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Abstract

The present work regards the computational analysis of a triaxial [45%0%-45°] non-crimp fabric (NCF)
laminate under compact tension (CT) with the use of finite element methods in Dassault Systemes
Abaqus® 2017 commercial software. Specifically, the scope of this study concerns the calculation of
the translaminar fracture toughness of the NCF laminate implementing the physically-based failure
criterion LaRCO5 [1] as a build-in subroutine in Abaqus. The NCF blanket is consisted of three plies
in which the material orientations, 45° 0°, -45° are modelled explicitly, while at tow level, fibres, resin
and stitches are homogenised with the rule of mixtures. The results of the simulation are compared to
existing test results [2] and show good correlation at the pure elastic region, while towards crack onset
and propagation mean deviation of approximately 12% is observed.

1. Introduction

Non-Crimped-Fabrics have been under development for some time; they provide certain advantages
over traditional pre-impregnated (prepreg) composite materials, mainly a reduction in unit cost and
manufacturing cost. Specifically, the non-crimped fabric composites can be produced with an out-of-
autoclave manufacturing process; for example, resin transfer moulding (RTM) which is used for
woven laminates, is relatively low cost and takes advantage of easy handling of large sheets of the
fabric [3].

In terms of strength, NCF do have improved through-thickness properties without significant drop in
in-plane performance compared to their conventional prepreg-based counterparts [4]. In addition,
NCFs offer new challenging possibilities to designers and manufacturers, given their high degree of
tailorability, great deposition rate and improved impact performance [3].

NCFs however, do have a complicated microstructure, hence the application of finite element (FE)
methods is necessary to investigate their mechanical performance at all structural levels (from tow
level Representative Volume Element [5,6] up to structural component e.g. skin-stiffener
configuration [7]). The main disadvantage of the NCFs is the low compressive properties particularly
due to fibre waviness (fig. 1). In several research studies [8,9] this structural parameter has been
implemented to FE RVE models in order to comprehend the compressive failure mechanisms.

Physically-based failure criteria, as Puck & Schurmann [10] or LaRCO05[1] is a promising approach for
the description of the structural behaviour of NCFs although they require further refinement in order to
be usable for new types of composites with textile reinforcement. Towards this direction Molker et al.
[11] presented failure criteria for matrix-dominated failure in NCF-reinforced composites based on
LaRCO05 criteria and modified to take the orthotropic properties of the NCF into account.
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Figure 1. Perpendicular cross-section of UD NCF laminate, presenting fibre waviness [6].

In this work, the translaminar fracture toughness of a triaxial NCF laminate is examined through
computational methods. In the past, numerous experimental studies have been carried out [12] but they
concerned UD-ply prepreg composites. To the knowledge of the authors, there is not any relevant
computational work published for multiaxial NCF under compact tension introducing LaRCO05 as
constitutive failure model.

2. Materials description & experiment
2.1. Material properties

The material properties have been obtained from literature sources [13,14] and are presented in tables
1 & 2. In particular, Saertex GmbH produced the triaxial NCF composite fabric, which is consisted of
Toho Tenax HTS fibres and polyester knitting yarn, infused with Hexcel RTM6 epoxy resin. The
nominal thickness of the NCF blanket equals to 0.375mm while the thickness of each fibre tow is
0.125mm. In table 1, subscripts of 11, 22 and 12 denote the longitudinal, transverse and in-plane shear
directions respectively. Similarly, in table 2, subscripts of “T” and “C” refer to tension and
compression while “Sy” and “S.” indicate the transverse and longitudinal shear strengths.

Table 1. Nominal membrane properties of the fibre tows in the triaxial NCF blanket [13].

Nominal Membrane Properties
Eun (GP&) E. (GP&) G12 (GPa) V12 (-)
130.00 9.00 4.50 0.26

Table 2. Strength values of the fibre tows in the triaxial NCF blanket [14].

Initiation Strengths
Xr(MPa) 1996.0 Yc(MPa) 268.0
Xc(MPa)  1531.0  Sr(MPa)  101.0
Y (MPa) 63.9 St (MPa) 101.0

2.2. Specimen layup configuration
The layup is expressed at tow level, meaning that the orientations of the individual UD fibre tows

within the triaxial NCF blanket are taken into consideration. The exact layup configuration of the
specimen is [(45° / 0° /-45°)s]s.
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2.3. Test method

The dimensions of the specimen have been developed by Pinho et al. [12] and are presented in figure
2. Moreover, in figure 2 the critical areas are pointed out where failure is expected to occur during
compact tension load. The crack is expected to initiate on the middle of the specimen due to geometric
and load symmetry whereas the aft mid part of the specimen should be subjected to local buckling.
The applied load (P) is expressed as displacement rate equal to 0.5mm/min.
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Figure 2. Nominal dimensions of CT specimen and fibre direction.

