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Abstract

This paper presents an experimental and numerical investigation into the dynamic responsethafgéinal
woven carbon composites undergoing soft impact. Composite beams of two different fibre arehjtectur
varying only by the density of through-thickness reinforcement, were centrally impaateetddiic foam
projectiles. Using high speed photography, the centre-point back-face deflection was measurectias a f

of projectile impulseQualitative comparisons are made with a similar uni-directional laminate material. No
visible delamination occurrdd orthogonal 3D woven samples, and beam failure was caused by tensile fibre
fracture at the gripped ends. This contrasts with uni-direction carbon fibre laminates, xtiitiitae

combination of wide-spread delamination and tensile fracture. Post-impact clamped-clamped beam bending
tests were undertaken across the range of impact velocities tested in order to investigaderal damage
within the material. Increasing impact velocity caused a reduction of beam stitmsgshenomenon was

more pronounced in composites withigher density of through-thickness reinforceménthree-

dimensional finite element modelling stratégyresented and validated, showing excellent agreement with
the experiment in terms of back-face deflection and damage mechanisms. The numerical corliyse
negligible influence from though-thickness reinforcement in regards to back-facdideflbat significant
reductions in delamination damage propagation. Finite element modelling was used to demonstrate the
significant structural enhancements provided by the through-the-thickness weave. The otk dihe

field made by this research include the characterisation of 3D woven composite materiatégimdpeed

soft impact, and the demonstration of how established finite element modelling methodologies caerdbe appli

to the simulation of orthogonal woven textile composite materials undergoing soft impact loading.
Keywords

High speed impact, 3D woven composite, Finite element, Delamination, Material rate-dependence
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1 I ntroduction

The search for materials with enhanced protection against impact loading such as@isshlasimpact is of
major concern in the design of military vehicles. Both rapidly expanding radial shockave/eand ejecta

from shallow buried landmines or Improvised Explosive Devices (IEDs) can cause widespread damage of
structures. There have been several experimental methodologies developed for blast-loadittgrefsstfhe
first methodology was that of using explosives to load structures. This technique hasefiteobkaving the
same loading profiles of actual dynamic loading likely to be experienced by structures, however, it adds
difficulties as the wave fronts are spherical and the complex pressure signatures gereediffexlifito

model. Another experimental technique developed to enable the reproduction of shock waves in the

laboratory, but to move away from the use of explosives, is the shocEHﬂ)e [1, 2]. It provides tregadvant

plane wae-front generation and easily controlled experimental parameters. However, it reqaiees lar
bespoke equipment, with calibration required that is unique for each shock tubestem [1]. A plticsim
and economical method to load structures witfell-defined dynamic distributed impulse was introduced by

Radford et al. [B], in which cylindrical metallic foam projectiles are accelerated infiesaby a laboratory

scale pressurised gas gun. Tihighod has often been referred to as “soft impact” loading. The projectiles are
highly compressible, exerting pressure pulses on structures in the order of 100 MPa for aa@furation
approximately 20@is. The pressure pulses have characteristics remarkably similar to that observed in fluid
shock loadingalmost instantaneously rising pressure peaks diminishing with a rough exponentiaﬂshape [3]

For a more detailed discussion of the mechanisms of blast loading, the readers are referred to Smith{and

Hetherington [4] for air blasts a[d Liu et alf [5] for sand impact.

The dynamic inertial response of a variety of monolithic and sandwich panels of composite and metal

materials have been investigated via the metallic foam projectile methodology bydRetdibr[6], Radford

et al. [1]| McShane et al. [8] and more recgntly Russell et|al. [SP] and Kandan et al. [10].ithitoatbon

fibre laminate beams have been shown to provide superior performance in regards to badlefdion de

during dynamic shock loading than that of stainless steel beams of equal ar mass [9]. Evidence was also
presented that composites with lower strength matrix can exhibit increased performance whdsinoder
dynamic soft impact loading, for both carbon fibre reinforced polymer composites ankigtimaolecular

weight polyethylene (UHMWPE) composith]. However, laminated composites have been shown to
exhibit delamination damage, even when no catastrophic longitudinal fibre fracture is ot@eﬂ?bb{;ﬁs a
performance-limiting quality inherent within all laminate composites, and will became exaggerated if

the composite matrix strength is reduced. Delamination damage can be particularly dangerous as it is not

always present during visual inspection of struct pnd can severely reduce bending stiffness and
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compressive streng2] after impact. A more comprehensive overview of the negatitgeoéffec

delamination of fibre-reinforced composites is presented by Wisnom [13].

There are various different techniques that have been developed in order to allow forcephatecéon

against delamination of fibre reinforced composites, readers are referred to Tong ¢t al. [14] for a

comprehensive description of #etechniques. For brevity, only three of the most promiteahniques will

be mentioned here; stitching, weaving, and z-pinning. The stitching process is used extensigabtriy, i

due to its highly automated fabrication and short set-up time. They have also been proven to have good
damage-resistance properties during high intensity blast Iog [15]. However, ldeiéntoetrent brittle
nature of carbon and glass yarns, fibre breakages and other microstructural defects can ngaheduri
stitching proces@q. Z-pinning is another method commonly used for improving thefttinazkness
properties of composite materials. This is when high strength, relatively small diameteiicallirodis are
inserted through the composite, increasing the fracture toughness and delamination resistan@arfahe m

A comprehensive review of z-pinning is giver| by Mouritz|[16]. Z-pinned composites have been proven to

provide good protection against delamination during soft-body impact lo aitﬁnl@' However, due to the

pinning process, damage of in-plane fibres is inevitable, and reduction of in-plane properties cen be qui
severe. For z-pinned laminates, this can be around 27% reduction for tensile strength and at least 30%
reduction for compressive stren[20].

