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Abstract

A high-fidelity model of a through-thickness reinforced composite with a z-pin was generated in order
to study and characterise the increase in damage tolerance brought by this type of reinforcement. A
coupled cohesive-friction interface model was developed and implemented to characterise the
frictional behaviour between the z-pin’s surface and the composite during the different stages of
damage propagation. A thermo-visco-plastic constitutive model is used to model the epoxy behaviour.
Behaviour of the z-pin is captured considering a non-linear shear deformation formulation and failure
is triggered by a maximum tensile failure and maximum longitudinal shear failure criteria. High-
fidelity of the geometry of the model is achieved thanks to an automated script capable of reproducing
all geometrical features of the through-thickness reinforcement. Different loading conditions (tension
and/or shear) representing different mode-mixities were applied to the model and the apparent increase
in toughness, as well as the different phenomena leading to this increase were captured. The study was
repeated for different sets of parameters in the model so that the influence of each parameter could be
identified. A more reliable design of experiments is envisaged with this information, especially in a
high-rate testing regime.

1. Introduction

High velocity impact threats set a requirement for controlling the propagation of delamination damage
in the design and certification of structural components made from fibre reinforced composites [1]. By
themselves, composite materials are not resistant to delamination onset and propagation. To address
this issue, through-thickness reinforcements are inserted in the composite providing an apparent
increase in the interfacial fracture toughness and improving their delamination tolerance [2].

One of the most used techniques for through-thickness reinforcement is z-pinning [3], whereby thin
fibrous or metallic pins are inserted through the thickness of the laminate. The apparent increase in
fracture toughness brought by this technique is dependent on a number of variables (geometry,
loading, and material properties) of both z-pin and laminate.

Given the difficulty in exploring and/or controlling the effect of each of these variables in the
performance of z-pinned composites through experimentation, the development of a high-fidelity
numerical model to investigate the influence of such parameters provides the necessary insight into the
different damage mechanisms occurring in the specimen.

Most of the numerical work available in the literature so far is dedicated to modelling mode I
interlaminar delamination of z-pinned composites. One of the early attempts was conducted by Grassi
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et al. [4-5] where an analytical micro-mechanical model of the z-pin pull-out process was deduced to
characterise mode I delamination. Dantuluri et al. [6] defined a quadri-linear cohesive zone law to
characterise mode I delamination of a z-pinned composite in a DCB test.

Bianchi et al. [7] created a single-pin model considering axi-symmetric geometry, and have modelled
the pull-out force as a function of displacement using a tri-linear or a bi-linear cohesive law, for low
and high friction resistance, respectively, at the pin-laminate interface. The results were then used as
calibration for modelling a DCB test of a z-pinned composite. Bianchi et al. have then applied this
approach to characterise mode Il behaviour [8].

Cui et al. [9] performed micromechanical analyses trying to capture the different bridging mechanisms
in z-pins. A simplified 2D model was generated using plane stress elements, and layers of cohesive
elements were positioned to capture splitting and tensile failure of the pin. The interface between the
z-pin and the laminate was modelled using a combination of cohesive and frictional laws. The novelty
on this approach was the application of a single model to different loading conditions. As a result,
bridging maps were generated, accounting for different loading mode ratios (mode I, mode II, and
mixed-mode).

Zhang et al. [10] extended the micromechanical approach into a full 3D model, accounting for z-pin
misalignment, fibre waviness, failure of z-pin in tension, mixed-mode loading, thermal and
mechanical loading. Up to this date, this was the most detailed numerical model ever developed of the
bridging mechanisms involved in through-thickness reinforcement modelling.

This paper presents an extended version of the numerical model developed by Zhang et al. [10] with
several updates to the constitutive material laws, contact interaction between z-pin and laminate, and
geometry model generation. The present modelling strategy addresses with greater detail the aspects of
frictional interaction between z-pin and laminate, friction evolution, and material non-linear
behaviour.

2. Model Description

A Matlab® script has been written to generate the high-fidelity finite element models. This script
allows the user to control a series of input parameters such as the geometry and area of influence of the
z-pin, misalignment of z-pin, generated mesh density, stacking sequence of the laminate and material
orientation to account for fibre waviness, location of a pre-existing delamination plane (if required),
and mixed mode loading. The script also allows for the definition of all the contact areas in the model.
The generated model can then be exported to either Abaqus® or LS-DYNA®. Results presented in
this paper have all been obtained from Abaqus/Explicit®.

Fig. 1 demonstrates an example of a generated model for a 16-layered laminate, with the stacking
sequence [(0,45,90,-45)s, (90,-45,0,45)s]. On the left side of Fig. 1 a cut view of the pinned laminate is
shown, providing insight on the different orientations of each layer as can be seen from the different
cut angles on each pocket of resin. Also visible is the misalignment of the z-pin relative to the
laminate.

The script also allows the user to specify if longitudinal splitting of the z-pin should be modelled or

not. This option is required since there are different materials from which a z-pin can be manufactured
(metallic and fibrous) and not all are prone to this damage mechanism.
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Figure 1. Example of generated model of z-pinned laminate. Elements in green represent laminate,
white for the epoxy pocket around the z-pin and red for the z-pin (left: cut view; right: top view).

