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Abstract

Three dimensional (3D) fibre-reinforced composites have shown weight efficient strength and stiff-
ness characteristics as well as promising energy absorption capabilities. In the considered class of
3D-reinforcement, vertical and horizontal weft yarns interlace warp yarns. The through-thickness re-
inforcements suppress delamination and allow for stable and progressive damage growth in a quasi-
ductile manner. With the ultimate goal of developing a homogenised computational model to predict
how the material will deform and eventually fail under loading, this work proposes candidates for fail-
ure initiation criteria. The criteria are evaluated numerically for tensile, compressive and shear tests.
The extension of the LaRCO5 stress based failure criteria to this class of 3D-woven composites is one
possibility. This however, presents a number of challenges which are discussed. These challenges are
related to the relative high stiffness in all directions, which produce excessively high shear components
when projected onto potential off-axis failure planes. To circumvent these challenges, strain based cri-
teria inspired by LaRCO0S5 are formulated. Results show that strain based failure predictions for the sim-
ulated load cases are qualitatively more reasonable.

1. Introduction

With the European Union’s introduction of strict emissions limits, the race to manufacture increasingly
energy efficient vehicles is well underway. The traditional use of laminated fibre composites, in partic-
ular carbon fibre reinforced polymers (CRFP), provide high stiffness and strength relative to weight.
Laminated composites also provide high specific energy absorption capabilities when certain conditions
are met. Specifically that a pertinent deformation mode is triggered and delaminations are suppressed.
However, in the event that delamination cracks form and propagate, much of the material’s energy ab-
sorption capability is lost as this damage mode consumes less energy than e.g. a fibre kinking process.
This behaviour presents challenges when it comes to using traditional laminated fibre composites in
certain vehicle components, such as those that must absorb energy and undergo excessive bending.

A recently introduced class of composites with three dimensional (3D) woven reinforcement, show a
number of positive characteristics. As the name suggests, yarns are interlaced in three principal direc-
tions wherein vertical and horizontal weft yarns interlace warp yarns. The weaving technique allows
for direct manufacturing of complex geometries with minimal material waste. The fibre network also
prevents delamination and inhibits crack growth. This means that 3D fibre-reinforced composite struc-
tures are able to maintain their load carrying capacity under extreme bending, unlike their laminated
counterparts. As well as having weight efficient strength and stiffness characteristics, 3D-CFRP beams

Carolyn Oddy, Tomas Ekermann, Magnus Ekh, Martin Fagerstrom and Stefan Hallstrom



ECCM18-8" European Conference on Composite Materials
Athens, Greece, 24-28" June 2018

8}

have shown promising energy absorption capabilities by Kazemahvazi et al.[1] and Khokar et al. [2].
Specifically, Khokar et al. have shown that, in bending, a 3D-CFRP I-beam has two to three times the
specific energy absorption capability of a steel beam with equivalent geometry, see Fig. 1. The specific
load - displacement curves of the two I-beams under four point bending are given. The 3D-CFRP beam
exhibits a quasi-ductile failure with a considerable load carrying capacity remaining after initial failure.
The through-thickness reinforcements suppress delamination and allow damage to grow in a stable and
progressive manner.

As the concept design for future vehicles is largely

25 " —3DCFRP simulation driven, the long-term objective is to de-
0] — Steel velop a computationally efficient homogenised mate-
& rial model for 3D fibre-reinforced composites. Such
Zis a model must be capable of describing how the 3D

2 fibre-reinforced composites deform and eventually
E1o} fail under loading. In particular, it must predict the
% damage process that leads to energy absorption. As
=5 a starting point, it is essential that activation of the

0 non-linear damage process is predicted with sufficient
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accuracy. To find suitable damage activation crite-

ria, failure (or design) criteria initially developed for
uni-directional (UD) fibre composites are adopted in
this paper. Specifically LaRCO05 [3] is extended to
sions under four point bending. From Khokar et al.  the considered class of 3D fibre-reinforced material.
[2]. This stress based approach however presents a number
of challenges due to the high relative stiftness of the 3D-reinforcement in all directions. As an alter-
native, a strain based approach inspired by LaRCOS is also presented, which proves more successful.
Note that, long term, these criteria should serve as damage initiation criteria thus indicating the onset of
non-linear, irreversible and stiffness degrading mechanisms in the material. Currently however, we will
evaluate their qualitative performance as design criteria with load cases made to determine the strength
of a CFRP with 3D-woven reinforcement, the future goal being to compare the results to experiments.

