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Abstract

The present work focuses on the detailed characterisation and modelling of the strain rate dependent
deformation and damage behaviour of a continuous fibre-reinforced thermoplastic composite (TPC)
with multi-layered flat bed weft-knitted reinforcement. For this purpose, a novel experimental testing
procedure is developed in the first part of this work. A so-called stepwise loading and reloading with
stress relaxation and strain retardation phases enables the determination of the elastic, inelastic and
viscoelastic portions with only one experimental test. Additionally, microscopic diagnostic is
employed to investigate the complex deformation and damage behaviour and its provoking
phenomenological damage mechanism like inter fibre failure and inelastic deformation. After the
detailed experimental characterisation, an adapted viscoelastic-plastic damage model is developed in
the second part of this work. This model on lamina level is based on a modified damage-plasticity
model proposed by LADEVEZE and uses an additional spring-dashpot system for describing the
viscoelastic overstress. This model is implemented as a user-defined material (VUMAT) in the FE
program ABAQUS for realising a model validation and structure application.

1. Introduction

Textile-reinforced thermoplastics made from hybrid yarns exhibit moderate up to very high specific
mechanical properties (stiffnesses and strengths) [1, 2], high impact resistance as well as high fracture
toughness [2-4] and are suitable for series production as well as recyclable due to their hot forming
property [5-7]. The combination of both mechanical and technological advantages predestines this
material group for the application in automotive lightweight structures [2-6]. Under mechanical
loadings, textile-reinforced thermoplastics can show a distinct nonlinear behaviour caused by the
development of inelastic deformation as well as of damage in conjunction with stiffness degradation
[1, 2]. Furthermore, a highly strain rate dependent material behaviour occurs due to the thermoplastic
matrix system [2]. This complex material behaviour has to be considered in a reliable design of
lightweight structures.

The use of mesoscopic material models (lamina level) based on continuum damage mechanics (CDM)
[8-13] within finite element (FE) programs represents the state-of-the-art in composite structure
design. Thereby, mode specific failure criteria e.g. suggested by HASHIN [8] or CUNTZE, [9] are
applied to calculate the initial failure under consideration of different failure modes like fibre failure
(FF) and inter fibre failure (IFF). Additional anisotropic CDM approaches [10-13] often based on the
work of MATZENMILLER ET AL. [10] are employed for describing the nonlinear post failure behaviour
due to damage growth and stiffness degradation. The CDM based material models are developed
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originally for the brittle damage behavior of thermosetting fibre-reinforced composites. Hence, they
are insufficient to represent the complete manner of thermoplastic composites. The distinct nonlinear
mechanical behaviour of TPC is also caused significantly by the development of inelastic strains,
which have to be considered in the reliable design of TPC structures. For years, some authors
presented anisotropic material models based on pure plasticity approaches [14-15] and based on
combined plasticity-damage approaches [16-18]. An important work with respect to combined
plasticity-damage modelling was done by LADEVEZE ET AL. [16], which was often picked up by other
authors. Thereby, the equivalent stress-strain-curve is formulated with the effective quantities from the
CDM. Furthermore, LADEVEZE suggested a novel experimental procedure in using stepwise loading-
unloading tests for characterising separately the damaged-induced stiffness degradation and the
evolution of inelastic strains.

Another important effect is the strong time dependence of the TPC behaviour, which results in strain
rate dependent properties as well as in distinct relaxation and creep processes. The consideration of
time dependent mechanical behaviour in material models is partially done by engineering approaches
often based on the work of JOHNSON and COOK [19]. Thereby, the different stiffness and strength
values are scaled relating to a reference strain rate [12-13, 19-20]. Other authors suggest viscoplastic
or viscoelastic approaches based on the serial or parallel connection of rheological elements [21-23].
The experimental characterisation of the time dependent mechanical behaviour is done by mechanical
tests at different strain rates [12-13, 19-20] or by relaxation as well as by creep experiments [21-23].

In the scope of this work, an adapted experimental testing procedure is developed for the group of
continuous fibre reinforced thermoplastics in order to characterize the evolution of stiffness
degradation, inelastic strains and time dependence. Based on the experimental results, an adapted
modelling approach is developed for the description of the complex deformation and damage
behaviour as well as for the enabling of a reliable design of TPC structures for automotive
applications.

