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Abstract

In this paper a set of failure criteria for Non-Crimp Fabric (NCF) reinforced composites
is implemented in a Finite Element (FE) software. The criteria, implemented at the ply
level, predict transverse failure of NCF reinforced composites, in particular accounting
for their inherent orthotropic properties. Numerical simulations are compared with tests
on specimens with a generic design feature found in automotive structures. The current

implementation enables correct prediction of failure mode and location.
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1 Introduction

The present research is part of a bigger effort aiming at identifying and further
developing industrially efficient, yet scientifically based, Computer Aided Engineering
(CAE) methods for vehicle structures made of high performance Carbon Fibre
Reinforced Polymers (CFRP). CFRP automotive bodies today can be 50% lighter
compared to corresponding steel alternatives and 30% lighter than aluminium

alternatives with similar or improved stiffness, durability and crash worthiness

*Corresponding author: Henrik Molker, Tel: +46-31-593870
henrik.molker@volvocars.com
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properties. CFRP structures are therefore an outstanding alternative for lowering the
weight of load carrying structures needed to meet future requirements on emissions and

energy consumption.

Amongst the different types of composite materials available, Non-Crimp Fabric
(NCF) reinforced composites manufactured by Resin Transfer Moulding (RTM) [1,2]
are strong candidates for the automotive industry. NCF reinforced composite materials
are orthotropic [3] in contrast to traditional transversely isotropic Uni-Directional (UD)
fibre composites. In particular, uni-weave NCF reinforced composites have been found
to have significantly lower out-of-plane strength compared to the transverse in-plane
strength [4,5] . In tension in the out-of-plane direction, this is explained by the
interbundle failure mode occurring at the interface between the fibre bundle and
surrounding matrix [4,6]. Established physically based failure criteria developed for UD

composites [7,8] do not take this orthotropic behaviour into account.

When composite structures are designed it is desirable to avoid out-of-plane loading
conditions, or use guidelines to minimize the risk of out-of-plane loading [7]. However,
avoiding this will not be possible within the automotive industry where many features
and details are incorporated in the structures that are subjected to complex load cases.
Being able to accurately predict failure initiation then becomes even more important
when using materials with orthotropic properties, whose out-of-plane strength is lower

than the transverse in-plane strength.

! The authors are not aware of any studies on multi-axial NCF reinforced composites to show if the low
out-of-plane tensile strength is general to all NCF reinforced composites or limited to uni-weaves.
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Current state of the art physically based failure criteria, e.g. Puck [8] and
LaRCO05 [9], assume transverse isotropy and cannot capture the orthotropic nature of
transverse failure observed for NCF composites [4,6]. Consequently, to allow the use of
NCF composites in automotive applications, failure criteria accurately predicting failure
initiation under general 3D stress states were proposed and compared with other failure

criteria by Molker et al. [6].

This paper presents the implementation of a set of physically based failure criteria for
transverse failure initiation in NCF reinforced composites, taking the orthotropic nature
into account. The implementation is done in the commercial FE code Abaqus/Standard.
The criteria have been developed in a previous work [6] and are based on the LaRC05
criteria [9], adapted to address the orthotropic properties with an additional failure
mode. Assessment of the numerical approach is performed by comparison to test data
from specimens with a generic design feature that can be found in real automotive

applications.

2. Failure of NCF reinforced composites

NCF reinforced composites are not transversely isotropic as UD reinforced
composites. Failure initiation criteria developed for UD reinforced composites cannot
therefore be used to predict failure initiation in NCFs. A set of criteria presented by
Molker et al. [6] addresses this for transverse failure by introducing an additional failure

mode for transverse out-of-plane failure initiation.
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The new failure criterion for out-of-plane transverse failure is added to the LaRCO05
set of criteria [9] for initiation of transverse failure. LaRCO5 has been chosen as it is
physically based and its predictive capability has been verified in the World Wide
Failure Exercise [10]. The material properties needed can be found from standard
material tests. The additional criterion for out-of-plane transverse failure could also be
used together with other criteria for UD reinforced composites, e.g. Puck [8], LaRC04
[11] or the criteria proposed by Catalanotti et al. [12], which address some additional

aspects of failure initiation.

