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This study investigates the low velocity impact behaviour and the energy absorption capability of a hybrid 3D
woven composite made from S2-glass (GF), T700 carbon (CF) and Dyneema fibres. The laminate was asym-
metric, having a high concentration of CF on one side and GF on the other. Experimental results revealed a
pseudo-ductile behaviour of the material and a higher capability to absorb impact energy when glass plies are
located at the back face of the laminate. A detailed fractographic analysis by means of X-ray microCT and a FE

model was included to explain such differences.

1. Introduction

Unidirectional continuous fibre composites exhibit outstanding in-
plane mechanical properties, which makes them particularly suitable
for aerospace applications, where high specific strength and stiffness are
required. However, composite structures can also be subjected to impact
loading by foreign objects during in-service conditions that generate
forces in the out-of-plane direction, such as ice shedding, tyre burst,
uncontained engine failure in open-rotor designs or tool drop during
maintenance operations. Even modest levels of out-of-plane loads
generate interlaminar stresses at the interface between layers that may
exceed the interlaminar strength of the matrix and cause delamination.
The presence of delamination is particularly critical, because it reduces
significantly the residual strength in compression of the laminate and is
not always visually detectable, as oppose to metals, where impact events
typically leave noticeable dents, [1].

To improve delamination resistance of fibre reinforced polymers,
which is mainly due to the inherent brittleness of polymer matrices, two
main strategies have been reported [2]: improvement of the matrix
toughness and modification of fibre architecture. Matrix toughness can
be enhanced by adding either toughening particles or nanofibres, or by
interleaving polymer films between plies of the laminate [3-6]. Alter-
natively, fibre architecture can be modified by using 3D textile tech-
niques, such as stitching, z-pinning or 3D weaving.
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Stitching significantly suppresses delamination growth [7], particu-
larly in densely stitched composites [8], but it also reduces the in-plane
properties of composites due to the damage induced during
manufacturing.

Z-pinning technique consists of inserting composite rods orthogo-
nally with respect to the laminate midplane [9]. It delays crack propa-
gation and it is the only 3D reinforcing method that can be applied to
prepregs [10], but it significantly reduces the in-plane properties of the
laminates [11].

A cost-effective alternative is 3D weaving, particularly the 3D woven
orthogonal composites, which according to [12] are the preferred option
among 3D composites. The technique consists of manufacturing 3D
fabric preforms by interlacing simultaneously three orthogonal sets of
yarns: warp, weft (fill) and z-yarn (or z-binder) and then infusing the
resin by means of any RTM technique, [13]. The process can be readily
automatised in traditional weaving looms with little modification and it
enables designers to produce near-net-shape preforms with complex
shapes. The manufacturing process is quite flexible, which leads to a
large variety of mechanical properties depending on the weave param-
eters [14], z-yarn inclination [15] and fibre types.

Mechanical testing of 3D woven composites have consistently shown
that the through-thickness reinforcement reduces the size of delamina-
tion compared to 2D laminates, [16,17]. For instance, [18] tested 2D
and 3D woven glass/epoxy composites of the same areal density under
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Fig. 1. Energy dissipated during impact, normalized by the areal density pt, as
a function of the laminate thickness, t [21]. Data for 2D laminates with carbon
fibres and hybrid S2/C reinforcements were taken from [31].

low-velocity impacts of up to 25 J and concluded that delamination
onset occurs at the same load level, but delamination was greater in 2D
composites. Likewise, Saleh et al. [19] investigated the low-velocity
impact behaviour of four fibre architectures (non-crimp fabric, 2D
plain weave, 3D orthogonal and twill) and concluded that damage was
the least in 3D woven architectures. Ballistic tests conducted by [20]
revealed that delaminated area found in 3D woven targets was

W
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significantly smaller than in 2D targets, although no differences were
found in terms of ballistic limit. Seltzer et al. [21] compared the impact
performance of 2D laminates and 3D woven composites made of
different fibre types and concluded that the specific energy absorbed
(energy divided by the areal weight) by 3D woven composites was,
regardless of the fibre type, twice higher than that of 2D laminate
counterparts due to the presence of the through-thickness binders and
the multiple failure mechanisms involved (see Fig. 1).

The combination of different fibre types, namely hybridisation, can
also improve the mechanical properties of polymer matrix composites,
but the type of fibre and the amount of hybridisation must be carefully

Table 1
Characteristics of the preform provided by 3TEX, Inc.
Layer Orientation Fibre type Pfibre Afabric
(kg/m?) (kg/m?)
7 Fill Glass 2480 0.427
6 Warp Glass 2480 0.780
5 Fill Glass 2480 0.854
4 Warp Glass 2480 0.780
3 Fill Glass/carbon 2480 /1780 0.214 7 0.261
2 Warp Carbon 1780 0.315
1 Fill Carbon 1780 0.519
z-yarn Warp Polyethylene 970 0.075
Table 2

Volume fraction of fibres as a function of fibre type and orientation within the
hybrid composite.