3. Constitutive Failure Model — LaRC05

LaRCO05 which performed very well in the World-Wide Exercise Il [15], is going to be the constitutive
model for analysing the onset and propagation of fracture. As mentioned in the introduction of this
paper, LaRCO5 is a pressure-dependent three-dimensional law to predict failure for laminated
composites [1]. The failure criteria of LaRCO5 in laminated composites can be distinguished between
polymer failure, matrix failure, fibre kinking, fibre splitting and fibre tensile failure. Failure occurs
when Failure Modes (FM) are equal or greater to 1. Through this model, in-situ strengths are used for
matrix failure, while failure propagation takes into consideration the fracture energy associated with
each failure mode and the accumulation of cracks in the plies. As it is stated by Pinho et al. [1] this
particular ‘model is employed to make blind predictions of the triaxial failure envelopes’ and in the
current research project its application in NCF composites is examined. The current damage
propagation model predicts the response of laminates from first ply failure until final laminate failure.

3.1. Polymer failure

In brief, the failure model at ply level, in terms of polymer failure, is based on the Raghava [16]
criterion (Eq. 1):

Flo=3 (€= (T=C) o) / (TC) @

Where T is the tensile strength of the resin, C is the compressive strength of the resin, on is the
hydrostatic stress and k is a variable defined by the principal stresses.

3.2. Matrix failure

Matrix failure criterion is analogous to Raghava’s and it is an adaptation of Mohr-Coulomb failure
criterion for UD composite plies. The failure index for matrix failure is defined as (Eq. 2):
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Flm = (‘L'T/ (Sis'r -Nr O'N))2 + (‘L'|_/ (SiSL - L O'N))2 +( <on>+/ Yis'r)2 (2)

Where:

- Y, S and S® are the in-situ transverse tensile strength, longitudinal shear strength and transverse
shear strengths respectively.

- 17, tr and oy are the traction components on the fracture plane of longitudinal shear, transverse
shear and normal stress respectively.

- nrand n. are the friction coefficients.
For intralaminar matrix failure, the transverse shear strength, Sr, is related to the transverse
compressive strength, Yc, as

St = Yc cos(ag) (sin(og) + cos(ao) | tan(200)) @)
Where a is the fracture angle for pure transverse compression.
3.3. Fibre kinking & splitting

The criteria proposed for fibre kinking and for splitting use the same failure index equation (Eq. 4),
however, the splitting condition is satisfied when 1> - Xc/2, where Xc is the longitudinal compressive
strength and o1 longitudinal compressive stress. Respectively, the kinking condition is satisfied for 1 <
- Xcl2.

Flmwk = Flspur = (7"23/ (SiST -nr o‘mz))2 + ("3l (SiSL /8 0'mz))2 < ">y YiST)2 (4)
3.4. Fibre tensile failure
Fibre tensile failure is expressed with the maximum stress failure criterion (Eq. 5):

Fler = < d™>4 X7 (5)

4. Finite element analysis model

LaRCO5 is introduced into Dassault System® Abaqus 2017 version in the Standard (Implicit) mode,
through two built-in user subroutines “UVARM” and “UDMGINI”. “UVARM?” subroutine evaluates
the LaRCO5 damage criterion and provides output for damage tolerance. It is available both for shell
elements (plane stress & continuum) and continuum solid elements. The second subroutine
“UDMGINI” evaluates the initiation of the crack and its propagation and is available only for 3D
stress states, for three-dimensional stress-displacement continuum elements for which XFEM is
supported [17].

Within the frames of this project, a 3D solid model has been examined hence the second subroutine
has been implemented with the use of a general purpose linear brick element with reduced integration
“C3D8R”.

4.1. Boundary conditions

Boundary conditions are representative of the actual testing constraints. Nodes 1 and 2 as shown in
figure 3 are the constraint points of the specimen. For node 1, five out of six degrees of freedom are
constrained. Presicely, Ux = Uz = URx = URy = URz = 0 but Uy = 0.5mm/min which is the
displacement rate towards positive “y” direction. Similarly, node 2 was constrained in five degrees of
freedom, however the unconstrained degree is URz (URz # 0).
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Figure 3. Boundary conditions of the specimen.
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4.2. Mesh properties

As it was stated in section 2.2, the plies of the blanket have different material orientations which are
explicitly modelled in the finite element analysis (fig. 4). Though, the ply properties are homogenised
hence there is no explicit distinction between matric, fibre tows or stitches in the FE modelling.
Because of this approach it is assumed that no slippage between the plies occurs as well as no
delamination within the NCF blankets.

A S A CH
Figure 4. NCF (45°/ 0° / -45°) blanket modelling.