Interbundle failure has been found to initiate at the outer region of a fibre bundle
propagating to the matrix surrounding the fibre bundles. Therefore, it is treated as a
failure mode inside the composite material and not as delamination between plies of
NCF reinforcements. However, it is noted that the criterion for the interbundle failure
mode uses a polynomial stress based approach similar to Ye's delamination onset

criterion [13].

The present article focuses on the implementation of the proposed set of criteria for
transverse failure of NCF reinforced composites [6]. Comparisons to other failure
criteria were made in Ref. [6] against a criterion for NCF reinforced materials proposed

in the literature [14,15] and a meso-mechanical FE model, with good agreement.
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2.1 Failure criteria for NCF reinforced composites considering two modes of

transverse failure

NCF reinforced composites can be evaluated, taking the orthotropic strength and
different failure modes into account, by introducing the failure criteria presented
previously by Molker et al. [6]. In these criteria, an additional mode is introduced for

transverse matrix related failure to complement the LaRCO5 matrix failure criterion.

ON,MI

Figure 1. Transverse fracture planes within a NCF lamina. Transverse interbundle failure at Bundle I,
with a fracture plane perpendicular to the thickness direction. Transverse intrabundle failure at Bundle II,
with a fracture plane at an angle « inside the fibre bundle.

The additional transverse failure mode, denoted as transverse interbundle failure, is
observed for out-of-plane tensile loading, at the interface between the impregnated fibre
bundle and the surrounding matrix [6]. The fracture plane is perpendicular to the
thickness direction, as illustrated for Bundle I in Figure 1. The strength for this mode is
significantly lower compared to the transverse intrabundle failure mode, shown in
Figure 1, Bundle Il. The transverse interbundle failure mode in NCF reinforced
composites is evaluated on a fracture plane perpendicular to the thickness direction. The

failure initiation is evaluated using a failure criterion based on the traction acting at the
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Matrix Interface (Ml), using the shear strengths Stmi and S.,mi and out-of-plane strength

Z7. This failure index is denoted Flm mi.

T i T i o ? ()
Flyna :[ T'M'} { L'M'j +( ”'M'j =1, if onmi > 0.
ST,MI SL,MI ZT

Interbundle failure initiation is only computed, using Eq. (1), if the out-of-plane

normal stress is positive. Therefore, if a high level of out-of-plane shear stress combined
with low out-of-plane compressive stress is applied to the material the model assumes
that no interbundle failure can occur. This assumption has been made as no
experimental results are available for such load cases. In Eq. (1), for convenience the
shear strength Stmi and Simi are assumed equal to the interlaminar shear strength

(ILSS), as this failure occurs within the matrix material,

Sim =Sim = ILSS. )

The transverse intrabundle failure mode is evaluated using the LaRCO05 criterion for

matrix failure [9], denoted Flm g, and including in-situ effects, denoted by superscript is

[9].
2 2 2 (3)
O
FIM,B:( _ T8 J +( _ LB J 4 < N’:>+ -1
St —T1tOng Sy —7.OngB Yr

where the transverse shear strength St is based on the transverse compressive

strength Yc as:

4
S; =Y, cos(ao)(sin(ao)+ C08(%) J @

tan(2¢,)

and where the friction parameters 7t and 7. are related to the shear strengths S. and

St as:
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T _ )
S, S,

and Yt denotes the in-plane tensile strength and Si_ the longitudinal shear strength. In-
situ values for the strength parameters, St, S and Y, are calculated according to Ref.
[9].

The transverse failure index Flwv is evaluated as the highest of Flmm and Flu g for

all potential fracture planes (with angle «) for the current stress state.

Flyy = max(Fly . max , o cor(Flue ) (6)
2.2 Implementation in finite element software

Failure can initiate in any direction within the material and is determined by the
current 3D stress state. Therefore, solid elements were used. Cohesive elements could
have been used to trigger the interbundle failure as this occurs on a fracture plane
perpendicular to the thickness direction. However, as only initiation is considered in the
present work, this would create a more complex model that would increase the

computational cost and the model preparation time.