Material warp fill total
(%) (%) (%)
Glass S2 15.4 14.7 30.1
Carbon AS4C 4.3 10.7 15.0
Polyethylene SK75 1.9 — 1.9
Total fibres 21.6 25.4 47

WaRe

Fig. 2. Schematic of the unit cell of the hybrid 3D woven fibre preform. Carbon fibre bundles are shown in grey (dark grey for the warp direction and light grey for
the fill), hybrid bundles in white and glass fibre bundles in red (dark red in the warp direction and light red in the fill direction). PE z-yarn binders in the warp
direction are plotted in navy blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Schematic drop-weight impact set-up (not-to-scale).

selected, [22-29]. As the outcome of hybridisation cannot be readily
predicted with analytical models, numerical models are commonly used,
[30].

This work analyses the transversal low velocity impact behaviour of
an epoxy matrix composite reinforced with a 3D orthogonal woven
fabric made from s2-glass (GF), T700 carbon (CF) and Dyneema fibres
(PE). As the 3D woven composite was asymmetric, coupons were
impacted alternatively on the carbon fibre (CF) and glass fibre (GF) rich
sides to further analyse the influence of hybridisation. The energy
absorbed and the failure mechanisms were assessed by using X-ray
microtomographic techniques (XCT) and a Finite Element (FE) model.

2. Materials
2.1. 3D Woven composite

A flat composite panel was manufactured by vacuum infusion of an
epoxy-vinylester resin (Derakane 8084) into a hybrid 3D orthogonal
woven composite. The material was provided by 3TEX, Inc. (Cary, North
Carolina, USA) with the commercial name p3w-d00001-hx21. The
preform was non-symmetric and consisted of three warp (0) and four fill

(90) fibre layers stacked as a cross-ply laminate [90.,0.,90. /52,052, 9052,
052,9052]. The schematic of the 3D fibre preform is shown in Fig. 2. The
fibres in each layer were distributed in yarns rectangular in shape. The
top four layers were made up of S2 glass fibres and the bottom 2 layers of
ASA4C carbon fibres. The hybrid layer (containing glass and carbon fi-
bres) oriented in the fill direction was located between the glass and the
carbon layers. Each tow of this layer contained both AS4C and S2 glass
fibres, which were not intermingled but separated in two different zones
of the tow (i.e. one half of the tow was formed by carbon fibres and the
other half by glass fibres). In addition, the composite panel was rein-
forced in the through-thickness direction by z-yarn binders made up of
ultra-high molecular weight polyethylene (PE) fibre (Dyneema SK75)
that went from top to bottom layers in the warp direction. Note that
consecutive z-yarns were in antiphase.

The nominal thickness of the composite was 4.1 mm, with an areal
density of 6.44 kg/m?, a porosity of 11.6% and a fibre volume fraction of
Vr = 47%. The latter was calculated using Eq. 1, where n is the number
of layers, t is the thickness of the composite, pgy, is the volumetric mass
density of each fibre type and AL, . is the areal density of each fabric
layer (Table 1). A summary of the volume fraction of each type of fibre in
each direction (warp or fill) is presented in Table 2. The PE fibres
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Fig. 4. Schematic of the low velocity load cases: impact of 94 J on carbon and glass faces (left) and impact of 162 J on carbon and glass faces (right).
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one when the displacement is close to 15-20 mm. At high impact energies, the impactor is able to perforate the plate and the velocity is always positive.

represent the 1.9% of the volume of the composite.

Vf _ Z% (Alfabrh:) 6h)

=1 Pibre
3. Experiments
3.1. Specimen preparation and test procedure
The composite panels were machined into 145 x 145 mm? square

plates and clamped by their corners on a hollow square section of 127 x
127 mm?, Fig. 3.

Four coupons were impacted with energies of 94 J and 162 J, which
correspond to potential threats caused by open rotor engines. The en-
ergies were sufficiently high to cause severe damage (94 J) and even
perforation (162 J). The nominal impact velocity was set to a constant
speed of 4 + 0.2 m/s to avoid potential strain rate effects. As the ratio
between the impact velocity and the through-thickness compressive
wave speed is much lower than the strain to failure in the thickness
direction, the impact can be classified as low-velocity impact, [32]. Each
panel was tested on either the carbon fibre or the glass fibre rich faces
(from now on, CF and GF, respectively) at the aforementioned impact
energies. The four load cases are summarized in Fig. 4.