3D orthogonal woven composites have been developed in order to address the issue of delamination damage
of fibre-reinforced composite materials, without significant disturbance of thairefibre architecture

during the manufacturing process. 3D reinforced composites include through-the-thickwesvhich wrap

around the orthogonal warp and weft tows, binding them togr [21]. The through-the-thicksess tow

provide crack bridging, and a reduction in size of continuous interfaces. This translatessatityargproved

resistance to delaminatign [22125]. There have been numerous studies conducted into the ballistic impact

performance of 3D woven composite materials, in particular, in the development and validation afalumeri

modelling strategiep [26-29]. They indicate the enhanced structural performance of thev@amethe

reduction of damage within the material. However, as of yet, there are no studies which invastigate t
application of the superior delamination damage resistance of 3D woven composite materials to dynamic s
impact loading. The objective of this research is to provide a comprehensive investigatibe patential of

3D woven composites to resist soft impact loading without inducing widespread damage withatdhial.

In this study, two different densities of orthogonal through-the-thickness i@nfent are compared via soft
impact experimental testing and finite element simulation. A qualitative comparison is madeswaiilar
UD-laminate material in regards to the damage sustained. Post-impacted beams were tekstegbada

clamped beam bending setup in order to ascertain the development of any internal damage within the beams.

3
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For numerical modelling of composite materials undergoing soft impact, inclusive of rate-depergency, t

constitutive and damage laws for composite materials provided by Hashin [B0] and Matzenmil[8dkt al.

can be used to accurately predict the dynamic transient deflection of composite laminate matergdéngnd

shock Ioadin]. This paper combines this modelling strategy with explicit modelling tfrough-the-

thickness reinforcement, allowing for a detailed examination of the exact role in whiysidpring shock

loading. Finite element analyses compare the transient deformation and damage predictions between a 3D
woven composite and an equivalent UD-laminate material are made. In order to furtheyatevése

structural enhancements provided by through-the-thickness reinforcement, simulations of preatedami
composite beams with and without though-the-thickness reinforcement are undertaken. Thehthelty

research is to develop understanding of orthogonal 3D woven composite beams under high-speed soft impact
and the demonstration of the efficacy of a full-scale finite element modelling stfatesisnulation of the

dynamic response of the beams.

The outline of the study is as follows. Section 1 presents an overview of the literaturengetfegdimpact
testing of composite materials. Section 2 presents the material geometry, manufacturing teshchiquasi-
static material tests. Sections 3 and 4 present a description of the soft impact test nwpttaoabfinite
element modelling strategy, respectively. Section 5 presents a discussion of the soft impiaot expesults,
aided with finite element predictions. Section 5 also reports the post impact clamppdettzaam tests that
were conducted in order to investigate any internal damage within the composite beams. Sextiom$ qor

summary of the main findings of the research, and states the limitations of the work.

2 Materials, manufacturing and quasi-static tests

Materials

Two 3D orthogonal woven carbon fibre reinforcements with different throughhiitieress (TTT)

reinforcement densities were used within this study. The first reinforcement, reteazéwll TTT, had a
binderto-warp-stack ratio of 1:1 (i.e. each binder tow is separated by one vertical stack of warf hews).
second reinforcement, referred to as Half TTT, had a bitedearp-stack-ratio of 1:2 (i.e. each binder tow is
seprated by two vertical stacks of warp tows). Figu(b)lpresents sketches of the two architectures. Cross
sectional microscopic images of the cured composite, such as the one presented in Figure L(sgdwer
measure the average values for dimensions of the fibre architecture. Both materialed¢@mtalternating

stack of 9 weft layers and 8 warp layers, and a cured composite thickness of 3.5 mm. Top and bottom tows
were orientated along the weft direction, and were the only tows with an induced crimp duededocali
influence of the TTT-reinforcemenis shown in Figure 1(a), the induced crimp angle was 7° from the

horizontal.



128 As shown in Figure 1(b), the average width and thickness of warp tows were 1.70 mm and 0.177 mm,

129 respectively. Average width and thickness of weft tow were 1.40 mm and 0.230 mm, respectively. Average
130 width and thickness of TTT-reinforcement were 0.5 mm and 0.1 mm, respectively. Spacing between TTT-
131 reinforcement was 1.74 mm in the Full TTT material and 3.48 mm in the Half TTT material. T&tal fibr

132  volume fraction for the Full TTT and Half TTT cured composite were 0.56 and 0.55, respectivelgerltoor
133 extract the material properties for tows for use in the finite element model (presented B¢etian 4), it is

134 necessary to calculate the tow volume fraction in the warp and weft directions. The tow voluime igacti

135 calculated by taking the measured total tow cross sectional area in a specificrdiegat dividing into the

136 total area of the cross section. More detail of this is presented in Section 4.3. For the Folit€fial, the

137 tow volume fraction was measured as 0.285 along the warp direction, and 0.531 along the weft direction.