The proposed failure criteria are implemented in Abaqus/Standard [16] using a user
defined subroutine UVARM [16], which is used to create element output variables at
each integration point and each time increment. The criteria use the full stress tensor to

calculate the tractions on the potential fracture planes.

For all elements, the current 3D stress state is retrieved and the resolved tractions on
potential fracture planes (emm1 = 90° and e =[0°,180°[) are calculated as shown in

Figure 1. The failure indices according to Eq. (1) and Eq. (3) are then calculated and the
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most critical mode is determined according to Eq. (6). The corresponding failure index,

failure mode and fracture plane angle are extracted and defined as output quantities.

For comparison with traditional state of the art criteria for transversely isotropic
material, transverse matrix failure according to LaRCO05 is also calculated and outputted
for the current stress state. This is equal to the transverse intrabundle failure mode,

Flwe, i.e. Eq. (3).

3 Comparison with test on a generic design feature

To verify the implementation in Abaqus, numerical simulations have been performed
on a simplified structure but with a generic design feature typical of automotive
structures. The specimen was loaded to achieve a 3D stress state and the numerical
results were compared with the experimental data. Two different stacking sequences,
[90]16 and [90/0]4s, were chosen to trigger either the interbundle or the intrabundle
failure modes. Specimens, with identical geometry, were manufactured and tested for
the two lay-ups. The specimens were loaded in a test rig according to the analysed load

case.

3.1 Material

The material used was a uni-weave of HTS45 fibres (Porcher, 205 g/m?) and LY556
(Huntsman) matrix. Elastic properties and strength properties, together with data needed
for in-situ strength calculations, are given in Table 1 and Table 2, respectively [5]. The
specimens were hand laid in a mould and processed by vacuum assisted resin transfer

moulding.
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The specimens were infused in a preheated tool at 40°C and with the resin preheated
at 40°C. The infusion took place at 98 mbar for 45 minutes after which also the pressure
was increased to 650 mbar for 20 minutes before the inlet was closed. The specimens
were cured for 6 hours at 80 °C and post-cured for 4 hours at 80 °C and another 4 hours

at 140 °C.

En Ex Ess V12 Vi3 V23 G2 Gis Gas
(GPa) (GPa) (GPa) (GPa) GPa) (GPa)

136.0 929 809 029 029 043 4.3 3.7 2.8
2)

3 Average of tension and compression.

Table 1: Elastic properties of the NCF reinforced composite at the homogenised ply level [5].

YT Yc Z7 Zc SL o ILSS
(MPa) (MPa) (MPa) (MPa) (MPa) (deg) (MPa)
29 130 15 202 78 62 42

Gic Gic B Y S.* St
(/m?)  (/m?) (MPa®) (MPa) (MPa) (MPa)
149 690 2.3e-8 46 94 49

Table 2: Strength properties of the NCF reinforced composite at the homogenised ply level [5]. Both
the measured laminae data, used for the [90]16 layup, and the calculated in-situ values for the [90/0]4s
layup are listed.

For the [90]16 lay-up the YT, SL and St values are used. For the [90/0]4s lay-up the in-
situ strengths, YT', SU' and St', for transverse matrix cracking are calculated according
to Ref. [9], with a ply thickness of 0.1875 mm, and accounting for the non-linear
response in in-plane shear. The value of g, that defines the non-linearity of the shear

stress-strain relation, has been obtained according to Ref. [17].

3.2 Geometry

The geometry used is a corrugated panel described in Ref. [18]. For the coupons, a
20 mm long section of the plate is used consisting of one crest and two bays, with a

radius of 9.5 mm and approximately 40 mm wide, see Figure 2 (a). The length was
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determined using FE analysis to achieve a homogeneous stress distribution along the

length of the specimen.

(@) (b)

Hinged to be aligned A SApplied force’Z

with the specimen

Placed on rollers to
reduce friction

Figure 2. (a) Geometry of test specimen. (b) Loading and boundary conditions of the specimen. Side view
along the length of the specimen and along cross-section A-A.