Figure 1: Specific load - displacement curves of a
3D-CFRP and Steel I-Beam with the same dimen-

2. 3D Fibre-Reinforcement Architecture

A sketch of a typical construct of this class of
3D-woven reinforcement is presented in Fig.

2. It consists of three sets of yarns: warp yarns
(blue) extending in the weaving direction as well
as horizontal weft (red) and vertical weft (green)
yarns extending transversely to the weave in the
width and thickness directions respectively.

During the weaving process, warp yarns are al-
ternately interlaced with horizontal and vertical
weft yarns in a grid-like set. The weaving pro-
cess, developed by Khokar, is described in [4].
The material that has been used for verification in
this paper was presented and tested by Ekermann

et al. [5]. It consists of 3D-woven carbon fibre
reinforcements that have been impregnated with
RTMS6 epoxy. The 3D-reinforcement is woven

Figure 2: Sketches of the 3D-woven reinforcement,
created in TexGen [6]. Blue yarns are warp, green and
red yarns are horizontal and vertical weft.

Carolyn Oddy, Tomas Ekermann, Magnus Ekh, Martin Fagerstrom and Stefan Hallstrom



ECCM18-8" European Conference on Composite Materials
Athens, Greece, 24-28"™ June 2018 3

with a vertical weft yarn on every third column in the warp matrix cf. Fig. 2.

Mechanical properties of the material are presented in Table 1. They have been estimated using values
taken from Ekermann et al. [5] and on weave parameters. Note that the material directions, namely
warp, horizontal weft and vertical weft are denoted by x, i and z respectively. Future experiments will
be performed to identify more accurate parameter values. Current estimations are used to qualitatively
evaluate the predictions of the failure criteria.

Table 1: Material parameter values. X7, X¢, Sy, Sz and Sy, are taken from [5]. Other properties have been
been estimated from weave parameters (fibre content, crimp, etc.) and properties of the fibres and matrix.

Stiffness E, 88 [GPa] E, 30[GPa] E, 17 [GPa]
Shear stiffness Ggy 32[GPa] G,. 3.4[GPa] Gy, 2.3[GPa]
Poisson’s ratio Vey  0.16 Ver, 0.25 vy, 0.33
Tensile strength Xr 929 [MPa] Ypr 220[MPa] Zr 180 [MPa]
Compressive strength | X¢o 360 [MPa] Yo  255[MPa] Zo 235 [MPa]
Shear strength Sgy 60[MPa] S, 90[MPa] S,., 48[MPa]

3. Extending LaRCO05 to 3D Fibre-Reinforced Composites

The LaRCOS5 failure criteria has been widely adopted to predict failure initiation and propagation in
fibre-reinforced composites consisting of UD plies subjected to a 3D-stress state. It uses three failure
indices to predict tensile fibre failure, matrix dominated failure, and compressive fibre failure due to

fibre kinking or splitting. The pertinent failure mode is assumed to initiate when the index reaches a

value of one. The extension and perhaps minor modification of the LaRCOS criteria to 3D fibre-reinforced
composites could prove positive. A natural first step in this extension would be the assumption of three
independent, superimposed fibre directions, which can each be simultaneously checked for fibre tensile
failure, matrix failure and fibre kinking/ splitting. In fact, a similar approach has been used by Juhasz et
al. [7] when predicting failure of a composite consisting of in-plane UD layers with vertical reinforce-
ment.

Tensile fibre failure, is predicted using the maximum stress criterion by LaRCO05. Extending this to
three mutually perpendicular fibre directions gives the following failure indices:

o o o
Fipp =2 prp =2 e = ) o) m
where X7, Yr and Z7 denote the tensile strength in the x, y and z—directions. Recall, that they signify
the warp, horizontal weft and vertical weft respectively.

To predict matrix dominated failure under multi-axial loading, a modified version of the Mohr-Coulomb
failure criterion is adopted. It is assumed that matrix failure is governed by stress interaction in the frac-
ture plane, illustrated in Fig. 3 for a UD laminate. The stress components 77, 77, and o (see Fig. 3)
are obtained through a stress transformation based on the angle 0° < o < 180°, that maximises F'I,

gi\/en by

Failure is therefore assumed to occur when the shear and normal stresses overcome their respective
strengths, denoted by St, Sy, and Y. The friction coefficients 77 and 7z, are introduced in order to
account for increased shear strength under the presence of compressive normal loading as well as de-
creased strength under tensile normal loading. Extending LaRCO05 to consider three independent matrix
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Matrix Failure Fracture Plane

z z failure indices would require checking for stress inter-
W actions, using Eq. (2), in three fracture planes rotated
around each fibre axis.
'4..‘ ...‘. Y
X X/

Using LaRCO05 in this manner however, is not so
straightforward. The relative high stiffness in all fi-
Figure 3: Ilustration of LaRCO5 UD matrix fail-  pre directions creates artifacts when the criterion is
ure criterta. used in this way. It is perhaps best illustrated by con-
sidering the material under uniaxial tensile loading in the warp () direction. The three failure indices,
given by FI3,, FIY,, FI%, and their related failure planes are illustrated in Fig. 4.