It has been opted to use a global mesh seed of 1.5mm on the xy-plane but through-the-thickness mesh
density equal to ply thickness (i.e. 0.125mm) is applied in order to capture the response of the plies
with different material orientations. Moreover, the critical regions for failure onset and propagation
have been identified (fig. 5) and increased mesh density of 0.5mm has been applied. On the
highlighted middle region of the model (fig. 5) XFEM properties have been introduced since it is a
prerequisite for UDMGINI subroutine to capture the failure onset and propagation. An effort has been
made to maintain computational time within acceptable limits therefore the increased mesh density
and XFEM properties have been assigned to selected partitions of the model. The total number of
elements is 103304 elements.

4.3. Input parameters
LaRCO5 constitutive model requires the input of certain parameters for proceeding with FE analysis.
These parameters are the fracture plane angle for pure compression, ao, misalignment angle at failure

for pure compression, ¢, friction coefficient, r and pressure coefficient, 7.

Fracture plane angle for pure compression, ao, varies between 51° and 55° for Glass & Carbon fibre,
the default value of 53° has been chosen based on literature sources [18]. Similarly, ¢o is taken equal to
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2.544° [18]. Friction coefficient #7, is in function of oo through formula #7 = - 1/tan(2a0), hence for the
given data zt = 0.287. According to [18] n.= 0.082.
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Figure 5. Visualisation of mesh properties and regions with increased mesh density

For crack propagation it is necessary to input the translaminar fracture toughness (Gic) values. These
values have been obtained from Gigliottti’s et al. experimental study [2] and they refer to failure
initiation. A 0° ply has a minimum value of 158 kJ/m? while for 45° the respective value is 108 kJ/m?.
With the use of the rule of mixtures [ Gic™™ = t%am / tiam Gic® + t*Lam / tLam Gic™® ] the NCF laminate
fracture toughness is calculated and the value is 128 kJ/m?,

5. Results
5.1. Load - displacement curves

In figure 6 the applied load in function to displacement is presented and a correlation between the
experimental results of Gigliotti et al [2] and the present simulation is made. The initial failure has
been considered when the first significant load drop was observed. In the FE simulation the critical
load was identified for 11.6 kN while among the test results the maximum respective value was 10.2
kN resulting in deviation of approximately 14%. The ultimate failure is observed at the last load drop
which is interpreted as the compressive failure of the buckling region as shown in figure 2.

The failure indices are presented in figure 7a where it is shown that fibre splitting failure (SDV 10)
occurs at 45° plies while fibre tensile failure (SDV 11) on 0° plies. Fibre splitting failure happens prior
to the fibre tensile failure, while no matrix failure or fibre kinking failure is observed through the
respective failure indices (SDV 8 & SDV 9).

5.2. Translaminar fracture toughness

Figure 7b presents the R-curves obtained from the experimental results and the FE simulation. The
critical energy release rate (Gic) is calculated with the use of area method as expressed by equation 6.

Gic = E/(a t) (6)

Where: E = total energy used for crack propagation (J), a = crack length (mm) & t = specimen
thickness (mm)

The mean value of the critical energy release rate for damage initiation of the tests is 128 kJ/m? with a
standard deviation of 4% [2] while the FE simulation with LaRC05 shows 132 kJ/m? for damage
initiation. Regarding damage propagation, as it was stated by Gigliotti et al. [2], no meaningful
propagations values could be obtained due to the premature compressive failure of the CT specimens.
However, for the FE model, a mean value of 460 kJ/m? for crack propagation is observed.
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Figure 6. Applied load (P) vs. displacement curve for compact tension.
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Figure 7. a) Failure indices of the specimen, b) R-curves for laminate translaminar fracture toughness.

a= Om a=5mm a =15mm

Figure 8. Crack length (o) propagation contour.

6. Conclusions

This conference paper has investigated the simulation of a compact tension test of triaxial NCF with
the implementation of LaRCO05 as constitutive failure model. The numerical results were correlated
with respective experimental [2] and it has been found that there is a promising agreement particularly
in the linear elastic region of the load — displacement curve (fig. 6), while a mean deviation of = 12%
for the non-linear behaviour is observed. The maximum deviation reached the value of 13.9% at
damage onset. Initiation toughness values for both simulation and tests deviate for as little as 4%,
however, comparison for the crack propagation data cannot be done because of the premature failure
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of the test specimens. The possible reasons which could explain the difference between the results,
may involve the existence of defects or flaws of the specimens, not incorporated to the FE model; the
effect of stitches was not introduced into the FE model which is the main reason for creating fibre
waviness and thus low strength of the NCF, and lastly the fact that no cohesive properties on the
interfaces between the NCF blankets have been applied, resulting in the assumption of a perfect
bonding among the blankets with zero slippage.
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