3.3 Load case

The load case was designed to achieve a moment over the specimen that will open
the radius, see Figure 2 (b), thereby creating interlaminar tensile stresses within the
specimen, similar to the ones in Ref. [19]. The lay-ups are chosen to obtain the
interbundle failure mode before intrabundle failure of the inner plies due to transverse

matrix failure.

3.4 Experimental setup

The coupons were placed on two rolling beds to minimise the friction while only
constraining the movement in the load direction and allowing free sliding in the width-
direction of the specimen, as illustrated in Figure 2 (b). The specimens were
mechanically loaded in a Zwick universal testing machine with a 10 kN load cell. The
experiments were performed under displacement control with a loading rate of

0.01 mm/s to avoid any dynamic effects.

10
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For all specimens the load versus displacement was recorded together with images
from a Dino-Lite Premier USB microscope (AD7013MTL). Crack growth is unstable
for the current specimen and loading configuration, therefore only a fully developed

crack could be observed upon damage initiation.

Five coupons of each lay-up were tested. Three were tested beyond failure initiation
to verify that they all showed the same response and similar failure sequence. Two
specimens were tested up to initiation, which was determined as the first major load
drop, and was also identified by the first sound emitted and the first visible damage

from the microscope.

3.5 Numerical simulations

The numerical simulations were performed using the implicit FE code
Abaqus/Standard. The analyses are done on the assumption that the materials are elastic
orthotropic. The specimen is modelled with 48,000 solid second order hexahedral
elements with one element over the thickness of each NCF ply, see Figure 3. A biasing
of the elements is done to increase the mesh density in the critical upper half. The
average element size is 0.19 x 0.50 x 0.66 mm in the radial (ply thickness), tangential

and length directions, respectively.

11
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Figure 3. lllustration of the FE model with rigid surface on top. Close up at the upper part of the mesh.

The loading is achieved through a prescribed displacement of a rigid surface which
contacts the specimen using a surface to surface contact without friction, see Figure 3,
as the contact takes place only along a line at the top of the specimen and frictionless
contact would be the most conservative since the specimen’'s movement is kept
unconstrained. The displacements of the nodes in contact with the rolling beds are
constrained in the z-direction. Additional constraints on two nodes, also in contact with
the rolling beds and at half the length, are applied to prevent rigid body motions along
the x- and y-directions and rotation in the x-y plane. The load case is solved as a static
load case using large deformations. During the analysis the failure indices are calculated

using the UVARM subroutine.

4. Results

4.1 Experimental results

In nine of the specimens, failure initiation was observed at a distance from the
centreline in a mode similar to the transverse interbundle failure as shown in Figure 4
(c). The offset from the centreline is explained by the applied loading at the centre top
of the specimens, which creates a compressive contact stress in this region and therefore

decreases the magnitude of the tensile out-of-plane stresses in the radius. The location

12
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of the crack is approximately half-way through the thickness of the specimen. The
observed failure initiation is unstable and a single crack is formed through the length of
the specimen. One of the [90/0]4s specimens failed simultaneously at multiple locations

through the thickness, however no difference could be seen in the mechanical response.

13
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b) Centerline
Xo 1 ye
4 ------------------ :' ......-.-.....,_.“:‘

—] 25.0
[90] 16 90/0]48 20.0
18.0
16.0
14.0
12.0
10.0

1 =75

! —50

—0.

Maximum out of plane stress

Figure 4. Detailed study of first visible failure location. a) Front view of test specimen. b) Left: [90]s
Out-of-plane stress distribution when os3max = 25MPa. Right: [90/0]4s Out-of-plane stress distribution
when o33 max = 25MPa. ¢) Left: [90]16 lay-up. Photo from experimental test at first ply failure.
Right: [90/0]4s lay-up. Photo from experimental test at first ply failure.

14
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For both lay-ups, [90]16 and [90/0]4s, the three specimens that were continuously

loaded after failure initiation showed the same failure sequence. The specimens failed

by the formation and growth of a crack centrally through the thickness. The crack grew

to a length of approximately 5 mm in the tangential direction, see Figure 4 (c).