The low velocity impact tests were carried out at room temperature
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Fig. 6. Force-time curves under low velocity impact (left) without perforation and (right) with perforation.
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Fig. 7. (a) and (b) Stored elastic energy and dissipated energy at 94 J. (c) dissipated energy at 162 J. Note that the GF configuration was almost perforated, so the

amount of elastic energy stored was minimum.
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Table 3
Absorbed energy during low velocity impact tests.

Stored elastic energy
(% of 94 J) (no perforation)

Dissipated energy
(% of 162 J) (perforation)

carbon face 30 79
glass face 3 65

and humidity using an Instron Dynatup 8250 drop-weight test rig
equipped with a pair of rebound catchers to prevent multiple impacts on
the tested specimens. The tup was hemispherical with a diameter of
12.7 mm and it was instrumented with an accelerometer. Force and time
were recorded in a data acquisition system, from which velocity and
displacement can be calculated by integrating the force history ac-
cording to Egs. (2) and (3).

_ "F(1)
v(t) =v; + gt — /0 Vidt @

w,(z):/Otv(z)dt:v,»t+g7t27/0t</or%?dt>dt 3)

where v; and w; are, respectively, the initial velocity and the displace-
ment of the impactor, g the acceleration of the gravity and M; the mass of
the impactor, [33].

Two representative specimens were inspected after failure by X-Ray
tomography (XCT), using a Nanotom 160 NF (Phoenix) to obtain
detailed information about the actual damage mechanisms through the
thickness. A total of 1500 radiographies were acquired during the 360°
rotation of the sample with an exposure time of 750 ms. The tomograms
resolution was in the range 9-11 pm/voxel, depending on the specimen
width.

4. Results
4.1. Impact event

The impact event can be described in terms of the principle of energy
conservation. As the impactor comes into contact with the target, a
fraction of the initial kinetic energy of the impactor is gradually con-
verted into elastic energy, [34], whereas the remaining energy is dissi-
pated in the form of plate vibrations, friction and fracture.

As shown in Fig. 5, the 94 J impact energy was not sufficiently high
to perforate the laminates, i.e., to fracture all layers so that light can pass
through [35]. The impactor rebounded with a velocity lower than the
initial one due to the energy spent during impact. Interestingly, it was
found that the rebound velocity was lower in GF laminates, which
suggests that they are more damaged than CF laminates. At 162 J, both
laminates were unable to stop the impactor and plate perforation
occurred. The residual velocity of the impactor was lower on CF lami-
nates, indicating a higher energy absorption capability than GF
laminates.

The force-time histories of the 94 J and the 162 J impacts are
depicted in Fig. 6. The response was similar at both energy levels up to
the peak load. As the impactor came in contact with the target, some
initial oscillations were followed by a gradual increase of the reacting
force exerted by the plate. Once fibres started failing, the response
became much more unstable and important differences took place be-
tween the impact energies considered. At 162 J, fibre breakage occurred
in all layers and the force dropped off abruptly as a result of the perfo-
ration of the plate, while some fibres did not fail at 94 J, and the
impactor was unable to fully penetrate the laminate. The presence of
pristine fibres ensured a smoother post-peak response at 94 J, so that the
load decreased progressively until the impactor and the plate were no
longer in contact. The contact duration was approximately equal to
12-15 ms at low energy levels and 6-7 ms at high energy levels. Further
analysis also revealed that hybridisation had a significant influence on

International Journal of Impact Engineering 165 (2022) 104229

the maximum load, which was higher when the impact was carried out
on the carbon face.

4.1.1. Energy absorption and damage mechanisms

The quality of a bumper can be determined by its ability to absorb the
kinetic energy of the impactor with the minimum damage or, if perfo-
rated, by the ability to absorb the maximum amount of energy. While
the former can be evaluated by the elastic energy stored, the latter is
measured by the energy dissipated, which corresponds to the area under
the load-displacement curve.

Fig. 7 shows that coupons impacted on the CF performed better than
those impacted on the GF, regardless of the impact energy. CF laminate
stored more elastic energy than GF at 94 J, whereas CF laminate dissi-
pated more energy than GF at 162 J. Quantitative results are found in
Table 3. Note that in case of perforation, the impactor has a certain
residual kinetic energy, which explains why the dissipated energy is not
100%.

The large energy absorption capability of 3D woven composites has
already been reported by several authors and is likely due to the pres-
ence of the z-yarns [36,37] and the multiple failure mechanisms
involved during impact [21,38], which facilitate the dissipation of
energy.

The large displacements reached by the impactor (indentation) also
revealed that the hybrid 3D composite was very ductile as compared
with conventional CFRP laminates. This fact has already been reported
in previous investigations under quasi-static tensile [39] and shear tests
[40].

