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Abstract

A 3D mesoscale model for damage growth is unified. The fibre kinking behaviour is
based on fibre kinking theory handled in a finite deformation framework. The nonlinear
shear behaviour is pressure dependent and is modelled by combining damage and fric-
tion on the fracture plane. Fibre kinking growth and transverse behaviour are mutually
influenced and modeled with a single damage variable. This allows both modes to occur si-
multaneously in an efficient and physically-based way. For verification the model is tested
against micro-mechanical FE simulations and against selected component tests. The com-
bination of both models results in a high definition and physically-based 3D constitutive
model for damage growth and crushing of composite materials.

1. Introduction

The use of composite materials in automotive structural components is challenging due to
material and design costs arising from extensive testing necessary to ensure crashworthiness
[1]. Therefore, predictive crash models are necessary to shorten the design cycle and thus
reduce costs of using composites more competitively by replacing more expensive tests with
cheaper simulation.

In order to help in designing composite materials, several models with focus on failure and
damage have been proposed in the literature, e.g. [18, 13]. There are also models directed
towards crash applications such as [20, 14, 7].

Despite significant progress, there is no clear superiority among the models in capturing
progressive failure and crash with high fidelity.The complexity with damage modeling arises
partly from the interaction of the different mechanisms for a varying stress state. Approaches
that lock the damage modes [20, 6, 19], or that let the damage modes interchange between
themselves oversimplify the physical complexity.

The present model results from extensive efforts in combining the complex physics of dam-
age growth of composite materials into a single model capable of predicting the intralaminar
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damage mechanisms and their interaction. The model is based on Continuum Damage Mechan-
ics (CDM), i.e. there is a damage variable accounting for the type and/or distribution of damage
mechanisms at the ply level.

The behaviour in fibre tension is dictated by the fibres and not affected by other stress states.
Therefore, no interaction is considered between the damage modes. However, damage during
compression along the fibres is in fact matrix damage meaning that the transverse response
will be weaker. In a similar fashion, damage during transverse or shear load will degrade
the longitudinal compressive response. This approach give the model the flexibility to interact
between damage modes dominated by shear. For example matrix damage in shear, compression,
matrix tension and fibre compression are modeled with a single damage variable.

The nonlinear shear behaviour combines damage and friction as first used in composite ma-
terials by [11] and later improved and validated for a 45 degree arrow shaped specimen by [7].
The fibre kinking behaviour is modelled in a novel way. The shear rotation of the fibres is com-
puted based on finite deformation approaches [8], thus saving computational efforts compared
to previous models [10, 9]. The fibres are assumed to inherit an initial misalignment. Under
transverse compression this misalignment has negligible influence on the behaviour. However,
under longitudinal compression, the initially misaligned fibres rotate further causing the matrix
to yield. These complex mechanisms are merged into a single model in a simple and physically
sound approach.

2. Model description

2.1 Constitutive relations in a finite deformation framework
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Figure 1. Illustration of: (a) 3D kink-band plane resulting from in-plane and out-of-plane mis-
alignment [17]; (b) Definition of initial fibre misalignment (adapted from Ref. [2]).

Finite deformation theory is fundamental for the current constitutive model. In this section
we will go through the fundamental constitutive equations of the model. Starting with the
Green-Lagrange (G-L) strain, E, is thus calculated as :
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E = %(FTF—I) (D

where F' is the deformation gradient and I is the second order identity tensor. Once the kink-
band plane is obtained, the G-L strain tensor components can be transformed from the global
coordinate system to the the kink-band plane, 1/, as shown in Fig. 1. The transformation is (on

matrix form) given by:
EY = T,ET), 2)

where T, is the transformation matrix for a rotation around the 1-axis with an angle ). The
aim is to model the nonlinear shear response in the material frame, therefore, the strain tensor
components need to be further transformed into the *misaligned’ frame as:

EV = T,EVT! (3)

where T); is the transformation matrix for rotation with an angle 6; (around the 3¥-axis).
The constitutive response in the material coordinate system is then given by

Siv — CEW 4)
where S*¥ is the stress tensor and C is the stiffness tensor in the material coordinates.
2.2 Final failure

For increasing shear strains the shear stress and damage parameter increase monotonously
until the strain reaches an experimentally determined critical strain. An experimentally based
condition for final failure strain is introduced to represent fully-developed macroscopic cracks

as follows:
‘ N 2 N 2
- ()4 (3)
YL Y1

where 7" is the shear strain at specimen rupture, $ is obtained from transverse compression
tests (already performed for material characterization). Using this failure condition the tough-
ness measurements can be avoided. Once the final failure criterion is reached, the shear micro-
cracks coalesce unstably into a macroscopic crack and the damage parameter rapidly reaches
unity. The remaining low shear stress is caused by the frictional forces on the fracture surface.
A steep strain softening behaviour results in growth of localized strains [3], which may cause
oscillations and nonphysical response given that an explicit solver is used. This may result in
numerical oscillations, excessive element distortions and slow down the simulation. Thus, a
more robust method is necessary that does not cause instabilities and still captures the rapid
degradation.