For the [90]16 lay-up the maximum load was 1417 N (standard deviation = 38 N) at

failure initiation with an average displacement of 0.60 mm (standard

deviation = 0.04 mm), see Figure 5 and Table 3. The first crack for this lay-up initiated

at about 20 degrees from the centre line at the middle through the thickness, see Figure

4 (c).
[90],¢
1500
___________ P
Average failure ’,ﬁ'u i
initiation load 4 t ! /,::
=1000 - 4 ': t | : o
E 4l S *""-:—1 Pl
A X g
Q 4 ‘,—
o 7
£ A I
(] 4
2 500 - / !
! 1 =— Average
Average failure 1 Exoerimental
0 initiation displacement \ | Xperimenta
'

0 0.25 0.5 0.75 1
Displacement (mm)

Figure 5. Load versus displacement curves. Left: [90]1s lay-up.
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Right: [90/0]4s lay-up.

[90]16 Load experiment (N) Disp. experiment (mm)
Average 1417 0.60

St.dev. 38 0.04
[90/0]4s? Load experiment (N) Disp. experiment (mm)
Average 1174 0.67

St.dev. 111 0.10

4 One specimen failed at multiple locations without affecting the mean data for the applied
loads and displacements at failure initiation.

Table 3: Average and standard deviation of the loads and displacements at failure initiation. Five
specimens were tested for each lay-up.



Henrik Molker, Renaud Gutkin, Leif E. Asp

For the [90/0]as lay-up the maximum load was 1174 N (standard deviation = 111 N)
at failure initiation with an average displacement of 0.67 mm (standard
deviation = 0.1 mm), see Figure 5 and Table 3. For this lay-up, the resulting crack is
often located at the interface between a 90° and 0° ply and often migrates to the other

interface of the 0° ply, as shown in Figure 4 (c).

4.2 Numerical simulations

The numerical model is used to predict failure initiation using the failure criteria
described above. The out-of-plane stress distributions in the radial direction for the two
lay-ups, [90]16 and [90/0]us, are illustrated in Figure 4 (b). It is clear that the out-of-
plane stresses are higher at about 20 degrees from the centreline. The predicted failure
location correlates well with the experimental results shown in Figure 4 (c). For the
[90/0]4s lay-up, a slightly larger area is stressed in both the tangential and radial

directions compared to the [90]16 lay-up.

The [90]16 lay-up was chosen to suppress transverse intrabundle failure since all
fibres are placed along the curvature of the specimen. This lay-up will make the failure
in the out-of-plane direction dominant, i.e. higher failure index for the interbundle
failure mode compared to the intrabundle failure mode. This can be seen in Figure 6

where the corresponding failure indices for both modes are presented.

The location of the maximum failure index for the two different modes are

similar, as illustrated in the contour plots in Figure 6. The failure is located to

the sides of the centreline, approximately half way through the thickness. The

16
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transverse interbundle failure is governed by the high tensile out-of-plane
stresses, FImmi = 1 in Figure 6 (left), with a fracture plane at 90°. The transverse
intrabundle failure index, Flm,g = 0.20 in Figure 6 (right), corresponding to a
fracture plane at 90°, is also dominated by the high tensile out-of-plane stresses.
The difference in the predicted failure indices can be attributed to the lower out-

of-plane strength used in the proposed interbundle failure criterion.

Initiation point

1.000
0.980
0.980 §
0.950
0.925
0.900
0.500
—0.250
—0.100
—0.000

Figure 6. Failure indices for transverse interbundle failure (left) and transverse intrabundle failure (right)
for the [90]16 lay-up. The transverse intrabundle failure criterion is identical to the LaRCO05 failure
criterion for transverse matrix related failure.

In the [90/0]4s lay-up, the interbundle failure is also governed by the out-of-plane
stress as for the [90]16 lay-up. The failure indices for both failure modes are shown in
Figure 7. The transverse interbundle failure, Flmm = 1 in Figure 7 (left), still initiates at
a location to the side of the centreline, with a fracture plane at 90°. The intrabundle
failure, FIm;s = 0.30 in Figure 7 (right), is in this case controlled by high transverse
tensile in-plane stresses in the second innermost ply at the centre of the specimen with a
fracture plane at 15°. The influence of compressive loads and shear between the plies

with different orientation results in an angle slightly different from 0°.