XCT inspection of coupons impacted on the glass face at 94 J showed
that the deformation of the upper layers of the laminate (glass) was
constrained by the presence of the carbon layers at the bottom, which
have a lower failure strain. Once the carbon layers failed, the shear plug
generated beneath the impactor was pushed outwards, Fig. 8. This
mechanism explains the sudden drop observed in the load-displacement
curve of the GF 94 J case at a displacement of 17 mm, Fig. 7. In contrast,
upper layers are free to deform and the laminate bends smoothly when
the ductile layers are located at the bottom (CF configuration), Fig. 9. As
the plate bends, the bottom layers of the laminate are subjected to
membrane stresses, absorbing a higher amount of energy. This behav-
iour explains the higher energy absorption capability of the CF
configuration.

The impact event was accompanied by multiple failure mechanisms
common to both configurations: contact stresses under the impactor
caused matrix crushing and shear cracking; yarns were dragged by the
impactor, giving rise to tow splitting and also to some tow sliding/
debonding at the cross-over sites; z-yarns readily debonded due to the
poor adhesion of the polyethylene and, eventually, fibre kinking was
also observed in the upper layers as a result of the in-plane compressive
stresses developed while bending.

5. Computational model
5.1. Modelling strategy

Three-dimensional composites have a complex geometry, so they are
commonly simulated by using unit cells or representative volume ele-
ments (RVE) subjected to periodic boundary conditions, [41-43]. This
approach requires a time-consuming representation of the geometry and
cannot be used in cases where boundary conditions are not periodic,
such as transverse loading.

A strategy based on the combination of the embedded element
technique and a mesomechanical approach, which can be readily
applied to any geometry and boundary condition, has been successfully
utilized by the authors to simulate ballistic tests of 3D woven compos-
ites, [44]. The mechanical properties of each ply were homogenised and
the behaviour was modeled based on continuum damage mechanics.
Delamination observed during high-velocity impact tests was taken into
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Fig. 8. XCT cross-sections of the imprints left on the 3D hybrid GF configuration after impact at 94 J. The location of each tomogram is specified at the top. GF are in
white, while CF, Dyneema and resin are grey. Impact caused large deformations at the centre of the coupon, leading to extensive matrix cracking and fibre breakage

at the warp and fill yarns located at the bottom of the laminate. This in turn triggered the formation of a plug which drags warp yarns, causing tow splitting and tow
sliding. Crushing was also evident beneath the impactor.
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Fig. 9. XCT cross-sections of the imprints left on the 3D hybrid CF configuration after impact at 94 J. The location of each tomogram is specified at the top. GF are in
white, while CF, Dyneema and resin are grey. The deformation of the plate was lower and less concentrated than in the GF configuration. Fibre breakage was only
evident at the warp yarns located at the bottom of the laminate. There was some shear cracking at the indented face as a result of the brittleness of the carbon fibres.

account with cohesive elements, whilst the through-thickness effect of
the PE z-yarns was introduced in the model by means of truss elements
embedded into the host finite element mesh. Such modelling strategy
was initially applied to simulate the low-velocity impact behaviour of
the 3D woven composite studied here. However, simulations showed
that once cohesive elements are damaged delamination propagates
rapidly, reducing the bending stiffness of the composite. This is not in
agreement with experimental observations, where XCT damage

inspection revealed that delamination does not occur during
low-velocity impact tests, so this modelling approach was eventually
discarded. Further details can be found in Appendix A.

An alternative approach is presented below. As plies of the hybrid 3D
woven composite are held together during low-velocity impact loading,
cohesive elements are not needed. Likewise, z-yarns only contribute to
improve delamination resistance, so they can also be removed from the
FE model. As a result, this approach correlates better with experimental
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Fig. 10. Drop-weight finite element model.

Table 4
Fibre and matrix properties.

Elastic Moduli Shear Modulus Poisson’s ratio
E/l (GPa) Ep» (GPa) Gﬂ ,Gm(GPa) Vf1:Um

Glass fibre 86.9 86.9 17.0 0.25

Carbon fibre 231.0 8.0 27.3 0.30

Matrix 2.9 2.9 1.1 0.35

Table 5
Ply elastic properties (Chamis’ rule, [48]).

Elastic Moduli (GPa) Poisson’s ratio Shear Moduli (GPa)

Ey E E3 V12 vz =v3 G2 Gz =G
Glass layers 42.3 86 7.5 0.31 0.41 3.8 1.91
Carbon layers 110.1 52 7.5 0.32 0.42 4.2 1.95
Hybrid layer 85.1 6.4 7.5 0.32  0.42 4.1 1.93
Table 6
Ply strength (MPa) estimated from the Chamis’ model, [48]).
Xr Xc Yr Yc St Zc
Glass layers 2201 1980 68 109 40 400
Carbon layers 2237 1800 69 110 42 400
Hybrid layer 2206 1833 69 111 42 400

Table 7
Ply fracture toughness (N/mm) estimated from the elastic energy stored by each
failure mode.

