexural behaviour of reinforced glass-polypropylene (GF/PP) hybrid yarn-based
composite with metallic pin reinforcement, realized by the innovative thermoactivated pinning
technology, is investigated experimentally and numerically.

2. Materials and Methods

2.1. Material Specification

In this study, a glass-polypropylene (GF/PP) hybrid yarn based textile composite material is
considered, namely a woven fabric (Twintex® TPP 60745) supplied by Saint Gobain-Vetrotex. It is
a 2/2-twill weave offering an area density of 745 g/m? with a fibre volume fraction of 35% after
consolidation. The specimens for bending tests were cutting from the 10 layers of fabric material and
stacked in 0°/90° orientation. The stack of layers was then vacuumed and consolidated in an autoclave
at a temperature above the melting temperature of the polypropylene (more than 200 °C) under a
pressure of 5 bar. Afterwards, the specimens are cut by water jet. The specimen has a length of 120 mm,
a width of 12 mm and a thickness of 5 mm. The material structure of the GF/PP material before and
after the consolidation is shown in Figure 1.

(b)

Figure 1. Woven fabric material: (a) before consolidation; (b) after consolidation.
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2.2. Specimen Configuration

In the study, the TAP process for thermoplastic composites is applied for z-pin reinforcement.
This joining process combines the principle of classic nailing technology and innovative z-pin technology.
Here, metallic pins are inductively heated up to a temperature above the melting point of the matrix
material and pressed lengthwise into the thermoplastic material, softening it locally to enable an
adequate insertion of the pin. The reinforcement pin is made of X;¢oCrNi;g stainless steel, has a total
length of 20 mm and a diameter of 0.99 mm. The pins were inserted perpendicular to the top surface
of the specimen resulting in a maximum deviation of about 10° resulting from inhomogeneities in
the composite material. After insertion, the pins are shorter to length with regard to the specimen
thickness of 5 mm. Softened polymer material which is pressed out of the pin area at the beginning and
at the end of the insertion process is finally removed. In this study, four reinforcement configurations
(A-D) are in focus, which exhibit a pin density from 0.05 (A) to 0.59 (B) up to 1.18% (C and D) in the
overall specimen section (Figure 2).
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Figure 2. Specimen configuration: (A) 0.05% pin density; (B) 0.59% pin density; (C) regular pattern
with 1.18% pin density; (D) zigzag pattern with 1.18% pin density.

2.3. Experimental Setup and Measurement Techniques

Experimental mechanical tests were performed under four point bending in order to obtain both
flexural strength and flexural stiffness. A Zwick/Roell 1475 universal testing machine with a 10 kN
load cell was used for the experiments. Four-point bending tests were performed referring to standard
DIN 53293 under quasi-static conditions with a testing velocity of 3.5 mm/s. The specimen was placed
on two support elements with a radius of 2 mm and a distance of 100 mm between each other. The load
was centrally applied via two loading elements with a radius of 2 mm and a distance of 50 mm between
each other. The experimental setup of the four-point bending test is shown in Figure 3. The maximum
deflection was measured at the centre on the underside of the specimen by a Zwick/Roell digital
displacement transducer. Two specimens for each pin configuration were tested.
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Figure 3. Four-point bending test setup: (a) schematic picture; (b) self-build setup.
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3. Experimental Results

3.1. Force-Displacement Curves

The mean curves of the measured force-displacement behaviour for all tested specimens are
shown in Figure 4. The behaviour is initially linear up to a displacement of about 2 mm. Afterwards,
the behaviour is clearly non-linear and characterized by a decrease in stiffness until the maximum force
is reached. The reduction in stiffness is related to the increase in pin content and is most significant for
configuration D with a 1.18% pin volume content compared to configuration A (Figure 4b). As expected,
the configuration A with the lowest pin volume content of 0.05% exhibits the highest maximum load.
In case of a regular pin pattern as it is for configurations A, B and C where pins are located in the
middle of the specimen, which is the area of the greatest bending load, the maximum load decreases
as the pin volume content increases (Figure 4c). The specimens of configuration D, which exhibits a
zigzag pin pattern, show a significantly lower decrease in stiffness and strength than configuration C
with the same pin volume content of 1.18%. In contrast to configurations C, the zigzag pin pattern
shows only one single pin in the area of the largest bending load, which in turn leads to a lower
structural weakness in this area causing this effect.
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Figure 4. Comparison of experimental force-displacement curves: (a) entire results; (b) detailed elastic
domain; (c) detailed damage and failure domain.