17
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Initiation point

1.000
0.990
D980 &
0.950
0.925
0.900
0.500
—0.250
—0.100
—0.000

Figure 7. Failure indices for transverse interbundle failure (left) and transverse intrabundle failure (right)
for the [90/0]4s lay-up. The transverse intrabundle failure criterion is identical to the LaRCO5 failure
criterion for transverse matrix related failure.

4.3 Failure load predictions

The estimated failure load using the numerical model is considerably lower
compared to the experimental data. This difference can arise from the definition of the
failure load at initiation from the experiments. This load is defined as the first load drop
together with live observation using a microscope and unassisted sound emission, which
sets an upper limit for the failure initiation. Different factors that may influence the
predicted failure load have been studied and are summarised in Table 4. These include
variation of out-of-plane strength, Zr, Ztmin, Z1 max, the consideration of a non-linear

effect, Zt N, and the consideration of the secant stiffness of the material, Zt g33=6.4Gpa.

[90]16 Predicted Load experiment (N)
Zt=14.7 MPa 661 N
Z1min =13.0 MPa 593 N
Z7max = 16.4 MPa 729 N
ZtnL =18.0 MPa 781 N
Z1E33=6.4Gpa = 14.7 MPa 691 N

Table 4: Predicted failure load with different out-of-plane strength values based on variations of
the material data in Ref. [5].

4.3.1 Sensitivity to out-of-plane strength

The failure prediction is sensitive to the out-of-plane strength. The out-of-plane

stress distribution in the specimens is such that a difference of 3.4 MPa in Zr, (i.e.

18
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Ztmax - ZT,min S presented in Table 4), which corresponds to the scatter measured in

Ref. [5], results in a variation in the predicted failure load of approximately 140 N.

4.3.2 Non-linear material behaviour

The material shows a non-linear stress-strain behaviour in the out-of-plane direction.
The nominal failure stress is Zr=14.7 MPa and the strain to failure is 0.23% [5]. The
present FE-model considers a linear material behaviour and to compensate for this, two
models are evaluated. One with a failure stress Ztn. of 18.0 MPa, determined from the
out-of-plane stiffness and strain to failure. The other one uses a softer model in the out-
of-plane direction, with Ess equal to 6.4 GPa, determined from the out-of-plane strength
and strain to failure (secant modulus). The first model predicts a failure load of 781 N

and the second model predicts a failure load of 691 N, as reported in Table 4.

4.3.3 Volume effect

In Wisnom [20], the size effect on strength is discussed based on the weakest-link
principle. Assuming that the defects are randomly distributed within the material, a
larger volume thereby has a larger probability to contain a larger defect that would be
critical. The geometry between the specimens is different, with 187 plies for the out-of-
plane tensile specimen [5] and 16 plies for the corrugated specimens. This results in
different stress distributions between the specimen types. Using the approach described
in Ref. [20] for the out-of-plane strength the dependence of the volume being loaded
can be analysed. The corrugated specimen is denoted as 1 and the out-of-plane tensile

specimen as 2.

19



Henrik Molker, Renaud Gutkin, Leif E. Asp

Estimating the Weibull modulus according to Eq. (7) [20], based on the coefficient of

variance for the material data in Ref. [5], gives:

m=1.2/cv=12/0.095=12.6

Since the corrugated specimen does not have a constant stress distribution, the
calculation is done based on volume as a function of the size of the stressed region. The
volume, V1, of the most highly stressed region is calculated with a square of length I in
the 2-3-plane that spans through the length of the specimen, as shown in Figure 8. As
the stress along the length also varies, the results for a small volume, corresponding to a

cube of side I, are also presented. The volume of the tensile specimen, V2, is taken as the

test section, 12.5 X 7.5 x 9 mmS.

