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Abstract

In this paper, intrabundle failure initiation in NCF reinforced composite materials is predicted based
on a finite element model built with shell elements. The full 3D stress state is estimated based on the
shell results and used in a state of the art 3D failure criterion. The procedure considers predictions of
the transverse shear and normal stresses from stress equilibrium. By using this approach on shell
elements, more efficient modelling strategies suited to identify hot spots in larger structures can be
pursued.

1. Introduction

To meet energy consumption targets beyond the year 2020, the weight of road vehicles must be
reduced. A technology step by introducing Carbon Fibre Reinforced Plastics (CFRP) in vehicle
structural parts, mainly body parts, has started in the automotive industry. This relates to the
outstanding weight saving potential of these materials compared to metal alternatives. Automotive
bodies made from CFRP are considered 50% lighter compared to corresponding steel alternatives and
30% lighter than aluminium alternatives, with similar or better stiffness, durability and crash
worthiness properties [1]. More recent studies anticipate a potential weight saving up to 60% [2] or
even as much as 70% [3] with CFRP compared to steel. A weight saving of 100 kg corresponds to a
decrease of the CO,-emissions of about 6 gCO./km [4].

Traditional modelling within automotive industry for durability aspects uses shell elements for the
structural parts, e.g. sheet metal structures. This is because they give a good balance between accuracy
and computational effort. For composite materials the strength is either transversely isotropic, e.g.
Uni-Directional (UD) reinforced composite materials [5], or orthotropic, e.g. Non-Crimp Fabric (NCF)
reinforced composite materials [6], [7]. For such composite reinforcements the assumption of plane
stress (neglecting the out of plane stress) is not valid and can cause failure due to unforeseen stresses
in integral components, e.g. L-shaped designs, [8].

For structures where large out of plane stresses occur, modelling potentially critical areas with high
fidelity models is needed to validate the structure. These models are often made with one solid brick
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(HEX) element for each ply within the laminate. This quickly results in computationally heavy
models. Therefore, in large structures with complex geometries, finding these potentially critical areas
becomes fundamental.

The focus of the current research is to develop a method for identifying potential hot spots in large
composite structures. This is done by extending the output from traditional shell elements with
estimations of all stress components based on stress equilibrium. The estimated 3D stress state is then
used in State of The Art (SoTA) failure initiation criteria for NCF materials [9]. This set of criteria
address the orthotropic strength of NCF materials. In this paper the out-of-plane failure mode for NCF
reinforced composite materials will be studied.

Once such a hot-spot criterion is developed, it can then be used for identification of critical areas
within an analysis framework for structural components using a global — local approach.

2. 3D failure prediction at ply level in a shell based model

Modelling of composites structures where the full stress tensor is needed results in the need for high
fidelity models. This can be either by solid models or user-developed enriched shell elements that are
not available in commercial software. Such elements include zig-zag based or higher order
deformation theories [10]. Such models have one thing in common, the number of degrees of freedom
rapidly increases for layered composite materials.

2.1. Estimation of full 3D stress state at ply level

From 2D shell elements where the in-plane stresses are known, it is possible to estimate the out of
plane stresses from a stress equilibrium in all directions. The basic idea is that the stress derivate in all
directions need to be in balance according to Eq. (1), without any external forces acting on the studied
volume. If this is satisfied, then the out of plane components can be estimated by integration.
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From the first two equations, the out of plane shear stresses, zx and zy, can be calculated from in-
plane components. With these known, the out of plane normal stress, oz, can be calculated.

A procedure for estimation of the transverse shear stresses in a composite based on first order shear
deformation elements has been proposed by Rolfes and Rohwer [11], Eq. (2),
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where o} =% for layer k and 7. = a—l” for layer k.

When the transverse shear stresses are estimated the out of plane stress component, o;, can be
calculated in a similar approach [12] in Eq. (3),
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Eq. (3) and Eq. (4) rely on the following assumptions: there are no shear acting on the boundaries, the
membrane forces contribution on the transverse shear strains can be neglected and the displacement
modes of the element is cylindrical around the x and y axes of the element.