Gy G- Gay Ga- Ge Gs_
Glass layers 343 596 1 9 2 142
Carbon layers 127 94 1 8 1 153
Hybrid layer 207 280 1 8 1 149

results and requires less computational resources.

5.2. Geometry and constitutive model

The size of the laminate was 145 x 145 mm?, whereas the test rig

was modeled as a hollow square plate of 127 x 127 mm?. The test rig
was modeled as a rigid surface and the projectile was defined as a rigid
body. The laminate was split into seven plies of the same thickness
(0.586 mm). The shape of the impactor was hemispherical of 12.7 mm of
diameter and 18.75 mm of height (Fig. 10).

Each ply was modeled with linear solid elements (with either 6 or 8
nodes and reduced integration). Plies were then connected each other by
using conforming meshes. The mesh was refined at the impact region to
capture stress gradients, leading to approximately 750 000 elements. A
non-structured meshing strategy was followed to reduce the damage
localisation problems commonly observed in materials with softening
[45]. This mesh also showed a lower hourglassing effect compared to a
structured mesh (see Appendix B). Regarding z-yarns, as they only
contribute to fracture toughness enhancement, they were not modelled
explicitly.

The mechanical properties of each ply were homogeneous. The plies
behaved as orthotropic solids in which the response is linear elastic up to
the onset of the intralaminar damage by matrix or fibre failure. A con-
tinuum damage model based on a simplified version of the LaRCO4
failure criteria [46,47] was implemented as a user subroutine VUMAT in
Abaqus Explicit. A maximum stress failure criterion was selected to
trigger and control the damage evolution variables. Six failure functions,
including an out-of-plane compressive failure criteria, are defined: ¢,

¢17; ¢2+’ ¢27’ ¢6 and ¢3—'

E,
Fiy=¢, —ry =€ —ry
Xr

longitudinaltension :

E,
Fio=¢,_ —r_=_-&—r_

longitudinalcompression : X
c

E,
transversetension :  Fy, = ¢, — 1y = 782 e
T

E,
Fro=¢, —nn_=e—-nr_

transversecompression : Y,
c

S
Fﬁ:¢6—rszlsil—ra

L

in — planeshear :

E.
Fio=¢; —nr_= %83 —

out — of — planecompression :
where X7 is the longitudinal tensile strength; X the longitudinal
compressive strength; Yy the transverse tensile strength; Y the in-plane
transverse compressive strength; Zc the out-of-plane compressive
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Fig. 11. Load-displacement curves corresponding to low velocity impacts without penetration (top) and with penetration (bottom). Comparison between compu-
tational and experimental results. To reduce computational cost, simulations were aborted once the tendency was well-defined.

strength and S; the in-plane shear strength. r; are the internal variables
controlling damage evolution.

The input parameters of the constitutive model are the elastic con-
stants (E], Ez, E3, V12, V13, V23, G]z, G13, ng), the strengths (XT, Xc, YT,
Yc¢, S1, Z¢) and the fracture energies corresponding to each failure mode
(G14, G1-, G2y, G2, Gg and G3_).

The elastic constants were determined by applying the micro-
mechanical equations of Chamis [48] (see Tables 4 and 5). It was
assumed that the stiffness in the through-thickness direction was similar
to that in the transverse direction, so it was arbitrarily set to E3 = 7.5
GPa. Chamis’ equations were also applied to calculate the ply strengths
(Table 6) from the fibre and matrix strengths provided by the manu-
facturers, except the through-thickness strength, which was also defined
arbitrarily as Zc = 400 MPa.

The fracture toughness Gy, which is the product of the energy
dissipated per unit volume gy and the characteristic length I* of the finite
element, was first estimated as four times the elastic energy stored in
each failure mode and then slightly tweaked to fit the load-displacement

10

curve of the 94 J CF case. These values, which are presented in Table 7,
were further used for the rest of the load cases. Note that fracture en-
ergies were sufficiently high to avoid snap-back’ of the elements, [50].

Damage variables dy were computed as a function of damage
thresholds ry:

1
dy =1——exp[Ay(1 —ry)] 5)
™m

where M stands for the corresponding damage mechanisms (1+,1—,
24+,2—-,6,3-).

The coefficients Ay are softening parameters that can be used to
ensure mesh objectivity of the model, i.e., the models should dissipate

the same amount of energy during failure independently of the size of
the finite element discretisation.