The proposed method for this rapid transition phase does not rely on physics which may
be a reasonable simplification since this steep response has very low contribution to the energy
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absorption. The proposed method consists of driving the damage variable by the "totaltime"
variable rather than using a strain-driven damage. This approach avoids the pathological mesh
distortions resulting from sudden localization of high strains since all elements experience the
same "totaltime". When the final failure criterion in Eq. 5 is reached the damage variable d is
redefined as:

d=1-(1-d") (14 8y —t/to) /o7, (6)

where d° and t, are the damage and the simulation time at the onset of ply rupture, and dv is
the variation of  on the z—axis. In Eq. 6 the catastrophic failure progresses rapidly in order
to have negligible influence on energy absorption. Therefore, d it is kept within 2% of t,
ie. 0y = 0.02. A sensitivity study was performed and it was shown that for values of dv
between 0.02 and 0.05 the simulation is stable and that no significant variations are observed in
the crushing response [7].

2.3 Compute the fracture plane

The stresses on potential fracture planes are obtained from the constitutive response in the
material coordinate system. The fracture plane if found by testing a failure criterion for several
incremental angle. Once the failure criterion reaches unity at a given angle, it is fixed through
the damage growth and the shear stress components acting on the fracture plane, S, and St, as
shown in Fig. 2, drive the damage growth [11].

1

Figure 2. Second Piola-Kirchoff stresses on the fracture plane expressed in the NLT system

The components of the second Piola-Kirchoff stress tensor expressed in a coordinate system
aligned with the v-plane, S¥ are transformed as:

SY = TTS™T, (7N

where 7; is the transformation matrix for the angle ;. Finally, for obtaining the global response,
the stress tensor needs to be expressed in the global frame according to:

S = TIS'T, (8)
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2.4 Remaining damage modes

In order to put together a complete constitutive model for damage growth all the possi-
ble load cases need to be considered. In the previous sections we described the fibre kinking
formation and the matrix cracking. In this section, we will show how these two mechanisms
will be put together to account for all the damage modes as shown in Fig. 3. Notice that only
two damage variables (matrix damage and fibre damage) are used for the whole model, thus,
simplifying the modelling. This simplification reduces the number of equations which leads to
lower number of mathematical operations necessary for the model. This simplification arguably
captures the most important interactions in the matrix dominated damage modes. For example,
fibre compression may lead to matrix cracking which will influence the transverse and shear be-
haviour. Therefore, it is difficult to justify the usage of additional damage variables. Possibly,
this will be investigated further. A flowchart of the model with the interaction of the different
damage modes is shown in Fig. 4.
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Figure 3. Damage modes

2.5 Material properties and model calibration

The material properties used in the simulations are shown in Table 1. The damage parame-
ters are p (calibrated from the shear stress-strain curve), 7, is the shear strain at onset of damage
(70 = 70/G12) and ¢ is the shear strain at final decohesion. The friction parameters are the
coefficient of friction on the micro-crack surfaces y, and the internal pressure py. Note the lack
of transverse compressive strength properties except the onset of nonlinearity in the shear re-
sponse, 7p. This value is defined visually from the beginning of shear nonlinearity in the shear
response and is only used to obtain 7. The in-plane and out-of-plane fibre misalignments are
represented by 6% and 03 respectively. Note that 6} is assumed to be zero for simplicity but
could take any value.
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Figure 4. Flowchart of the model

From the material characterization side it is advantageous to have the full curve for the non-
linear shear behaviour with loading-unloading cycles. The unloading-loading response allows
us to separate the material damage from other degrading mechanisms such as the viscoplas-
ticty of the matrix. This contributes perhaps for a more informed choice of parameters driving
the damage. The calibration is done by matching the nonlinear behaviour of the model with
the test. Further calibration regarding the choice of the friction parameters that influence the
pressure dependency behaviour are recommended but not required for most applications.

In the current work, the in-plane shear response of the model is calibrated against the ex-
perimental results obtained using the losipescu shear tests specimen, similarly to in [4]. The
results of the calibration are shown in Fig. 5. The nonlinear shear response of the material
model is obtained by combining damage and friction (that occurs at the contact between mi-
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Table 1. Mechanical properties used in the model of T700/E445 unidirectional composite.

Strength properties (MPa)  Initial misalignment Damage

Xr=1920 012 = 0.0° p=—0.7
Yr =28 013 = 3.0° v =207 =77 =0.12
To = 35 (MPa)
Friction properties
Internal pressure (MPa) Coefficient of friction
Po = 60 w=0.4

crocrack surfaces). The inelastic behaviour (as well as hysteresis loops) are modelled using a
stick/slip behaviour rather than by plasticity. By doing so, it is possible to account for material
nonlinearity response in an efficient and physically based way.
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Figure 5. Shear calibration

3. Verification with a micromechanical model

A single finite element model of the current damage model was compared against a compu-
tational micromechanics model (CMM) developed in Abaqus.