Using the assumptions of the displacement modes and the neglected membrane forces together with
Classical Laminate Theory (CLT) makes it possible to estimate the transverse shear, Eq. (4),

1, =f(z)R 4
and normal stress, Eq. (5),
o, (2)=-T@R +FT (2R, |+ b, ©)

from the transverse shear forces R and the derivate of R". The functions f(z) and f*(z) are based on the
stiffness properties of the laminate.

The calculation also uses an updated shear stiffness, H. The updated stiffness is based on integration
over the thickness taking the different orientations of each individual ply into account. Using the
updated stiffness together with the transverse shear strains, y, according to Eq. (6) gives the transverse
shear forces,

R =Hy (6)

The added cost for this methodology is that second order base functions and results from second order
elements are required to determine the derivative of the transverse shear forces according to Eq. (7),

R™=Hy’ )
as the derivate of the shear strains, y", are required, see further in Rolfes and Rohwer [11].
From this procedure, all the stress components through the thickness of the element are known.
2.2. Failure criteria

SoTA failure criteria for continuous fibre composites, e.g. LaRCO5 [13] and Puck [14] for UD
composites and a set of the criteria proposed by Molker et al. [9] for NCF reinforced materials, use the
full stress tensor to account for stress combinations in all directions.

The presented set of criteria by Molker et al. [9] addresses the orthotropic transverse strength of NCF-
reinforced composite materials. Two different failure modes are active for transverse loading. Either
failure occurs inside the fibre bundle, interbundle failure, or at the edge of the bundle towards the
matrix material, intrabundle failure. The intrabundle failure is predicted with the LaRC05 [13]
criterion for matrix failure, while the interbundle failure is predicted with a modified criterion [9]
according to Eg. (8),

2 2 2
T T (o2
Flyn = J { J +[—] ~1,if oy >0, ®)
M,MI [ST’MI SL’MI ZT N,MI

where the tractions, transverse, zrwi, longitudinal, zimi, and normal, onmi, On the fracture plane are
compared against the corresponding allowables, Stmi, Sum and Zr, see Table 2.

The failure criterion is used on the ply level and requires the full 3D stress state from which the
tractions, zrmi, 7w and onmi, On the fracture plane are calculated.
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3. Test case

A rectangular plate, that is supported along the boundaries according to Eq. (9), is subjected to a
double cosine pressure load with the magnitude, po, of +20 MPa at the centre of the plate, as shown in
Figure 1. A similar load case is studied by Rolfes et al. in [12]. The dimensions of the plate is such that
the height is set to unity and the ratios between a/h = 20, and a/b = 1. The model has a [902 / 0;]s layup
with a ply thickness of 0.1875 mm.
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Figure 1. lllustration of load case and
composite model.

This load case has been chosen as it is similar to what has been presented before and as it creates an
out-of-plane stress component even for a flat specimen. The magnitude of the pressure, po, is chosen to
achieve a stress state with high out-of-plane normal stresses that potentially can create out of plane
failure for NCF reinforced composites.

The material used in the model is a NCF reinforced composite made from HTS45 fibres and LY556
resin from Bru et al. [6]. Elastic and strength properties are given in Table 1 and Table 2, respectively.

Table 1. Elastic properties of the NCF reinforced composite on homogenised ply level [6].

Eu Ex Ess V12 V13 V23 G2 Gi3 Ga2s
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
136.0® 92¥ 809 029 029 043 43 3.7 2.8
3 Average of tension and compression.

Table 2. Strength properties of the NCF reinforced composite on homogenised ply level [6].

Yt Yo' Yc Z7 Zc Su S Sy o Gic Giic
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (deg) (Im?) (I/md)
29 46 130 15 202 78 94 49 62 149 690

3.1. Shell model

The shell model is analysed using second order FSDT elements based on Mindlin-Reissner plate
theory [15]. The difference to a standard element is that the shear stiffness is taking the orientation of
each individual layer into account, instead of using a constant shear correction factor, see further in
Rolfes and Rohwer [11]. The transverse shear stresses will be very much dependent on the transverse
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shear stiffness, as can be seen from Eq. (5) and Eq. (6). The shell model has an element size
approximately equal to (1.43 x 1.43 mm) which gives 21 x 21 elements.

i~

Figure 2. lllustration of shell model and mesh size.