3. Constitutive Modelling

This section elaborates on the constitutive models used for the numerical analyses. Only continuum
solid elements with 8 nodes and reduced order integration are used (element C3D8R from Abaqus®
element library).

3.1. Laminate

The laminate is modelled considering the local increase in fibre volume fraction caused by insertion of
the pin. This effect has been measured using high-resolution images of a cross-section and analysing
fibre distribution in the vicinity and away from the z-pin (see Figure 2). A local maximum of fibre
volume fraction in the laminate has been found to exist close to the z-pin of up to 75%, compared to
normal values away from the z-pin of around 60%.
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Figure 2. Evolution of fibre volume fraction in the laminate around the z-pin.

This variation has been modelled using an analytical micromechanical model by Mori-Tanaka [11]
which provides an estimate of the elastic properties of the composite as a function of the volume
fraction and individual properties of each constituent — fibre and matrix.
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3.2. Epoxy Pocket

When a z-pin is inserted, fibres in the laminate are pushed aside and a resin-rich region is formed
around the z-pin. This region is represented in white in Fig. 1 and Fig. 3. The resin is modelled with an
elasto-plastic with damage constitutive model recently proposed to model the behaviour of epoxy
resins [12]. This model has been updated to account for the temperature and strain rate dependence of
epoxies [13]. The model follows a paraboloidal yield criterion which accounts for the pressure
sensitivity of traditional epoxies. Isotropic damage uncoupled from the plastic model is considered.

3.3. Z-pin

The z-pin is modelled with a linear elastic transverse isotropic law, but with a shear non-linear
longitudinal behaviour [14]. Two damage mechanisms are considered: longitudinal tension and
longitudinal shear.

In order to avoid symmetry problems and the appearance of mirror fracture planes in tension, each
element is assigned with a slightly different value of tensile strength. The variation of strength can be
observed in Fig. 5, where elements in blue have lower strength, while elements in red represent
stronger material. The tensile strength is assigned at each element following a random distribution of
values around the strength at the element obtained after application of a strength scaling criterion
based on Weibull’s criterion.

Figure 5. Strength distribution along the z-pin.

Splitting of the pin is modelled by considering thin solid elements along the axis of the z-pin. Only
these elements are allowed to fail in both longitudinal tension and shear. Failure in shear is activated
by a maximum shear stress criterion. The splitting elements are located along the pin and aligned with
the direction of maximum shear stress under bending.

3.4. Interface z-pin/Laminate

The interface between the z-pin and the laminate is modelled through a user defined interfacial
constitutive behaviour in Abaqus® using the general contact algorithm. The formulation is
implemented through a VUINTERACTION subroutine. The contact model follows the approach
introduced by Alfano and Sacco [15] which combines a bi-linear cohesive formulation with Mohr-
Coulomb’s frictional model. Differently from the original contribution by Alfano and Sacco [15], the
cohesive formulation used for the current model was based on Jiang et al. [16]. Coupling with the
frictional model is achieved by decomposing the contact domain associated with each contact point
into a damaged and an undamaged contact area. The traction defined by the cohesive law is given by:

t=(1-d)Kd (0
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where d represents the percentage of damaged area, K is the elastic stiffness and o the displacement
vector. Friction can be active in the damaged contact area in a proportional way to the damage
variable:

t=(1-d)"+at" 2

In Eq. (2), t" represents the traction vector in the undamaged contact area, and t! is the traction vector
in the damaged contact area. This last vector is defined in a similar approach to a yield criterion. The
total displacement vector 8 is decomposed in an elastic and a ‘plastic’ or permanent displacement dP.

t' =K(6-657) 3)

The ‘yield’ function ®, which in this case represents friction, is introduced such that ®<0 corresponds
to elastic behaviour (8P=0), ®=0 corresponds permanent displacement, and ®>0 is impossible. The
friction function @ is defined by:

CD(t°)= 1o’ + ‘r"‘ -1, “4)

where u is the friction coefficient, ¢ and 7 are the normal and shear components of interfacial stress,
and 1y represents a residual shear stress existing in the interface after complete failure and representing
the roughness of the fracture surface.

The permanent displacement is defined by:

50— 0 (%)
= d /| _d
s
where / is a multiplier defined according to the Kuhn-Tucker conditions:
220, @t')<0, 2-@(t')=0 (6)

The advantage of coupling a dry frictional model to a cohesive formulation is that once damage is
complete and the cohesive bonding is no longer active, there is still the possibility for energy
dissipation due to friction between the surfaces in contact. Also, this implementation guarantees the
increase in both shear strength and toughness in the presence of a compressive stress, as observed by
Li et al. [17], and demonstrated in Fig. 6.
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Figure 6. Interfacial shear stress under a constant normal tension or compression. a) without residual
shear stress (1o = 0); b) with residual shear stress (to = 5 MPa).
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In Fig. 6a, the influence of a tensile or compressive stress is shown on the interfacial shear stress. With
increasing compressive force, there is an increase in both shear strength and toughness. The effect of a
residual shear stress (7o) is also noticeable in Fig. 6b; this variable accounts for the shear stress existent
in the pin surface due to the singularities and roughness of the damaged surface, which are difficult to
mesh out by finite elements. Without this contribution, a perfectly aligned pin under a perfect pull-out
load would slide out of the laminate without offering any resistance to the pull-out load.