1 - '~
x075 - /T
£ Lo T
(W) !
5 /
S 0.5 -/  —Out-of-plane tensile
) specimen \
0.25 - ----Corrugated specimen }
0

0 2 4 6 8 10 12 14
Arc length (mm)

1 , 1 e e
.75 - ,': 3 75 |
éo > / —Out-of-plane tensile §0 > —Out-of-plane tensile
bﬁ / 4 specimen bg specimen
S 05 ! S 05
g i i ----Corrugated specimen g ----Corrugated specimen
025 | | 0.25
0 0
0 2 4 6 8 0 5 10 15 20

Thickness (mm) Length (mm)

Figure 8. Normalised out-of-plane stress distribution ( o33/ o33 max) along the two specimens.

Top left: Different paths. Top right: Stress distribution along the fibre direction. Bottom left: Stress
distribution in the thickness direction. Bottom right: Stress distribution in the length direction.
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The size effect can be calculated according to Eq. (8) [20]:

s P }[JJ

where s; is the stress in the corrugated specimen and s; is the stress in the out-of-plane

tensile specimen.

The apparent out-of-plane strength as a function of length | is shown in Figure 9 (a).
It is clear that the small area that is stressed according to Figure 8 would result in a clear

size effect of the out-of-plane strength.

@ (b)

40 -+ Lo Incl. size effect - I? 1500 -

35 - -==Incl. size effect - /> * length

30 -, _ S T oo
=25 \\\ """-~-T._.’\.l_c.)mmal ; 1000 -
% 20 - \\‘\—---___. ............................. ‘_ou ——Experimental [90]+6
~ T, o
N 15 = - —Experimental [90/0]4s

2 500 )
10 - i —Predicted [90]s6
5 - — =Predicted[90/0]4s
0
0 1 2 3 15 20 25 30
length I (mm) Z; (MPa)

Figure 9. a) Apparent Zt strength as a function of the stressed volume based on a rectangle with cross
section | x | through the stressed length of the corrugated specimen and a box with side 1. b) Predicted
failure load versus out-of-plane strength (solid lines for the [90]16 lay-up and dashed lines for the [90/0]as

lay-up).

The predicted failure loads using the implemented failure criteria for different out-of-
plane strength values from the estimated apparent strength are presented in Figure 9 (b)
for both lay-ups. Increasing the out-of-plane strength clearly results in an increase in the
failure load. For the [90/0]4s there is a change in failure mode when Zt equals 25 MPa

from interbundle to intrabundle failure. The intrabundle failure predicted by the

transverse criterion in LaRCO5 for the [90/0]4s layup would be due to high in-plane
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stresses in combination with shear between the plies when bending the UD-specimen.
Delamination might occur prior to intrabundle failure as delamination is not included in

the LaRCO05-criteria.

4.3.4 Design of specimen

The thick double waisted specimens used by Bru et al. [5] are studied by Ferguson et
al. [21] where it is found that the failure occurs at the beginning of the radius. In this
study, the stress concentration at this location would be at least 1.15 compared to the
middle section of the specimen. This factor does not include the effects from either
machining of the specimens or effects from the combi-yarn within the material. From
Ref. [5] the failure is shown at a plane close to the critical location from the FE analysis
in Ref. [21] and where a combi-yarn is located. So this would probably result in a lower

value of the out-of-plane strength of the material.

The failure load from the [90]16 lay-up show a variation of 2.5 percent compared to
the variation in failure load from Ref. [5] that was as large as 14 percent. This indicates
that the thick out-of-plane tensile specimen could include more defects than the thinner
corrugated specimens. This may have contributed to a reduced out-of-plane strength in

Ref. [5], as discussed.

5 Discussions

The transverse interbundle failure in NCF reinforced composites is critical under
certain stress conditions. With the proposed failure criteria it is possible to identify and
accurately predict this mode of failure initiation. Predictions are, as always, sensitive to

the data provided, and the out-of-plane strength is a material parameter that is hard to
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measure. This makes predictions of failure load difficult. Both location and failure
mode can differ significantly from predictions made with failure criteria that are based
on the assumption of transverse isotropy. This can be seen for the [90/0]4s lay-up where
the failure index according to transverse isotropy, Flwm,g, is only 0.3 while the failure
index for the transverse interbundle failure, Flmmi, equals 1.0. For this lay-up, failure

Initiation is predicted at different locations for the two different failure modes.