FFy FDy FEy
_a'\*T y‘K‘ o
V X —X
N Q X
X

Figure 4: Considered matrix failure planes of 3D-reinforced composite.

Fig. 5 shows the stress components in the fracture plane around y for varying «. Likewise, Fig. 5 also
shows the failure index value computed according to Eq. (2). For simplicity it is assumed that S =
St = Sz, and nr = nr, = 0.3. The stresses are taken when tensile fibre failure is predicted in the warp
direction, i.e. when 0, = X7. Note that due to the high stiffness in the warp direction, large stress

components are found in the fracture plane for certain angles.

This leads directly to a number of challenges. Firstly, the normal stress for small (and large) angles, is
substantially larger than the most favourable shear strength of the material, even when scaled by n7. As
on decreases, a specific angle will eventually give ST — nron = 0, driving the failure index to infinity.
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Figure 5: Stresses in the fracture plane (left) and failure index (right) around y computed according to Eq. (2).
This behaviour is resolved by returning to a failure indicator that resembles that presented in LaRC04

[8]. That is, it is assumed that only compressive normal stresses affect the shear strength. Note also,
that due to the material characteristics, the normal strength in the fracture plane should vary depending
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on «. The following modification may then be proposed:

2 2 2 2
T TL ONzx ONz
FIj :() +<> +H(on ( > +( ) ., 3

M St +nr{—on) St +nr{—on) (o) Xr Zr
where 7 (e) denotes the Heaviside step function and o, and oy, signify the projection of the normal
stress onto the warp and vertical weft directions. Fig. 6 shows the resulting matrix failure index around
y for varying o when F'I¢.. = 1. Even though the problem with infinite values of the failure crite-
rion is now resolved, extending LaRCO05 in this manner leads to unrealistic predictions of early matrix

failure. This is explained by shear stresses in the fracture plane which are substantially larger than the
shear strengths.

FI, The final failure index used by LaRCO5 allows for the
prediction of fibre compression failure, either by fibre
kinking or splitting. It is assumed that compressive
fibre failure is a result of shear-dominated matrix fail-
ure in a misalignment frame. Extending this failure
index in a similar manner to the 3D fibre-reinforced
composite, presents similar challenges due to the high
stiffness in all directions.

30

N
o
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o
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4. Strain-Based Criteria

) o 4.1. Formulation

Figure 6: Illustration of LaRC05 UD matrix fail-

ure criteria. In order to circumvent the artifacts discussed in Sec-
tion 3, strain based failure indices in the spirit of

LaRCO05 are instead proposed. Specifically, a maximum strain criteria in tension and compression in

the three fibre directions, as well as a LaRCO05 based matrix failure criterion are introduced. That is, for

tensile and compressive failure in the fibre directions:

(€) {ey) (e2)

Fltr, = Fl, =2 Flip, = 4

FTe XT,e ) FT,e YT,e ) FTe ZT,e ) ( )
) (—&) )

FI%‘C,E = XCxe ) F %C,e = che ) FI;’C,E = ZCZ6 ’ (5)

where the allowable tensile and compressive strains in the three fibre directions are denoted by X7,
Yre, Z1e, XOeo Yo, and Zc . respectively. Additionally, the three considered matrix failure indices
are computed as

2 2 2 2
T T YL ENy ENz
Fly .= + +H + ,
i <5Tn/ + 77T,W<_5N>> <5Ln + nLﬁ(_EN)) o) ((YT,) <ZT,6> )

6)
T ? VL 2 ene ) en: )
FIY, = +< >+”H ( m)+< ) ,
My <5T,7 + 77Txy<—€N>> St~ + L (—en) (ew) X7, 27,
@)
i < vr >2+< 7L >2+%< ) <eNx>2+<eNy>2
g € .
M.e ST~ + 175 (—€N) St~y +10,(—€n) N X Yr.
()
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Here, St and Sy, , signify the allowable engineering shear strain. Again the strain components yr, 77,
and ey are obtained for each failure index by strain transformations based on 0° < « < 180°, illus-
trated in Fig. 4, that maximises each respective failure index. Note that the stresses have been replaced
by their corresponding strains.