138 The fibre reinforcement consisted ofih diameter AKSACA A-38 carbon fibre tows, with 6K filaments for
139 the warp and weft tows, and 3K filaments for the through-the-thickness reinforcement tmatow fibre

140 volume fractions, i.e. the ratio of the area of fibres into the area tivthevere 0.785, 0.692, and 0.795 for
141  warp, weft, and TTT-reinforcement tows, respectivélyo-ordinate system is defined in Figure 1(b) and
142  utilised throughout this paper; the direction running parallel to the warp toefeised to as x-direction, the
143  direction running parallel to the weft tows as y-direction, and the though-thickness directteried to as
144  the z-direction.

145 Manufacturing

146  Gurit Prime 20LV epoxy resin, with a slow hardener to resin ratio by weight of 26:100, was used. Resin
147 injection within a steel mould tool followed standard vacuum infusion methoddlbgyoutlet port was

148 located at the centre of the tool, and four inlet ports were located at each corner. 8 bolts tightemctha
149 edge of the tool provided sufficient compaction of the dry fabric. A pressure pot was filled witreseatpr
150 air, with the pressure gradually increased throughout the infusion process from 0 to 6 hdran&oasly to
151 this, a vacuum was drawn through the outlet port at the centre of the tool in order to pull thecgegmthe
152 preform. To cure, the infused panel was left in an oven sef@tfé67 hours. The cured panel had

153  dimensions of 250 x 250 nfrand a thickness of 3.5 mm. Approximately 10 mm was removed from each
154  edge of the panel in order to remove any flaws due to cutting of the preform. The final cured aigabtien
155 the composite material was 5300 § end 5210 g ffifor the Full TTT and Half TTT, respectively.

156 Quasi-static tension and compression coupon tests

157 Quasi-static (2mm /min) uniaxial coupon tests were conducted on the Full TTT reinforcement composite

158 material in order to categorise the material response during tension and compression. Tensilergsperi
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adopted EN I1SO 527-4 methodology, using dog bone shaped samples. Compression testing utilised ASTM
D3410/B test methods. A screw-driven Insft@&b81 test machine with a static 50 kN load cell was used for
testing. An Instrofi 2630 clip-on extensometer was used to measure the nominal axial strain; this was
confirmed by a single Stingray F-146B Firewire Camera video gauge with Im&npashprocessing Video
Gauge software. The nominal stress was read directly from the load cell of the test rig. Tension and

compression tests for both warp and weft directions each had a minimum of five repeats.

Tensile and compressive tests with £45° orientation were conducted in such a way that the warp and weft tows
laid at +45° to the loading axis. Samples orientated along warp tows, weft tows, or reglatir45° had a

width of 12 mm. Tensile tests had a length of 60 mm, compressive tests had a gauge length of 12 mm in order
to prevent global buckling.

Figure 2 (a) and (b) presents the tensile and compressive stress-strain curves of the Full TTT 3D woven
carbon composite material. The tensile Young’s moduli were 44.4 GPa and 74.6 GPa for warp and weft
directions, respectively. Tensile and compressive testing along both the warp and weft diredtiitesl exh
elastic-brittle fracture. Fracture of the sample was predominately governed byctheefd thein-plane fibre
reinforcement. This was confirmed from scanning electron microscope (SEM) images oé fsactaces. For
tensile and compressive samples orientated along the y-direction (weft), fractureaattine locations of
through-thickness reinforcement. The fracture location was attributed to stressti@imes due to the

crimping of the longitudinal weft tows.

Tension and compression tests conducted with fibres orientated at £45° show a more ducghkgkeret w
response, as the tests are governed by the relatively soft matrix material. This behawviasisient to the

ductile, matrix dominated response observed for other 3D orthogonal woven carbon composites tested at £45

to the loading direction, conducted|by Gerlach et al. [33].

Quasi-static (2mm /min) compression tests were also undertaken on the Alporas aluminium foahthzdteri
was used for the projectiles in the soft impact test. The foam material exhilziteaupht a stress of
approximately 2.2 MPa, corresponding to the plastic buckling of cell walls. The foam exhibits densificati

behaviour at higher strains. The compressive stress-strain response of the alumininmaterdahis

presented in Figurel 2(c).

3 Dynamic soft impact test protocol

Figure 3 presents a sketch of the experimental set up for soft impact tests. Samples oFwi@tmm and

lengthL = 250 mm were cut from the fully cured composite panels. The beams were fixadtiggbsample

fixture, which in turn was bolted into an aluminium alloy frame by a total of 8 M6 bolts. Clamped beams had

6
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agauge length ofl= 170 mm. The distance from the gas gun muzzle to the front edge of composite samples
wass = 200 mm. The single-stage gas-gun system developed at the University of Nottingham was used in the
experiment. The gas gun pressurises a 3-litre diving cylinder up to a maximum pressure of 464san® Pr

was released via a fast-acting solenoid valve, accelerating projectiles down a 3.5 m longHmbairel

material was hardened steel, with an outer diameter of 40 mm and a bore diameter of 28 mm. Projectiles were

circular cylindrical of length ; = 50mmand diameter , = 275 mm. Projectiles were electro-discharge
machined from a block of Alporas aluminium foam material of depsjty: 310kg m-3. Exit velocity of
projectile v, was measured in two ways; by two laser gates at the muzzle end of the barrel and high speed
photography. Exit velocity of projectsdell within the rangel60ms™ < v, < 270ms™. This corresponded

to a projectile momentum per unit arga= p,l v, range of2.48kPas< 1, < 4.19kPas High speed

photography was employed in order to measure the back face deflection of the beams. The high speed camera
model Phantom Mercury HS v12.1 with a global electronic shutter was used. Typical recordinfaimed a
rate of 22,000 fps and an exposure time oS85