The micromechanical 3D model consists of a single-fibre embedded in polymer matrix ex-
truded along a sine curve which explicitly represents the initial misalignment of the fibre, ¢,
as shown in Fig. 6a. A cohesive damage model is defined at the fibre-matrix interface including
friction, see yellow surface in Fig. 6b. The fibre is considered as a linear elastic transversely
isotropic solid, and the polymer matrix takes into account plastic deformation, damage and
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pressure sensitivity typical of polymers. A fully detailed description of this CMM model can
be found in [15, 12].
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Figure 6. a) Micromechanical single-fibre 3D model, b) exploded half view of a detail of the
mesh and constituents (fibre, matrix and interface), and c) in-plane shear curves of the CMM
model and the current constitutive model presented in this work.

For the comparison with the CMM model, some of the parameters of the constitutive model
presented in this work were fitted to reproduce the shear response of the material system
AS4/8552 as illustrated in Fig. 6¢. The final fitting was: p = —0.65, 7y = 2.0, 7o = 50 MPa,
po = 30 MPa. The stiffness in the longitudinal direction of the ply was estimated through the
rule of mixtures assuming a fibre volume fraction of 60% (E; = 137.1 GPa). It should be
noticed that, in the mesoscale constitutive model, eventual collapse of the ply was disabled to
achieve a fair comparison with the CMM model.

The mechanical response under longitudinal compression is shown in Fig. 7a for four dif-
ferent initial misalignments (py = 1.5, 2.5, 3 and 4°). Both models are able to capture the
initial linear elastic stage up to the peak load (compressive strength, X ) followed by a sudden
load drop due to fibre kinking down to a residual crushing stress. Good agreement between the
two models is observed during the elastic regime and up to the peak load when fibre kinking is
triggered. This is clearly evidenced on the sensitivity curves in Fig. 7b, in which the maximum
difference in the compressive strength for the range of initial misalignment considered is be-
low 7%. The analytical estimation shown through the solid black line in Fig. 7b was obtained
by applying the fibre kinking theory (FKT) originally proposed by [S5] and later generalized by
[16] into the LaRCO04 failure criteria. However, a difference around 150 MPa is evidenced in
the crushing stress obtained from the two models. This disagreement may be explained by the
strategy followed to fit the parameters describing the current constitutive model by using just
one characteristic curve of the material (in-plane shear, 715 — 712, see Fig. 6¢), therefore lacking
detailed characterization of the parameters (p, ¢, 7o, Po).
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Figure 7. Comparison of the current constitutive model with the CMM under pure longitudinal
compression for different initial misalignments @g: a) stress vs. strain curves and b) compres-
sive strength vs. initial misalignment including the analytical solution from [5].

4. Verification at the specimen level

The verification of the model is done with the simulation of a simple flat specimen under
three point bending. The dimensions are shown in Fig. 8 and the layup is [90/0/(45/-45),/0/90]
the material system is T700/E445.
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Figure 8. Representative image of the setup of the specimen loaded in three point bending

Two models with one element per ply were created and simulated using ABAQUS/Explicit
2019. For simplicity, no delaminations were considered at this stage. The element length was
changed from 1 mm to 0.6 mm in order to test the mesh size sensitivity of the model. The
average fibre misalignment considered was 3°. It is important to point out that this setup is
not ideal for a more in-depth model validation due to the sudden nature of failure. Although
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this setup fulfils the following purposes: (i) To verify the robustness of the modelling in a
real simulation case; (ii) To check the sensitivity of the model to mesh refinement; (iii) To
evaluate the performance of the model against experiments; (iv) Investigate the interaction of
fibre kinking with matrix damage.

The model has run successfully without any nonphysically behaviour spotted throughout
the simulation. Furthermore, the two different mesh yield very similar results as shown in Fig.
9. The results correlate well with experiments.
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Figure 9. Experimental and numerical normalized load response vs. intrusion

In order to investigate the interaction between fibre kinking and matrix damage, the plots of
the damage variable immediately before failure were investigated as shown in Fig. 10. Note that
the only area with damage values close to one is loaded in transverse tension, which probably
is not responsible to trigger failure. There is also no fibre damage in tension at this moment.
Therefore, the catastrophic failure must have occurred due to an interaction between fibre com-
pression and matrix damage. Since the model captured this sudden failure at the correct moment
the interaction between fibre kinking and matrix damage looks meaningful.

5. Conclusions

A novel approach to model damage growth of composite is presented. Two previous models
by two of the current authors are merged into the present unified model. The lack of sepa-
ration of damage modes allows for better interaction and flexibility between modes which is
fundamental for accuracy in multi-axial loading scenarios. The model is verified against micro-
mechanical simulations with very similar results for stiffness, strength and crushing response. A

10
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Figure 10. Damage contour before catastrophic failure occurs

verification at specimen level shows that the model has low mesh sensitivity and is able to pre-
dict catastrophic failure by interaction between fibre compression and matrix damage. Future
work will focus on further validation at the material point and specimen level.
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