2. Procedure
2.1. Experimental testing procedure

The focus of the experimental investigations lies on a novel textile-reinforced glass fibre
polypropylene (GF/PP) composite, a so-called multi-layered weft-knitted fabric (MKF) with a glass
fibre volume fraction of 54.5 %. The advantage of the MKF is the non-crimped alignment of
reinforcement fibres and a high delamination resistance due to a fibre reinforced knit thread system
(Fig. 1). A unidirectional (UD) as well as a bidirectional (BD) configuration of the MKF are
characterised by experiments in detail. The UD type allows the determination of the mechanical
properties of the single layer including the influence of the knit thread system. However, the BD type
enables the investigation of the behaviour of the multiaxial laminate and the embedded single layer.

Knit thread

Warp thread

Weft thread

Figure 1. Textile architecture of the multi-layered weft-knitted fabric in bidirectional configuration.

Two experimental testing methods, which are suggested from LADEVEZE [16] and KASTNER [21], are
combined together in this work. This novel adapted testing procedure includes on the one hand a
continuous stepwise loading and reloading (Fig. 1a), and on the other hand the imposing of stress
relaxation and strain retardation phases (Fig. 1b). Every experimental cycle (Fig. lc) starts with a
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displacement-controlled loading, followed by a stress relaxation phase of 5 h at a defined strain level
as well as afterwards a force-controlled unloading and ends with a strain retardation phase of 5 h at an
external force of zero. The reloading in the next cycle is performed up to a higher strain level. The
relaxation and retardation time of 5 h was determined in preliminary tests. This value corresponds to a
decay of the viscoelastic overstress as well to a decay of the creep strain of 90 percent. After the decay
of the viscoelastic overstress, the stress-strain-curve represents the time-independent material
behaviour (equilibrium curve).
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Figure 2. a) Continuous stepwise loading and reloading test [16], b) stress relaxation and strain
retardation [21], c) stress-time and strain-time regime of the adapted experimental testing procedure.

This so-called stepwise loading and reloading test with stress relaxation and strain retardation phases
enables the determination of the elastic, inelastic and viscoelastic quantities with only one test (Fig.
3a). This experimental testing procedure is performed with specimens of GF/PP MKF in fibre
direction, perpendicular to fibre direction as well as under tension, compression and in-plane shear
loading on off-axis specimens with a balanced lay-up of + 45°. To obtain a better overview in this
paper, the procedure is explained exemplarily with the results of the in-plane shear loading. More
detailed results, especially for the other material directions, can be found in Ref. [24].
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Figure 3. Experimental results of GF/PP MKF under in-plane shear loading: a) stepwise loading and
reloading with stress relaxation and strain retardation and b) analysing of the viscoelastic overstress.

The time dependent behaviour is determined by analysing the viscoelastic overstress for each cycle
(Fig. 3b). After the decay of the viscoelastic parts, this experimental procedure enables the
identification of the time independent behaviour at the equilibrium (eq) curve. Therefore, it is possible
to get discrete values of the current degraded stiffness due to damage growth (Fig. 4a) and current
inelastic strain (Fig. 4b) for each cycle.
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Figure 4. Experimental results of GF/PP MKF under in-plane shear loading: a) evolution of stiffness
degradation due to damage growth and b) evolution of the inelastic strain.

Additional to the adapted loading and reloading test, microscopic diagnostic at different loading levels
(Fig. 5) is employed to investigate the complex deformation and damage behaviour and its provoking
phenomenological damage mechanism. Thereby, inter fibre failures in matrix regions and in fibre-
matrix-interfaces as well void growth are identified as the main damage mechanisms. Especially under
in-plane shear loading, a large increase of inelastic deformation occurs. The reason lies in the
interaction of plastic deformation in the thermoplastic matrix regions and the IFF formation.

b)

Figure 5. Microscopic analysis of the damage and deformation mechanisms within in the BD GF/PP
MKEF a) after in-plane shear strain loading of 10 % and b) after tension strain loading of 2 %.

2.2. Modelling approach

After the detailed investigation of the deformation and damage behaviour as well the corresponding
mechanisms, an adapted viscoelastic-plastic damage model is developed in the second part of this
work. This model on lamina level is based on the combined damage-plasticity model proposed by
LADEVEZE [16] and uses additional nonlinear spring-dashpot systems for the description of the
viscoelastic overstresses. Therefore, the general constitutive relations result in

o = T°(e — £imel) 4 gV, (1)

with the effective stiffness of the damaged material €9, the inelastic strains £™¢! and the viscoelastic
overstresses a7, In Fig. 6a, the connection scheme of the rheological model is presented. Thereby, on
the one hand a nonlinear spring element and a sliding frictional element are connected in series for the
modelling of the time independent behaviour. On the other hand, a nonlinear dashpot and spring
element are connected in series for the modelling of the time dependent behaviour.
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Figure 6. a) Connection scheme of the rheological model and b) mathematical description of the stress
relaxation behaviour of GF/PP MKF under in-plane shear loading.