5.3. Eroding criteria
Penetration modelling of continuum solids using finite element
1 Snap-back occurs in brittle failures when the control of the load is lost,

leading to an unstable solution that will dissipate more energy than it should,
[45,49].
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Fig. 12. Simulation of drop-weight impact of 94 J on carbon face. Footprint left at top layers of the laminate at time ¢t = 2.9 ms. Contour plots indicate (top) out-of-

plane compressive o33 and (bottom) longitudinal (611) stresses.

analysis requires an element erosion criteria to remove damaged ele-
ments with excessive deformation. The removal of an element generates
traction-free surfaces and allows the penetrator to progress through the
material, [51]. The influence of the erosion criteria on the mechanical
response of the laminate was remarkable. In this case, elements were
deleted after full degradation in tension in the fibre direction or in
compression in the out-of-plane direction (crushing). Fibre breakage and
crushing are controlled by the damage variables d;; and ds_, respec-
tively. Actually, to avoid the distortion of elements and to reduce the
computational cost of the simulations without affecting the results,
failure cut-offs were defined at d; = 0.7 and d3 = 0.9, before complete
degradation occurs. Previous analyses showed that when the eroding
criteria was defined in terms of the damage variables d; (fibre breakage)
and either d, (transverse matrix cracking) or dg (in-plane shear
cracking), the response became excessively compliant. This can be
explained by the ability of the composites to withstand further loading
after matrix cracking. Likewise, when d; was the only damage variable
included in the erosion criteria, the response became too stiff and the
impactor was unable to penetrate the laminate, which ended up failing
only by bending.

5.4. Boundary conditions

The laminate was simply supported on the test rig, which was fully
constrained so it was unable to translate or rotate. A normal contact was
defined between laminate and rig to avoid penetration. The impactor
was modeled as a rigid body and enforced to move along vertical di-
rection with a mass point of 11.72 kg (94 J) and 22.4 kg (162 J) attached
to it. Initial velocity of the impactor varied from 3.8 to 4.0 m/s. Since

11

some elements may be removed during perforation, contact surfaces
were defined in each ply.

5.5. Forward-Euler integration

Impacts were simulated by using the finite element code Abaqus
Explicit. The Dynamic Explicit solver integrates the equations of motion
by using an explicit central difference integration rule which satisfies the
dynamic equilibrium at the beginning of an increment and calculates the
kinematic state at the increment i+ 1, [52]. As expected, the onset of
damage clearly penalizes the critical stable time At, increasing the
computational cost. Thus, simulations were aborted once the tendency
of the unloading curve was identified. Although mass scaling could have
been used to increase At, this approach was disregarded as it affects the
energy balance and distorts the results. The distortion control option,
which prevents solid elements from inverting, was also disregarded due
to the non-negligible artificial energy introduced in the model.

6. Computational results and comparison with experiments

A good agreement was found between experiments and simulations.
As shown in the load-displacement curves depicted in Fig. 11, the FE
model was able to capture the differences between the CF and the GF
configurations, as well as the energy required to perforate the laminate.
Correlation was better in specimens impacted on the carbon face. The
stiffness of the GF configuration was overestimated, probably due to the
modelling strategy, which does not account for tow sliding. In contrast,
peak loads, which are mainly controlled by the fibre strength, were well
estimated in both configurations.
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Fig. 13. Simulation of dropweight impact of 94 J on carbon (top) and glass (bottom) faces at time t; = 2.9 ms. Contour plots indicate the damage level for ma-

trix cracking.

It is worth noting that most of the low-velocity impact modelling
approaches found in the literature have been validated based on the
force-time curves of low impact energies in which the mechanical
behaviour of the composite is mainly dominated by the elastic properties

of the components [53-55]. In this study, we compared the

load-displacement curves and damage patterns for impact energies

causing even perforation, which makes it particularly challenging.
Once the FE model was validated, it was used to explain the damage

12
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Fig. 14. Simulation of drop-weight impact of 94 J on carbon (top) and glass (bottom) faces at time t, = 6.3 ms. Contour plots indicate the damage level corre-

sponding to matrix cracking.

evolution. As the impactor comes into contact with the top layer of the
laminate, contact pressure exceeds the out-of-plane compressive
strength of the material and elements are automatically deleted by
crushing (ds_). This enables the impactor to bite progressively the top
layers. As shown in Fig. 12, at time t; = 2.9 ms 4 layers had been

13

removed. Simultaneously, global plate bending gives rise to significant
tensile stresses at the back layers, which further promotes impactor
penetration. The process was accompanied with significant transverse
and in-plane shear matrix cracking (Fig. 13).