4 Finite Element Analysis

Finite element (FE) modelling of soft impact events was utilised in order to aid interprefatien o
experimental tests and provide further insight into the results. The modelling strategy erttptoyed

constitutive model ¢f Matzenmiller et al. [31] and Hashin [30] for fibre composites, impledneithin the

commercial finite element code ABAQUS. The primary aims of the numerical calculagoas w

o To develop a full scale FE modelling strategy to predict the response of 3D woven composite
materials undergoing soft impact.
e To further investigate the role off T-reinforcement within 3D woven composites undergoing

dynamic soft impact.

4.1 Description of the finite element model

Three-dimensional (3D) finite element modelling was conducted using the explicit soMBAGIUS

(Version 6.12). Each of the 17 layers of the composite beammadedled individually, with each layer

composed of tows and inter-tow matrix channels| See Figure 4 for a sketch of the modelling Jinatéwy

plane tows, through-thickness reinforcement, and matrix channels were modelled using 4-noded qladrilater
shell elements with reduced integration (S4R in ABAQUS notation), with 5 integratios puiotigh the
thickness. The element size of in-plane tows were approximatemrh,. And the inter-tow matrix elements

were approximately 0.1®m. The ABAQUS orientation assignment control was used to assign local fibre
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orientations for individual tows. Cross sectional microscopic images, e.g. Figure 1(a), weiearsguire th
geometrical data such as tow/matrix sizes and locations. The surface-based cohesive epatsictintithin
ABAQUS was employed to simulate the interaction between layers through the thickness of the beam, by
which delamination under dynamic impact can be simulated. The through-the-thicknessagiafdrwas
explicitly modelled, independently to the in-plane fibre architecture, with geometric parameterslagai

from cross-sectional microscopic images. The translational and rotational nodal degreedanh ffDoF) of

the through-the-thickness reinforcement were tied to the translational and rotational nodatHzoiR-plane

fibre architecture via the tie constraint option within ABAQUS. The element sizeocoii-thickness
reinforcement was approximately 0.7 mm. Fixed boundary conditions were employed at the two edges of the
composite sample, giving a gauge length of 170 mm. All material properties, except the in-plane shear
stiffness of tow reinforcement, were estimated from uniaxial tension/compression coupparfestsed on

the composite material. The constitutive models for the tows and the matrix channels aregpnessttion

4.2. The constitutive model for the surface-based cohesive contact interaction is preséstégpendix to

this paper. The aluminium foam projectile was modelled with 8-node brick elements with reducedantegrat
(C3D8R in ABAQUS notation), using the isotropic constitutive model for metal foam desariBedtion

4.2. The “general contact” option in ABAQUS was employed to simulate the interaction between the metal
foam and the composite beam. A total of 210,000 shell elements were used for the composite material, and
14,100 solid elements for the projectile. A numerical study demonstrated that this mesh density dan provi
converged results. All numerical simulations were conducted in 8 CPUs parallel mode using the High

Performance Computing (HPC) system at the University of Nottingham.

The numerical study included the two different material geometries used within tmignexpel investigation
i.e. FUll TTT and Half TTT. In order to study the effect of the TTT reinforcement, simulatiors wer
undertaken with the through-the-thickness reinforcement removed. The in-plane geomhbisynfimde! was
based upon that of the either the Full TTT or Half TTT material. This model is referred to agNo TT
throughout this paper, and is identical to non-crimp composite materials. To investigate éme@dtithe
in-plane fibre architecture, an equivalent UD-laminate material was utilibedequivalent UD-laminate does
not explicitly model the geometry of each individual tow and matrix channel; the tows andchatmels
are homogenised into one effective laminate, and the TTT reinforcement is removed. For da@
(a), (b), and (c) presents sketches of the top layer of the Full TTT, No TTT, and EquivalentibdRdam

material FE models, respectively.

4.2 The congtitutive models employed in the FE simulations

421 Theconstitutive modelsfor each tow, TTT reinforcement and matrix channel
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The constitutive models jof Hashin |30] and Matzenmiller et al. [31] were emplowitdulate the behaviour

of thein-plane tows, the TTT reinforcement, and the inter-tow matrix channels during soft loguhioy. As

indicated illi Figure 4, both the tow and the matrix regions were modaskedode quadrilateral shell

elements (S4R in ABAQUS notation). In order to describe the constitutive models, we will inteoltheed
co-ordinate system denoted by numbers, with 11 being longitudinal to fibre direction, and 22 being transverse

to fibre direction. The tow and matrix elements were modelled as an orthotropic material underggane st

conditions i.e.o;; = 0,3 = 0,3 = 0. The undamaged in-plane stress strain relationship is given as;