The analysis of the experimental results for the different material directions of the UD GF/PP MKF
shows, that the influence of the damage, inelastic strain as well as the viscoelastic overstress in fibre
direction 1is negligible. The rheological model, presented in Fig. 6a, is needed for each matrix-
dominated direction (perpendicular to fibre orientation and in-plane shear), whereas a simple spring
element is sufficient for represent the fibre direction. Hence, the constitutive relations with assumption
of plane stress conditions for thin-walled laminas is defined as follows
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The next step is to estimate the different mathematical approaches of the single rheological model
components. The analysis of relaxation behaviour (Fig. 6b) turns out, that the nonlinear EYRING
approach [22]

. & Y12
03¢ = 0, arcsinh (—) and 175 = Tqz9 arcsmh( (4)
€2,0 V12,0

is suitable for the description of the viscoelastic overstress, whereat o;, and &;, represent model
parameters. The characterisation of the stiffness degradation and the corresponding damage growth
(Fig. 7a) show, that the hyperbolic law suggested by BOHM [11] with the model parameters 8/ and x/

12 2(+) . i
P12 = tanh[ﬁlZ(rlz —1)¥ ] and ¢2(+) = tanh [ﬁz(+)(r2(+) —1)¥ + ],wlth ri>1 (5)
is very proper for the calculation of the damage evolution ¢/ depending on the damage thresholds 7/
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after exceeding the initial damage strength R(]) for the different damage modes j (tension loading
perpendicular to fibre direction 2(+) and in-plane shear loading 12). The computation of the damage
parameter d; is done in consideration of damage interaction by the coupling parameters qij and the
interaction coefficient n:
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Figure 7. Modelling of the a) damage progress and b) inelastic strain evolution for GF/PP MKF.

Based on the combined damage-plasticity model proposed by LADEVEZE [16], equivalent stress-strain-
curve in conjunction with the effective stresses 6L-eq and effective strains & ¢! from the CDM are used
to describe the evolution of the inelastic strains (Fig. 7b). Thereby, the hardening function R(p) with
the anisotropic model parameter a and the initial yield strength R5*¢!

eq eq
. o 2
RGY =mp = | (50)" + a2(a5")" — RE with a7 = % s and i = T O

shows a linear characteristic with the slop m and is controlled by the equivalent inelastic strains dp

4P = @72 + SR with £79 = U1 — ) and W =y - dp). ©)

2.3. Validation and structure application

This model is implemented as a user-defined material (VUMAT) with an explicit algorithm in the FE
program ABAQUS. The validation is done by analysing different strain rates and other lay-ups (Fig. 8).
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Figure 8. Validation of developed model by comparing measured and calculated stress-strain-results
of GF/PP MKF under continuous loading with different a) strain rates and b) another off-axis lay-up.
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As shown in Fig. 8, the developed material model has the ability to represent the measured stress-
strain-curves under continuous loading with both different strain rates and another off-axis lay-up in
an excellent manner. Finally, the developed model is used for structure application. Thereby, the
measured and calculated structure behaviour of a beam structure under 3-point bending and different
loading rates are compared. The beam structure, which is manufactured in a hot forming process,
consists of GF/PP MKF with a balanced + 45° lay-up in the top layer and short fibre reinforced GF/PP
in the rib regions. As shown in Fig. 9, the developed material model has also the ability to represent
the measured structure behaviour under different loading rates. This includes structure stiffness, the
loading capacity and the post-failure behaviour.
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Figure 9. Structure application of the developed model: a) setup of the beam structure bending test
and b) comparison of measured and calculated behaviour of the GF/PP MKF beam structure under
different loading rates.

3. Conclusions

The presented work focuses on the detailed characterisation and modelling of the strain rate dependent
deformation and damage behaviour of continuous fibre-reinforced thermoplastic composites. For this
purpose, a novel experimental testing procedure with stepwise loading and reloading as well as stress
relaxation and strain retardation phases was developed. This method enables the determination of the
elastic, inelastic and viscoelastic quantities with only one experimental test for the first time. Based on
the experimental results, an adapted viscoelastic-plastic damage model was developed on lamina level
and was implemented as a user-defined material in the FE program ABAQUS. It was demonstrated,
that the model is also valid for different loading rates and is applicable for reliable structure design.
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