At time t, = 6.3 ms there was significant matrix damage in all layers



R. Munoz et al.

impact on carbon face (94)J)

(Avg: 75%)
+9.000e-01
+7.200e-01
+5.400e-01
+3.600e-01
+1.800e-01
+0.000e+00

tail cross-section

International Journal of Impact Engineering 165 (2022) 104229

impact on glass face (94)J)

cross-section

Fig. 15. Simulation of drop-weight impact of 94 J on (left) carbon and (right) glass faces. Contour plots indicate the damage level corresponding to in-plane shear
cracking at t; = 2.9 ms. Details of the impacted region are shown at the bottom.

(Figs. 14 and 15), but that was not sufficient to cause fibre breakage at

the back layer. This explains why the impactor eventually rebounded.
The FE model perfectly captures that GF was almost perforated at t; =
6.3 ms, which is in agreement with experimental results.

At higher impact energies (162 J), the impact sequence was similar,
except that fibre breakage of the back layer eventually occurred,
allowing the perforation of the laminate (Fig. 16). This is also in
agreement with experimental results.

14

Comparison between CF and GF configurations revealed that
bending and both matrix and fibre damage were greater on GF,
regardless of the impact energy. The higher failure strain of the glass
fibres located at the bottom ensures higher energy absorption during
bending, and explains the differences between the GF and CF
configurations.
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7. Conclusions down factors in the in-plane mechanical properties, the higher fracture
toughness of 3D woven composites and the need of an out-of-plane

The mechanical behaviour of a hybrid 3D woven composite was compressive failure criterion. An appropriate eroding criteria must

studied under low-velocity impact. The material exhibits a remarkable also be defined to enable progressive erosion of the material.

impact performance for aerospace applications mainly due to the pres- The FE model presented here is capable of predicting reasonably well

ence of the through-thickness reinforcement, which gives rise to multi- the energy absorbed, the peak force and the load-displacement curves,

ple failure mechanisms, enhancing energy dissipation and improving the which are more challenging than force-time curves, especially at high

impact performance of the material. impact energy levels. However, the modelling strategy presented here is
Significant differences were found in terms of energy absorption and only valid for simulating the impact behaviour of 3D woven composites

damage depending on the impact face. The configuration CF (carbon in which delamination has been fully suppressed.

fibres at the top and glass fibres at the bottom) provides the best per- The simulations helped to understand the failure mechanisms

formance at both impact energy levels. According to XCT observations involved and also to predict how hybridisation can improve impact

and the FE analysis, this is due to the fact that final failure of coupons is energy absorption.

mainly controlled by fibre breakage, which in turn depends on the

normal stresses caused by plate bending. As failure strain of s2-glass CRediT authorship contribution statement

fibres is much higher than that of carbon fibres, the laminate can

withstand higher deformation when glass fibres are located at the bot- Rail Munoz: Writing — original draft, Methodology, Software,

tom. The CF configuration undergoes a much smoother deformation Visualization, Investigation, Formal analysis. Rocio Seltzer: Writing —

process than the GF configuration (glass fibres at the top and carbon original draft, Investigation. Federico Sket: Investigation, Methodol-

fibres at the bottom), where damage is more localised around the ogy. Carlos Gonzalez: Supervision, Conceptualization, Project admin-

impactor. istration, Writing — review & editing, Funding acquisition. Javier
Finite Element Analysis has been used to reproduce the experimental Llorca: Supervision, Writing — review & editing, Funding acquisition.

results. The constitutive model of each ply is based on a relatively simple

maximum stress failure criteria. Despite of the complexity of the 3D Declaration of Competing Interest

preform and the multiple failure mechanisms involved during the

damage process, simulations suggest that the mechanical behaviour of The authors have no conflicts of interest to disclose.

the composite is still controlled by the stiffness, the strength and the

fracture toughness of the plies. This suggest that 3D woven composites Acknowledgments

can be modelled using similar strategies than those of unidirectional

laminates, such as homogenisation of ply properties and the use of The authors kindly acknowledge the support of the Spanish Ministry

continuum damage mechanics. Modelling should account for the knock- of Economy and Competitiveness through the project MAT2012-37552.

Appendix A. Modelling with cohesive and truss elements

This appendix presents an alternative modelling strategy of 3D composites that includes cohesive elements (delamination) and truss elements (z-
yarns).

Each ply is modelled with solid elements, as explained in section Computational Model. The main two differences with the modelling strategy
presented in the main text is that delamination is taken into account with three-dimensional cohesive elements (COH3D8) and the through-thickness
effect of the PE z-yarns is introduced in the FE model by means of linear truss elements (T3D2). The meshes corresponding to the embedded (truss) and
host elements (solid & cohesive) are superimposed (Fig. 17), and a kinematic relationship is established between them. When a node of an embedded
element lies within a host element, the translational degrees of freedom of the embedded node are constrained to the interpolated values of the
corresponding degrees of freedom of the host element. The main advantage of the embedded element technique, which is available in Abaqus Explicit,
is that nodes from the host and the embedded elements are not necessarily coincident (Fig. 18). Further details can be found in [44].