€11 ]/Eli _‘712_/E11 0 Oy
= _‘721/E22 j/Ezz g 2y (1)
V12 0 0 ]/Glz Oy

whereo; (i, j = 1,2) are the in-plane stress componensts.and ,,are the normal strains in theand %

directions, respectivelE,,, E,,, G,,, v,,and v,, arelongitudinal and transverse Young’s modulus, shear

modulus, and Poisson’s ratios following v,, = (Ezzl En) Vi

Damage model

The four primary damage modes exhibited by fibre reinforced composites (fibre rupture usider, féare
kinking and buckling under compression, matrix cracking under transverse tension and shear, and matrix

crushing under transverse compression and shearing) were incorporated via the anisotropic dati@age initia

and progression models developedl by Haship [30] and Matzenmiller et|al. [31]. The damage locus can be

defined by a stress-space, as set out by the Hashin criteria. As long as the stress state reimalies wit
damage locus, the material is classified as undamaged. Undamaged material follows the stress-strain
relationship defined in Equation (1). When the stress state reaches or exceeds thantuddgedatas,
damaged is initiated, and four scalar damage variables are introduced into the stresdatiosiship. Thus,

the response of the material after damage initiation becomes;

€n 1/[511(1_ d, )] - ‘721/[511(1_ d, )] 0 011
£ =1~ l[En-d,)]  U[E.Q-d)] 0 Hoy @
V12 0 0 1/[612(1_ ds)] O
d, if 6,,>0 ' if 6,,20
where g, ={0 Tou=0 gy g —{dn 0= 3)
d{ otherwise d; otherwise



275 d},dS, d;,andd? are the tensile fibre, compressive fibre, tensile matrix, and compressive matrix damage

276 variables, respectivel useful “resultant” shear damage variable, which combines all four of the damage

277 modes, is defined by
278 d =1-Q1- di)@-d5)@-d)@a-ds) (4)

279  Prior to damage initiation, these four damage variables have zero values. As damage is initiated and
280 progresses within the material, these variables progress from zero up to a maximum valyecohtrolled

281 Dby the strain of the material. The damage evolution law follows utilises a critical stréace proposed by

282 |Matzenmiller et al. [3[L], and is defined as;

283 @-dp)X? (5)
_ <G“>_ <1

284 d-dr)X (6)
o] )

085 @-d,)Y @-d,yY )

2 2

286 Cow) | (200 ) @)

@-dg)Y @-d,)Y

287 where the symboq > represents the Macaulay brackets with the usual interpretfibrand X © denotes the

288 longitudinal tensile and compressive strength for damage initiafidanotes the transverse tensile and

289 compressive strength.

290 If the current state of stress within the material exceeds the critical space defined byrisdBatio (8), the
291  four independent damage variablek (d,d’ andd ) evolve and induce a linear reduction in stress with

292 increasing strain. These damage variables are continually updated following toeskigti

10
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293 dtf = X <1 9)
23, . _
<511> W_ /E11
2J° o
| Xfc (<511>_ XC/EM)
294 dy =2 T <1 (10)
<511>(| Xfc - XC/EMJ
2J —
| Y—m( <522>2 + 8122 _Y/Ezzj
295 dy, =2 <1 (11)
2J ==
<522>2 + 5122( | Vm _Y/Ezzj

296 de =—e <1 (12)

m

297 J‘f ,J{and J_ are the tensile fibre fracture energy, compressive fibre fracture energy and metuivefra

298 energy, respectively. In order to alleviate mesh dependency, a characteristic length &caldised. The

299 matrix channels are modelled with the same constitutive law as the tows. However, for the matiak, materi
300 the longitudinal and transverse properties are identical, i.e. the longitudindéfibile and compressive

301 properties required in the model are taken to be the same as the material properties akthe matr
302 Rate dependency

303 Numerous studies have demonstrated the importance of the strain-rate dependent betghiaaveh

304 carbon fibre reinforced composites "33 34]. Preliminary simulations of soft impact endiosted that

305 without the inclusion of rate dependency within the composite material, the predictions of thednset a
306 propagation of damage were inaccurate. In order to simulate rate dependency within the materials, a viscou

307 regularisation scheme is employed for in-plane tows, TTT reinforcement, and matrix mateisabgity

308 coefficient, 7, following| Duvaunt and Lions [35], is introduced to further update each of the four previously-

309 defined damage variabled}(,d{,d’ andd?). The viscous damage variables are defined as;
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d'==|d -d" 13
. n(. Y) (13)

wheren represents the relaxation time of the system, @jthsthe previously defined inviscid damage

variable, withi denoting one of the four damage modes (I through IMifgrd$ ,d;,.and d, respectively).

fr¥m

The termd.” is used to compute the damaged stiffness matrix and is updated by;

g At

n
Fltgrat i |t e T d’ ‘ (14)
0 n+At o n+At o

The viscous regularisation effectively slows down the rate of damage evolution, wéthsingy rates of

deformation leading to increasing fracture energdesumerical calibration study led to the valge-5ps .

This value was assumed to be identical for tension and compression for both longitudinal aatsansv

damage modes. The viscosity coefficient employed within this study corresponds well with previously

calibrated values ajf for carbon fibre reinforced epoxy materials, such as the one presented by Russg

4.2.2 Congtitutive model for the metal foam projectile

Il et al.