4.2. Results and Discussion

As previously discussed, the long term application of these criteria is to indicate the onset of irreversible
and non-linear stiffness degradation mechanisms in the material. Currently, their performance is eval-
uated qualitatively against tests used to determine the strength of the 3D-CFRP. Specifically uniaxial
tension and compression in the warp direction as well as in-plane shear. In this respect, the failure in-
dices are evaluated as design criteria for the time being. It is assumed that strain limits can be modified
in the future however, to predict failure initiation rather than final failure.

The allowable strain values are estimated as the ratios between the strength and stiffness in each direc-
tion. Note that in general the allowable shear strains are dependent on the fracture angle. However, for
simplicity, the following material parameters are adopted:

XT,s = YT,e = ZT,e = 0.01,
Xce=0.004, Yo, =0012, Zo.=0.014
Sy = Sp.c = 0.02.

Tensile loading along the warp direction of a flat edged sample, predicts fibre tensile failure to be most
critical, see Fig. 7. Unlike its stress based counterpart, matrix failure is no longer predicted excessively
early. Matrix failure is primarily driven by the normal strains in the fracture plane at small and large
angles. In this respect, the final terms in Egs. (6), (7) and (8) behave in a manner resembling the maxi-
mum strain criteria. Likewise, Fig. 8 shows the evolution of the failure criteria under compressive load-
ing in the warp direction. Compressive failure, indicated by the maximum strain criterion in the warp
direction, dominates.

Failure Indices Under Uniaxial Tension F IJZ([
. 1.
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FT yt_>
X L
) 0.8 —Fig 0.8
g Fig g
2067 _— Eo06]
e __EIZ &
Zo4f "M Z 04!
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0 ‘ : : : : 0
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Magnitude of Axial Strain |e,| o)

Figure 7: Evolution of failure criteria under uniaxial tension (left) and F'I}, with contributions from each term
(right).

The behaviour of the material under in-plane shear is investigated using the specimen illustrated in Fig.
9. The evolution of the damage criteria for the indicated red point in the shear dominated region is also
shown. Matrix failure around z is predicted as the critical failure mechanism. The variation of F'I73,

as well as the fracture angle along the shear dominated region are plotted in Fig. 10. A contour plot of
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FI7%, over the shear specimen is also shown with a sketch of the fracture angles around z. Note that the
aforementioned sampling point is indicated. Failure is predicted first in the rightmost stress concentra-
tion before initiating in the leftmost stress concentration and propagating inwards.

L o o
Failure Indices Under Uniaxial Compression Fracture initiates at angles between 138° to 145°.

As illustrated, this strain based failure criterion
—Flr —»I%I«— predicts the formation and likely the eventual
085 —Fi; § coalescence of inclined cracks along the shear
é Fite dominated region. This can be seen as a phe-
E 0.6 —FV, nomenon synonymous to the formation of cusps
:;5’ oal FIZ, in e.g. mode II shear loading [9].
<
- The strains in the fracture plane and the contri-
0.2 butions from each term in F'I% for varying frac-
ture angles are plotted in Fig. 11. They are again
Oo 1 2 3 4 shown for the indicated point. Failure is driven
Magnitude of Axial Strain |e;| 103 by the normal strains, €. This is again similar to

the mechanisms that form cusps, i.e. pure shear

Figure 8: Evolution of failure criteria under uniaxial loading giving rise to principal tensile stresses

compression. . . 1.
P at an angle of 45° which lead to inclined crack
development.
. Failure Indices Under Shear Loading
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Figure 9: Illustration of shear specimen (left) and evolution of failure criteria at the indicated point (right).
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Figure 10: Variation of I3, along the shear dominated region (left), contour plot of F'I5, with indicated frac-
ture angle (middle) and the variation of fracture angle along shear region (right). The sampling point used to
generate Fig. 9 is indicated with a red dot.
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Strains in the Fracture Plane
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Figure 11: Strain components in the fracture plane (left) and '3, with contributions from each term (right) for
varying a.

5. Conclusions and Outlook

Results from strain based criteria applied to this class of 3D-reinforced composites seem qualitatively
more reasonable for failure predictions when compared to stress based criteria of a similar form. Un-
like their UD counterparts, shear failure of this 3D-woven composite is not strictly governed by matrix
failure. It also requires the breaking of fibre bundles. For this reason it is possible that homogenised
deformations better represent the load carrying interaction and failure of the matrix and fibre bundles.
Predictions will be validated with future experiments as well as mesoscale modelling of the 3D-weave
architecture.
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