3.2. Failure Pattern

The identification and evaluation of the damage and failure patterns of the tested specimens are
essential for the intended establishment of an appropriate simulation method of metallic pin reinforced
thermoplastic composites. In Figure 5, selected specimens for each configuration after testing are
shown. All specimens exhibit a compression damage on the upper specimen side in the contact area
to the stamps. The specimens of configurations C and D show that if a pin is present in this area,
such a localized loading causes the formation of a transverse cracks starting from the pins. Since all
test specimens show this compression damage to the same extent, it is obvious that the initiation of
such a damage is associated with the beginning of the non-linearity of all force-displacement curves.
Subsequently, as force and displacement increase, the pins act as damage and crack initiators in the
composite material. Figure 5 shows these cracks after testing in pin near areas. As to be expected, a crack
formation occurs starting from the pins in the middle of the specimen for configurations A, B and C
with regular pin pattern. For configuration D, which has no pin located in the area of largest bending
load, no such crack occurs. A detachment of the pin from the composite specimen and the formation
of a gap is hardly noticeable.
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Stamp contact area Pin near area
A B D

Figure 5. Characteristic damage and failure pattern for each configuration: (A) 0.05% pin density; (B) 0.59%
pin density; (C) regular pattern with 1.18% pin density; (D) zigzag pattern with 1.18% pin density.

4. Numerical Analysis

4.1. Finite Element Model

In ABAQUS/Explicit, a finite element model was developed for the numerical analysis of the
quasi-static four-point bending test of each pin configuration. The model, illustrated in Figure 6,
contains the rectangular specimen, two rigid support and two loading elements corresponding to the
experimental set-up. The support elements are fixed in all eligible degrees of freedom. The loading
elements are subjected with a uniform motion according to the quasi-static conditions of the test.
In order to enable reasonable computing times of the model for a time of 0.05 s, the time step was
manually adjusted using certain mass scaling under the condition that the resulting kinetic energy
is less than 10% of the total energy. The specimen and the pins are modelled by using eight-node
continuum solid elements (C3D8R) with reduced integration. In order to ensure suitable finite element
sizes, especially in the areas around the pin, sensitivity studies for four different mesh sizes were
performed. Mesh sizes with in-plane element lengths of 0.8 mm, 0.3 mm, 0.15 mm and 0.08 mm
were applied to predict accurately the stress concentration in the pin near area. The results show
that the maximum in-plane stress begins to converge from a mesh size of 0.15 mm. The final chosen
minimal element size of the pin is 0.08 mm x 0.08 mm X 0.32 mm. The element size of the composite
specimen around the pins ranges from 0.15 mm X 0.14 mm X 0.625 mm in pin near area, up to
1.0 mm X 0.75 mm X 0.625 mm in edge area. It is assumed that due to the heat-treated manufacturing
process a thin polypropylene layer without fibres exists around the pin. As the thermal conductivity of
the polymer and glass are comparatively low, the size of the plasticized zone is limited to a few tenths
of millimetres. The thickness of the layer is hard to measure as the molten zone decreases with rising
penetration depth due to the pin cools down during insertion. For numerical reasons in regard of mesh
density and contact stability, the mesh structure ensures a 0.3 mm layer of polypropylene, which is
build up via two elements with a length of 0.15 mm. Debonding and subsequent slipping of the pin is
realized using a cohesive contact formulation between pin and polypropylene layer. The damage and
failure of the bond is modelled based on bi-linear elastic traction-separation law [34]. Due to the absence
of the specific interface properties, the intralaminar properties of a comparable glass-polypropylene
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(GF/PP) hybrid yarn-based composite are used for the analysis (Table 1) [35]. The according friction
behaviour after the pin is detached from the polypropylene layer is very demanding to characterize
experimentally. It is largely dependent on the TAP process and its resulting local material structure.
Coulomb friction, using a constant coefficient of 0.35, was used in the analysis, which is in the range for
most polymers. It should be noted, that no extensive slipping of the pins occurred in the experiments
so that the friction condition between pin and composite does not seem to be a governing factor.