The isotropic continuum constitutive model for metal foams develoged by Deshpande and Kleck [36] was

used to model the Alporas aluminium foam projectiles. The von Mises effective stress, defined as

0, =,35S, /2 (15)

with S; as the usual deviatoric stress. The yield surface for the metal foam is isotropic and fulgiedt

functiong by
p=6-Y<0 (16)
where the equivalent stressis given by

A2

Em [aj +aza;] (17)
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where the mean stress, =o,, /3, and the ratio of deviatoric strength to hydrostatic strengitiefine the

shape of the yield surface. The right hand side of the equation is chosen&aé#mattes the stress

experienced in a uniaxial tension or compression test. The shapedactor,be computed using the relation

0
o=—K  withk=Zo (18)

/ 0
9— k2 Ukk,c
wherec?is the initial yield stress in uniaxial compression, ardd is the initial yield stress in hydrostatic

compression.

Equations (16) and (3 describe an elliptical yield surface in (o1, 0e) SPace. Yis equal to the uniaxial strength
in tension and compression, and the hydrostatic yield strength is equal to

o = —W v (19)

The plastic Poisson’s ratio v, in uniaxial compression has the predicted dependence upon a

. p _ 2
0, =_$= 1/2)—(ax /?) (20)
£ds 1+ (a 13)

Consistent with the quasiatic behaviour of the Alporas aluminium foam, the plastic Poisson’s ratio v, =0,

sets the shape factar = 3/+/2 . Following results from uniaxial compressive tests on the aluminium foam
material, presented in Figure Be tiniaxial yield stress, o, versus the true uniaxial plastic strain relationship

is approximated by

Ap<
o = O, € _8D. 21)
00 otherwis

with the plateau strength of the foagn= 2.2 MPa and the true densification strajir 1.6. Characterisation

of shock wave propagation through a metallic foam is preserjted in Radford gt al. [3]. A largersipass j

seen across the shock front during progressive densification of the foam, with the whdtistodck front
being of the order of the cell size of the materiak ymm. Typical length of element during finite element

calculations for the metallic foam was 1.5 mm,; sufficiently small enough to resolve tlsegsadient.
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351 4.23 Cohesivelaw for interface between layers

352 The surface-based cohesive contact interaction in ABAQUS was employed to simulate the intaviaen

353 two adjacent layers through the thickness of the composite beam. A cohesive contact law is used to model the
354 traction-separation behaviour within the interface between layers, allowing the Eimofadelamination. If

355 the traction stress state exceeds a critical stress state, a damage kgfiables 1), becomes non-zero. This

356 damage variable is a function of the fracture energy of the matrixand used to update the traction-

357 separation relation with a linear softening damage evolution. In compression, or the fullyndeddmi
358 scenarios, the interaction between layers within the composite material is reduced to thepetaaity
359  algorithm (“general contact” within ABAQUS), with a tangential friction coefficient of 0.3. The normal and

360 shear stiffness of the cohesive interactig@andk,, respectivelywere estimated from manufacturer’s data of
361 the epoxy resin. The maximum normal and shear traction of the cohesive intergéiimht, respectively,

362 were estimated from the strength of the matrix material. The constitutive law for the edhesiaction is
363 presented in more detail in the Appendix to this paper.

364 43 Material data employed in the FE simulations
365 Tows and TTT reinforcement

366  To fully characterise the elastic response, damage initiation, and propagation of darhagewes and TTT

367 reinforcement, ten parameters are required. These are the longditmdinansverse Young’s moduli El, Ez ,
368 the in-plane shear modulG; , in-plane Poisson’s ratio 7, longitudinal tensile strengt ™ ,longitudinal
369 compressive strengik © transverse strength, longitudinal tensile fracture ener@,ﬁ/, longitudinal

370 compressive fracture energi{C and transverse fracture enedjy. Simply applying the rule of mixtures to the
371 mechanical data of carbon fibre and epoxy resin provided by the manufacturer led to an overestirhation of t
372 longitudinal stiffness and strength. Tigsattributed to (i) inherent fibre waviness causing a reduction of

373  stiffness of the composite, (ii) stochastic micromechanical flaws and initial fibre gnisent causing a

374 reduction in tensile strength, and (iii) fibre kink band formation and fibre microbuckling duringessivar

375 loading causing a reduction in compressive stre@] [Therefore, the majority of the material properties

376 were obtained via the rule of mixtures applied to results from quasi-static uniaxiahtand compression

377 tests on the composite material.

378 Let Vo' andVe2® denote the volume fractions of warp tows and weft tows within the cross-section of a

tow tow

379 composite sample, respectively. They can be calculated as;
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warp weft

Vwarp: warp’ tow weft nweft ow (22)

tow tow
A A

where A®PandA"denote the average transverse cross setiwaas for warp and weft tows, respectively.
n.,andn,, are the quantities of warp tows and weft tows within the composite cross-sectiéy) and and

Ay are the areas of cross sections of the composite along the x (warp) and y (weft) axis, resjzasioe!

on the rule of mixtures we have;