3.2. 3D solid models

To validate the results from the shell model, different solid models have been analysed. One model to
verify the estimated stress distribution, called reference 3D model, and one model to verify the
predicted failure index, called standard 3D model. The solid models are built using first order solid
HEX-elements with an aspect ratio of three. The reference 3D model for the stress distributions are
built using four elements over the thickness of each ply. This gives an element size approximately
equal to (0.139 x 0.139 x 0.046 mm) resulting in 212 x 212 x 32 elements.

L~

Figure 3. lllustration of the reference 3D model and mesh size, magnified by a factor of 10.

The standard 3D model for the failure prediction uses only one element over the ply thickness, as in
~ Molker et al. [16] for the implementation of the failure criteria. This gives an element size
~ approximately equal to (0.555 x 0.555 x 0.185 mm) resulting in 53 x 53 x 8 elements.

[~

Figure 4. lllustration of the standard 3D model and mesh size, magnified by a factor of 10.
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4. Results
4.1. Correlation of stresses between the different models

The resulting transverse normal stress distributions from the different models can be found in Figure 5.
The stresses are shown for the midpoint of the plate through the thickness.
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Figure 5. Normal stress distributions, o, through the thickness of the laminate at the centre. The red
solid line is the estimated stress distribution from the enhanced shell elements. The dashed black line
is the distribution from the reference 3D model. The cross-marks are the stresses at the element
centroids for the standard 3D model.

4.2. Failure initiation in shell model and standard 3D model

Failure initiation predictions are made for intrabundle failure for both stress states obtained from the
shell model and from the standard 3D model. As the failure initiation prediction is made at discrete
points, a representative value needs to be defined from the shell model. The results used for the stress
state from the shell model within each ply is the maximum absolute value of each stress component.
The standard 3D model uses an implemented subroutine from [16] for prediction of failure initiation in
NCF reinforced materials that predicts the failure at each material point in the model. The difference
between which stresses that are used for the failure prediction can be seen in Figure 6.
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Figure 6. For the enhanced shell model, the normal stress distribution is marked with a solid red line,
the maximum within each ply with a red circle and the extracted distribution for failure initiation with
a dashed red line. For the standard 3D model, the maximum within each ply is marked with a black
cross and the distribution for failure initiation with a dashed black line.
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The predicted failure indexes, for each for ply in both the shell model, using Eq. (8), and the standard
3D model, using the subroutine, are presented in Table 3.

Table 3. Failure indexes for intrabundle failure, (Flmmi), for the centre element and for each ply based
on the enhanced shell results and the standard 3D model.

Ply nr. Shell model Standard model
8 1.72 1.74
7 1.59 1.48
6 1.25 1.06
5 0.82 0.64
4 0.43 0.31
3 0.17 0.11
2 0.04 0.05
1 0.00 0.05

5. Discussion and conclusion

The presented procedure of estimating all of the stresses from a shell element makes it possible to use
SoTA 3D based failure analysis with large models for composite materials. This can be crucial for
composite materials that shows an orthotropic strength behaviour, e.g. NCF reinforced composites.

The predicted failure indexes from the shell model are conservative for most plies in relation to the
results from the standard 3D model. The main reason for this is that the maximum stress within the ply
is used, indicated by red circles in Figure 6. This is greater than the stress used within the standard 3D
model, which uses the stress at the material points, in this case the centre of the element, marked by
black crosses in Figure 6.

For the current set up the result from the enhanced shell model will be more accurate as better
resolution through the thickness is available. However, this is only true if the quality of calculated 3D
stresses in the shell model are accurate enough. A study of factors that could influence the accuracy of
the enhanced shell model is therefore desired

Using the approach by Rolfes et al. [12] for estimating the transverse shear and normal components in
the stress tensor makes it possible to retrieve the full stress tensor from a layered shell element. This
can be done by updating the transverse shear stiffness of existing second order shell elements based on
FSDT theory. Such elements are available in most commercial finite element software.

By doing this, accurate estimations of the transverse shear and normal stress components can be
achieved, as shown in Figure 5, by post processing the nodal results using second order base functions.

Applying the failure criterion for intrabundle failure [9] to the estimated stresses from the shell model
yields accurate predictions as shown in Table 3.

These predictions can be used for identification of hot spot areas on large structures to a moderate
increase in computational cost due to the need of second order shell elements.
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