The constitute model of cohesive elements is defined by a traction-separation law in which damage initiation is controlled by a quadratic strength-
based criterion. The z-yarns were assumed to behave as linear elastic materials. Failure in tension was triggered at critical fracture stress and was
followed by a progressive reduction in the load carried by the z-yarn, which depends on the fracture energy associated with the fracture of the PE z-
yarns.

The mechanical properties of the z-yarns were calculated from the fibre diameter, the areal density and yarn spacing, which were provided by the
manufacturer. The linear density of the z-yarn is the ratio of the areal density (74.6 -10~% g/mm?) and yarn spacing (0.3937 yarns/mm). This is divided
by the linear density of the fibres (3.36-10~7 g/mm), resulting in a total of 564 fibres. As the diameter of the PE fibres is known (21 pm), the resulting
dry cross section is frwmm2 x 564 = 0.195mm?.

Material properties of cohesive elements and z-yarns are collected in Tables 8 and 9.

Fig. 19 compares the load-displacement curve of the modelling strategy presented in this appendix with that of the main text. Results indicate that
the presence of cohesive elements causes an unrealistic reduction of stiffness at approximately 3.5 kN due to the onset of delamination. As shown in
Fig. 20, truss elements slightly improved the mechanical behaviour, but it is still far from the experimental results. It is worth noting that delamination
was not observed in the XCT analysis of the 3D woven composite studied in this paper.

It can be concluded that the modelling strategy presented in this appendix, that includes cohesive and truss elements, is not appropriate for
simulating the impact behaviour of the hybrid 3D woven composite studied here. However, it might be useful for simulating 3D composites in which
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Embedded element nodes are detected translational d.o.f of
(z-yarn) within the tolerance distance the embedded element
: are constrained

¥

a) / b) c)

/

Host element
(solid or cohesive)

Fig. 17. Schematic representation of the embedded element technique.

solid mesh (cohsives + C3D8R)

truss elements

embedded mesh

(c)

Fig. 18. Suggested modelling approach for 3D composites susceptible to delamination. (a) Solid mesh (hexaedral and cohesive elements) is combined with (b) truss
elements by using the embedded element technique. The resulting mesh is illustrated in (c).
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Table 8

Cohesive material properties.
Parameter Value
Normal interface Strength, N (MPa) 53
Shear interface Strength, S (MPa) 104
Mode I fracture toughness, Gj. (kJ/m?) 0.3
Mode II fracture toughness, Gy (kJ/m?) 0.8
Benzeggah-Kenane parameter, 7 1.75

Table 9

Z-yarn properties.
Parameter Value
Density (kg/m®) 970
Cross sectional area (mm?) 0.195
Elastic Modulus (GPa) 113
Poisson’s ratio 0.275
Fracture stress (GPa) 0.55
Fracture energy (kJ/m?) 11
Failure strain (%) 4

Load (kN)

14

12

10

Impact on carbon face (162 J). FE modeling

no cor.\esives, no z-yarns I‘”/‘\-\.
| cohesives, z-yarns | L\ |
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My .
Nl (| L ]

0 \u".’
) ‘ ‘
15

Displacement (mm)

20

Fig. 19. Impact on carbon face at 162 J. Comparison of three modelling strategies with the experimental results: (red) cohesive elements and no z-yarns; (black)
cohesive elements & z-yarns; (blue) no cohesive elements and no z-yarns. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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delamination actually occurs, although further research is required.
Appendix B. Hourglassing

Linear reduced-integration elements, such as the one selected in this analysis (C3D8R), may suffer from a numerical problem called hourglassing
that causes non-physical deformation. This phenomenon was observed when using a structured mesh (Fig. 22).

This can be avoided by using full integration and/or quadratic interpolation, but at the expense of a much higher computational cost and potential
shear locking effects. Alternatively, finer meshes can limit the propagation of hourglassing modes, so we significantly reduced the element size at the
impact region. To ensure a smooth transition between small and large elements, the structured mesh was replaced by a non-structured one, resulting in
no hourglass propagation and a significant reduction of the artificial energy. As shown in Fig. 23, the structured mesh requires approximately four

times more artificial energy than the unstructured mesh. The artificial energy (ALLAE) of the unstructured mesh is approximately 7.5% of the total
internal energy (ALLIE).
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Fig. 22. (a) The structured mesh exhibits hourglassing mode propagation; (b) Unstructured mesh enabled us to reduce the element size at the impact region and thus

avoid hourglassing.
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Fig. 23. Evolution of the artificial energy (ALLAE) of the structured and unstructured meshes during impact loading.
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