E:S—%ﬁ?%m%fur%xywn )
tow tow
ST - ( E, - (i/—wﬁé”ﬁrﬁ Em] ETT %C - ( El - (i/—wll:é”ﬁ”’) EmJ >E<§ o
tow X tow X
For warp tows, and
e _5- (i/—w\e/““e)E g, Ve (i,}\eﬁ“’wﬁﬁ)v““ (25)

tow

V weft ET ! V weft EC (26)

tow y tow y

XT:(Ez—a—wm%Emij Xc:(Ez—a—wm%Em}xs

for weft tows. {EI EC, X] Xf} and {E; Ey XS X?} are the measured material tenditaing’s
modulus, compressive Young’s modulus, tensile strength and compressive strength along the x-direction
(warp) and y-direction (weft), respectivel,,  is the measuredaime Poisson’s ratio. 0/90° uni-axial
tension/compression tests, described in Section 2, were used to obtain these vaﬂi&gseﬂmisent the-

plane shear modulus obtained by matrix dominated +45° coupon tests. In Equations (24) and (26) it is

assumed that the strain to failure of the longitudinal tows is identical to the cbmposite sample.

Regarding the in-plane shear modu(ﬁé,, application of the rule of mixtures to mechanical test data, i.e.

ny, yielded a value lower than that of pure matrix. This was deemed unrealistic. It is argued that the

pronounced shear nonlinearity exhibited in +45° coupon test d{a, i.e. Higure 2, is probably the main reason

that the simple rule of mixtures provides an unrealistic tow shear modulus based on coupon tesirdata. |
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to calculate theow shear modulus, the rule of mixtures was applied to manufacturer’s data of fibre and cured

epoxy resin. Consider a warp or weft tow with fibre volume fractipnwe have;

G _ C;12fcam
VG, +1-V,)E,

(27)

The A-38 carbon fibres of diametepih were assumed to be isotrodit:plane shear modulus, ,, =96 GPa
was calculated fromnaassumed fibre Poisson’s ratio v, = 0.25. The in-plane warp and weft tows each

contained 6000 fibres, and the TTT reinforcement contained 3000 fibres. Microscopic cross $secgesl

such as those presented in Figure 1(a), were used to measure the volume fractions of the wadlpl Weft an
reinforcement. They were measured as 0.785, 0.692 and 0.795, respectively. In the current research, as the
beam deflection during soft impact is normally greater than the thickness of the beam the ideformat
mechanism within the composite material is stretch-dominated rather than bending dominated. A&paramet
study has demonstrated that the shear modulus is not a critical parameter influencing the dynamic fesponse o
the composite beam under soft impact.

The transverse strength of tows, is matrix dominated. It was determined from quasi-static uni-axial tensile

material coupon tests with the fibres orientated at £+45° from the loading axis. The |owagitenisile and

compressive tow fracture energieE,and jf were calculated using the following equations;

- 1L(XTF
Jl=05x-222 12 (28)
E,
and
; L (X°)
J°=05x x12 (29)

E,
wherel, is the typical length of line across an element for a first order element, introduced itodrelp
alleviate mesh dependency. The multiplication factor of 1.2 is incorporated in ordeluttei the fracture
energy contribution from post-damage behaviour of the composites materials. It was obtained through
calibration against experimental measurement using detailed FE simulation on quasi-static uniaxial

tension/compression coupon t [38]. The fibre volume fraction of the though-the-thickrfesseragnt

was calculated as 0.795, and is almost identical to that of warp tows. Therefore, warp toweprapest
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used for the TTT reinforcement. Table 1 gives a summary of all of the material mepedd within the

finite element model for the matrix and tows.

Matrix material

The isotropic matrix material is characterised by six parameteiougg’s modulus E, , shear modulus,
Poisson’s ratio v,,, normal strengtl ., shear strength,, , and fracture energl,. TheYoung’s modulus
was obtained from manufacturer’s data of cured epoxy matrix E,, = 35 GPa. The matrix Poisson’s ratio, v,,,

and shear modul@s, ,were also taken from manufacturer’s data of cured epoxy matrix, of value 0.3 and 2

GPa, respectively. The longitudinal and transverse strength of the matrix material wicalidad taken
from the quasi-static +45° material coupon test data presevEted in Fjgure 2. As shown iréhé¢hiegstrength

of the matrix material corresponds to the onset of nonlinearity of the test datg, #680 MPa.The shear
strength was estimated to be half that of the normal strength,,i-e40 MPa.The transverse and
longitudinal tensile and compressive fracture energies were identical and also estiomatexdirix

dominated +45° tension coupon tesss /I, = 65MPa. The density of the matrix was taken from

manufactuer’s data for cured epoxy resin, i.e. p,, =1144 kg/m®.

Equivalent UD-laminate material

It is difficult to find a UD-laminate that is equivalent to a 3D woven material for experimeniagtdse to
variations in material properties or geom : [39]. By employing the rule of mixtuties tow and matrix
properties of a 3D woven composite within an FE model, it is possible to create an equivalent UD-laminate
material. The following material properties for the warp and weft tows within thed@mmaterial model

are mapped into their corresponding values of an equivalent UD-laminate modeigitedinal Young’s

modulus El, in-plane shear moduILélZ, longitudinal tensile strengtX ", longitudinal compressive strength

X, longitudinal tensile fracture energgit , longitudinal compressive fracture enefb“y, and densityp™ .