The critical failure mode for the [90/0]4s lay-up depends on the relationship between
the transverse in-plane strength and the transverse out-of-plane strength. If in-situ
strength is not accounted for, the lower in-plane strength values could give the
intrabundle failure as the critical mode. Using in-situ strength values, the transverse in-
plane strength increases and the interbundle failure becomes the critical mode, as

observed in the experiments.

The difference in failure load between experiments and numerical simulations cannot
be explained by the scatter in material data nor by the neglect of non-linear effects in the
numerical model. The observed failure initiation, identified by the first load drop, live
observation with a use of microscope and unassisted sound emission, sets an upper limit
for the failure initiation. Micro-cracks, inside the specimen, could have evolved prior to
this, as these might not result in a significant change of stiffness nor be detected without

acoustic emission, but subsequently results in the unstable crack growth.
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For composite materials the relevance of the measured material data for the specific
design is important. Aspects that may influence the strength, other than the volume
effect, such as meso structure variations due to manufacturing parameters and size

effects for the textile are discussed below.

For NCF reinforced composites the meso structure depends on the manufacturing
conditions for both the reinforcing fabric and the composite. The specimens used in this
study and the specimens studied by Bru et al. [5] were manufactured using vacuum
infusion under identical curing and post curing conditions. However there is a
difference in meso structure. The meso structure from the out-of-plane tensile specimen
shows larger discontinuities at the stitching yarns as shown in Figure 10. In Ref. [6], the
effects of perturbations on fibre bundle geometry is investigated and demonstrate a
strong influence on the out-of-plane strength. The difference in meso structure is likely
dependent on the pressure distribution during infusion and curing of the very thick

laminate for characterisation, about 35 mm thick.

Figure 10. Micrographs showing the stitching yarns and resin rich areas nearby. a) Meso structure for the
material used for out-of-plane tensile testing. b) Material similar to the one used for the corrugated
specimens.

As shown in Figure 10, the stitching yarn and the surrounding matrix material,

referred to as fish eyes by Schneider [22], create islands approximately 2 mm long for
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the out-of-plane tensile specimen and approximately 1.5 mm long for the corrugated
specimens. The local stress concentration are therefore different in both specimens
which implicitly means that the strength of the material is also different in both

specimens.

As there is a competition between the interbundle failure and the intrabundle failure
for out-of-plane loading it is important to first have measurements of the out-of-plane
strength that is representative for the specimen i.e. similar size and manufacturing
process. Then the specimens need to be designed with lay-ups where it is possible to
distinguish which failure mode had actually initiated the failure. A curved specimen
similar to the one used by Charrier et al. [23] could be advantageous as the out-of-plane
stress will be more homogenous compared to the corrugated design used in this work.
Such a design and set up would also make it easier to use digital image correlation to

monitor the displacement and strain field.

6 Conclusions

NCF reinforced composites are not transversely isotropic and traditional failure
criteria for UD composites cannot be used to capture all existing failure modes. To
allow robust and efficient design with NCF reinforced composites a set of failure
criteria that considers the orthotropic behaviour is presented and used in the current
study. The failure criteria operate at the ply level and are implemented into a

commercial FE package.
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Results from numerical simulations of two different lay-ups show that the additional
failure mode, interbundle failure, is a critical mode under certain stress configurations.
This is a mode that traditional failure criteria, based on the assumption of transverse

isotropy, cannot predict.

The numerical simulations are validated against experimental data from tests
performed on corrugated specimens loaded with an opening moment. All the tested

specimens failed by the predicted failure mode in the numerical analyses.

As the out-of-plane strength property is hard to measure, it is important to establish a
method to measure this property that is relevant for the current design. It is proposed to
measure out-of-plane strength on L-shaped specimens as Charrier et al. [23] have done

for UD-specimens.

The implemented model accurately predicts failure mode and location for transverse
matrix related failure initiation. Failure loads are however underestimated and found
inherent to unrepresentative material data. That is the strength data were measured on
too large material volumes. Consequently, there is a need for further research to
establish representative material data before such method can be used for efficient
design of NCF reinforced composite structures subjected to complex three-dimensional

stress states.
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