4. Finite Element Analyses

The capabilities of this high-fidelity modelling approach are evidenced by capturing the structural
response of a z-pin when under different loading conditions along the delamination plane. The main
objective of this model is to quantify the bridging force and the apparent increase in toughness,
accorded by the presence of z-pins in laminates. For that, the finite element (FE) model is generated
with an already existing delamination plane. Therefore, the obtained bridging force from these
analyses will be that contributed by the z-pin alone.

Different mixed-mode quasi-static loadings are applied. Pin misalignment is incorporated in the

geometry of the FE model (vide Fig. 1). Results of the FE analyses are compared with previously
acquired experimental data [18]. Material properties used in the analyses are summarised in Table 1.

Table 1. Material properties.

Fibre Epoxy Z-pin Interface z-pin/laminate
Ei[MPa] 225000 | E [MPa] 4600 | Ei [MPa] 144000 | K; [N/mm] 117600
E> [MPa] 15000 | v 035 | E> [MPa] 7310 | K> [N/mm] 44200
Vi2 0.2 a[°C1 58e-6 | wvia 0.25 | omax [MPa] 10.6
G2 [MPa] 15000 | v 0.3 G2 [MPa] 4450 | Tmax [MPa] 15.9
G» [MPa] 7000 | X, [MPa] 65 G [MPa] 2630 | Ger [N.mm] 0.16
ain [°C1 -0.5e-6 | X. [MPa] 180 | an [°C1] 0 Genr [N.mm] 0.52
a [°C 1 15e-6 | Ga [N.mm] 0.09 |axn[C™] 30e-6 | 1o [MPa] 10.0

X, [MPa] 1860 | pn 0.3-0.9
S1. [MPa] 120

Ger [N.mm] 1.0

Gen [N.mm)] 1.0

Weibull 35

parameter

The material properties for the z-pin/laminate interface were obtained from a mode I pull-out test case
on a fully embedded single pin with 2 mm of length [18]. The only parameter that cannot be
experimentally obtained is the friction coefficient ¢ for the pin/laminate interface. A parametric study
was conducted to determine the correct value for the friction coefficient. Four values were assigned for
#:0.2,0.3, 0.4, 0.5. Fig. 7 presents the results of this parametric study, where the value of u = 0.2 was
identified as the most suitable for the forthcoming analyses. However, as can be seen on Fig. 7, the
bridging force is slightly overestimated during the pull-out stage. This is a consequence of using a
constant friction coefficient throughout the antire pull-out stage; as the z-pin is pulled-out from the
laminate, the contact surface is ploughed leading to a smoother contact area, and thus with a lower
friction force in between the contacting surfaces. This evolution has been observed experimentally
[19]. The numerical models are now being updated to account for this effect.
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The final stage of the pull-out is also influenced by the stiffness of the resin and of the laminate
surrounding the z-pin. As can be seen in Fig. 7, the bridging force is greater than experimental results
towards the final stages of pull-out, even increasing slightly. This is mostly due to an overestimation
of the stiffness and strength of the laminate. When the z-pin is misaligned, lateral forces on the z-pin
hole are applied. If the delamination plane occurs next to a ply with fibres oriented in such a way that
the laminate is under transverse compression caused by the lateral force of the z-pin (vide Fig. 1, for
example). Then the laminate cannot be modelled as a linear elastic material as that will give origin to
much greater stress than those the laminate can withstand. A damage model is currently being
implemented to account for this issue. Another possible cause is considering constant friction
parameters throughout the analysis. As Cui et al. [19] have observed recently, the surface of the hole
upon complete pull-out of the z-pin presents a ploughed surface, cleaned out from interfacial fracture
debris. An updated model accounting for the variability of the friction coefficients is being
implemented and tested.

25

Bridgning Force [N]

Displacement [mm]

Figure 7. Results from parametric study to identify friction coefficient between z-pin and laminate.

5. Conclusions

High-fidelity finite element (FE) models of through-thickness reinforced laminates using z-pins have
been developed. An automated script can generate the FE models quickly, while still providing the
user with a great level of control over the geometry, loading conditions, mesh size and stacking
sequence of the laminate. The constitutive behaviour of the laminate, z-pin, epoxy and interface
between z-pin and laminate have been carefully addressed in order to capture the individual behaviour
of each and their contribution to the overall bridging force accorded by the presence of the z-pin.

Experimental data was used to obtain the mechanical properties of the interface between z-pin and
laminate. Numerical predictions of the bridging force are shown to correlate well with the available
experimental data, although further validation is required, namely with regards to different lengths of
z-pin. Such detailed understanding from the models is necessary as one moves into the dynamic
loading regime, where experimental data are much more difficult to interrogate and the fidelity of
information gained, especially during the testing, is limited.
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