Interface between
pin and composite

Pin
Composite

Polypropylene layer

Figure 6. Finite element model of four point bending test (configuration D).

Table 1. Parameter of cohesive zone model for interface between pin and composite.

Initial Stiffness M (N/mm) Cohesive Strength t (MPa) Critical Strain Energy Release Rate G (N/mm)

My 74,670 9126 Gic 2.5
Mss 26,670 992.0 Grne 3.5
My 26,670 t)92.0 Grirc 3.5

4.2. Material Modelling

A linear elastic material behaviour was assumed for the pin material with a Young’s modulus of
210 GPa and Poisson’s ratio of 0.3, same for the thin polypropylene layer around the pins by using
a Young’s modulus of 1500 MPa and a Poisson’s ratio of 0.43 [36,37]. The composite CDM model
is implemented in ABAQUS/Explicit as a user-defined subroutine VUMAT. This phenomenological
material model enables the prediction of mode-related and direction-dependent failure based on the
concept of Cuntze [26,29]. A successive stiffness degradation of the composite is achieved via an
accumulative and mode related damage evolution. It is based on the assumption of linear-elastic
material behaviour up to an initial damage threshold characterized by the damage strength R;; . for
each loading direction (i,j = 1, 2, 3), with t denoting tension and c compression. The damage surface in
stress space using a variable function H is described by the following condition by means of nominal
stresses 0; and 7;;:

oY e\ (oY (o N (oY o\ (Tt VN Ta V[ Toe \!
(Rdlt) Rgic Ryt Rie Ryt Rgsc Rg1p Ry Ran3 @
The rounding-off coefficient n defines the failure envelope. In this study, #n was fixed to a value of

2. A pragmatic non-interactive strain based failure conditions F for tension, compression and shear
loading with the failure threshold €;y i and ;i were used:

Ft,C:( & )zlandl—"s:( Vi ):1. 2)
€it/cfail Vij, fail
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Here, after fracture is predicted, only for tensile failure mode the failed element is deleted. Asload
can still be transmitted, a residual strength for compressive mode and shear mode is retained until
a deletion strain ¢; 4 and y;; 4 is reached and the element is finally deleted. The required material
parameters result from previous experimental works by means of basic characterization tests under
tensile, compression and shear loading [3,38—40]. For simplification, the layup of the specimens with
consistent hybrid yarns in both reinforcement direction, the balanced textile architecture and the
symmetric lay-up result in a bidirectional layer with almost same in-plane engineering constants.
Via the experimental determined parameters and corresponding stress-strain-relationship, the material
input parameter for the CZM model were determined by single-element-tests. The engineering
constants (Young’s moduli E;, shear moduli G;; and Poisson’s ratios v;;), onset of damage in terms of
strengths Ry;; ¢, and failure strains ¢y fi7 and y; i1 for the GF/PP composite material for each loading
direction (i,j = 1, 2, 3) are listed in Table 2.

Table 2. Engineering constants, onset of damage in terms of strengths and failure strains for
glass-polypropylene (GF/PP) composite material.

Material Parameter Unit Value
E, (GPa) 14.9
E, (GPa) 14.9
Esz (GPa) 1.50
V12 (-) 0.08
V13 (-) 0.17
Vo3 (-) 0.17
G2 (MPa) 7500
G13 (MPa) 1050
Go3 (MPa) 1050
Rt (MPa) 60
Ry1c (MPa) 35
Ryoy (MPa) 60
Ryoe (MPa) 35
Ry3¢ (MPa) 12.4
Rys¢ (MPa) 477
Rd12 (MPa) 25
Rd13 (MPa) 9
Rd23 (MPa) 9
€11, fail ) 0.1
€1c, fail Q] 0.03
€4, fail ) 0.1
€, fail ) 0.03
€31, fail ) 0.2
€3¢, fail ) 0.08
V12, fail ) 0.016
V13, fail ) 0.014
V23, fail ) 0.014

Within this study, the determination and calibration of the required eroding strain and residual
strength parameter (R; for compression and R; for shear loading) for the post-failure behaviour was
carried out based on specimens with a single pin reinforcement (configuration A) in regard to its
failure pattern and force-displacement behaviour. The final parameters for element deletion are listed
in Table 3. The relevance of these non-physical parameter for the global failure pattern accompanied
by the global structural response is shown in Figure 7. Especially, the element deletion in the contact
area below the stamps was addressed here.
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Table 3. Element eroding strains and scale factor for minimum stress limit after stress maximum for
GF/PP composite material.

Material Parameter Unit Value
€1, del ) 3.0
€2, del ) 3.0
V12, del ) 0.15
Re (MPa) 05
Ry (MPa) 1.0
element intact . element failed
&1, fail < €1 el &1, fail > €1, dol

€1 40 =0.05
Figure 7. Adjustment of the post-failure behaviour via element deletion strain parameter.
4.3. Results and Discussion

Figure 8 compares the calculated and measured force-displacement curves for the pinned specimen
and shows a good agreement of the successive stiffness degradation for all pin configuration. It can
be assumed that the pin, with the densities considered in this study, only change a little or not at all
the flexural stiffness at the beginning. This is changing as the load increases, with the pins acting
as crack initiators and thus earlier or later can be responsible for a subsequent stiffness degradation
(Figure 8b). This assumption is confirmed by the results of the configuration A, with only one single pin,
indicating a much less stiffness degradation than the other configurations with at least seven pins in the
bending area. The maximum force and its associated displacement for the configuration A agrees well
with the experimental data (Figure 8c). For configurations B, C and D there exist small deviations in
force and timing. This agreement and these differences probably result from the cohesive properties of
the interface between pin and composite which were assumed according to the intralaminar properties
of the composite. With regard to the effect of the TTR, a further characterization of the pin-composite
interface is essential, especially if extended pin slipping until a pin pullout occurs.

The calculated damage and failure pattern correspond well with the observed phenomena in the
experiments. The damage onset, first element failure and final failure pattern for configuration are
illustrated in Figure 9. It is shown that the damage onset starts in from the pins, which are located
in the area of the largest bending stress. As the load increases, a crack propagates to the edge of
the specimen. Such material damage and failure states are visualized via predefined user-defined
state variables, here, e.g., the material failure in longitudinal direction of the test specimen. At the
same time, further damage and cracks are initiated from the remaining pins. This is accompanied
with the compression failure on the upper side of the specimen in the contact area to the stamp
elements. The configurations A, B and C with a regular pin pattern show an earlier damage and failure
initiation with increasing pin density. This clearly shows that the pin density and the corresponding
strengthening effect of the TTR are limited by the accompanying weakening of the in-plane material
properties. The zigzag pin pattern shows a delay both in damage onset and failure in comparison
with the regular pin pattern. Due to the unregular pin pattern of configuration D regarding to the
direction of the main load, the linkage of cracks initiated at the pins is not possible. Thus, a load or
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damage and failure adapted positioning of the pin pattern enables a more extensive exploitation of the

TTR potential.
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Figure 8. Comparison of experimental and numerical force-displacement curves: (a) entire results;
(b) detailed elastic domain; (c) detailed damage and failure domain.
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Figure 9. Damage onset and failure pattern.

5. Conclusions

In this study, the four-point bending behaviour of through-thickness metallic pin reinforced
glass-fibre/thermoplastic composite is experimentally characterized and numerical modelled. Hereby,
four pin configurations with various pin density and pattern were in focus of the research and realized
by the novel thermoactivated pinning technology. A validated finite element model has been developed
which enables the analysis of the flexural behaviour, damage and failure behaviour of pin reinforced
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thermoplastic composites. With the presented model, using a phenomenological material model
for the composite material, the damage onset and propagation up to the final failure are shown.
A surface-based cohesive zone behaviour were applied to the interface between pin and composite
to handle debonding and possible slipping of the pin. The modelling approach was able to predict
well the force-displacement curve and the successive stiffness degradation of the specimens due to
the pin reinforcement. The damage and failure pattern corresponds well with the experimental data
observed. It has been shown that the pins act as crack initiators and this essentially affect the flexural
and in-plane properties of the reinforced composite. With increasing pin density, the damage onset
and initial failure starts earlier for specimens with a regular pin pattern. This limits the number of pins
used by weakening the in-plane properties of the composite. However, an unregular zigzag pin pattern
compared to a regular pattern with same pin density shows a delayed damage onset. The damage
onset can thus be reduced by a damage and failure adapted pin pattern.
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