Let the volume fraction of a tow witheawarp or weft layer follow;
VP = w (g + ) (30)

where w, denotes average width of tow amg] denotes averageidth of inter-tow matrix channel, as shown

infFigure 4. Using the previously calculated values of Yawng’s Modulus and strength, the effective

laminate properties are estimated as
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E =V°E,+ - V"), (31)

~ GG
G — 12~m _ 32
2VG, +(1-V° )G, 58

XT =P XT +{1-VP)X,, (33)

XC =VPXC 1 (1-V® )X, (34)
v T\2

P GNP (35)
E

_ ¢ C\2

NV AP (36)
E,

PP =N P+ A=V ) o, (37)

with E_ as the Young’s modulus of cured epoxy resin. The modified material properties employed for the

equivalent UD-laminate are presented in Table 1. A sketch of the top surface of the Equivalamiribe

material is presented|in Figure 4(c).

5 Results and discussion

51 Transient deflection of beams

Soft impact experiments and FE modelling were conducted on the Full and Half TTT 3D woven composite
panels orientated along the x-direction (warp) and y-direction (weft). Due to thefibreerolume fraction in

the warp direction, in comparison to the weft, the warp direction is shown to be unfavourable for tlsisting

loading| Figure b presents the measured and FE predicted normalised back-face deflectibo8 TTT

composite beams orientated along the y-direction (weft) as a function of normalised timeoaftrt of
impact f for impulsive loading of (a), = 2.48kPas, (b)l, = 264kPas, ()|, = 3.33kPas, and (d)
I, =4.03kPas. Also presented are FE predictions of the response of Full TTT material, No TTT material

and Equivalent UD-laminate material. In order to characterise the response of the composituibeam

impact, the time parameter normalised against the crush time of the projeciidd is.eif =t Vo/l,with tas

time after contact between projectile and begrasvprojectile velocity, angas lengtlof projectile. In order
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to remain dimensionless, a normalised deflection t%am?/lo is also used withy as the back-face

deflection of the beam at centre-span gndi7ommas the free length of the beam sample. The peak back-
face deflection experienced by the beam during the impact event occurs at a normalised time of aplgroximat
between10<{ <15, with f =1 corresponding to the time at which projectile densification has completed.

This indicates that the transient deformation of the beam is governed primathly tyush time of the
projectile.

FE predictions over the entire range of experimentally tested impulses show excellaptifidetiards to the
peak back-face deflection exhibited by the beam during the test. The FE model also predicts thettiche at
the peak deflection occurs during the test. The restitution of the beam occurs latee {iaudiction, due to
oscillations within the clamp during the experiment increasing the time taken for reflefctimnbending

wave. However, the peak deflection of the beams occurred before the oscillations within thewthm

therefore had no influence from theém. Figure 6(a) and (b) present the experimentally recordedietad] p

montages of the deformation of a Full TTT 3D woven beam orientated along the y-direction (weft)

undergoing an impact event of impulge= 2.64 kPas, respectively. The corresponding locationg A-

match with the positions highlighted in Figure 5(b). The FE prediction is shown to model accurately the

deformed configuration of the beam, and the crushing of the metal foam material.

The FE predicted back-face deflection against time response during a soft impact event foribagatedor

along the y-direction (weft) of the 3D woven composite material is compared to an equivalent UD-laminate

material in Figure b. The Equivalent UD-laminate material exhibits the same predicted backiéatienle

during the soft impact event as the Full TTT material and the No TTT-reinforcemeniamdtas result may
indicate that neither the TTT reinforcement nor the bigaptane fibre architecture have significant influence
on the back-face deflection of composite beams undergoing soft-impact within the range of imgptaides te
this study. The small-scale local increases in the back-face deflection demonstrated by tmenidia;la

shown in Figure b, is attributed to delamination damage allowing relative displacement ofdhelager

due to inertia. The Equivalent UD-laminate material was also predicted to exhibiteet amount of

delamination damage as the No TTT reinforcement material.
Effect of TTT reinforcement density on back-face deflection

The Full TTT and Half TTT materials have a small variation in material areal den8ykdgny and 5.21 kg

m’?, respectively. Therefore, to make a comparison of the response of the samples during a soft impact event

the non-dimensional group suggestefl by Xue and Hutchinspn [40] is used, which is defined as;
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ot (38)

wherec is a characteristic wave speed, here taken to be the longitudinal wave speed of the composite material

c = 7060 m3, and M is the areal mass of the sample. A non-dimensional peak deflgctions also used,

and is defined as;
)
5max = ﬁ (39)

where &,,..is the maximum back-face deflection of the sample experienced during the experiment.

max

Normalised maximum back-face deflection captured by high speed photography during experimental tests o

Full and Half TTT material as a function of imposed normalised impulse are plqgtted ia Kigucan be seen

that in this case there is no significant difference in the maximum back-fdeetidef between the two
materials tested. Also plotted is the normalised impulse at which small scale fibmeefdamage was

recorded on the top surface of the beams.
Damage and failure of beams during soft impact

Experimental tests of Half TTT orthogonal 3D woven composite material beams orientatetthalgng
direction (warp), demonstrated the primary damage mechanism of beams undergoing a soft impgadbevent
longitudinal fibre fracture occurring at the clamped ends. FE simulations of beamstediethbag the x-
direction (warp) were also undertaken for two impulses, i.e. 2.95 kPakich no catastrophic damage

occurred, and 4.19 kPaat,which the beam failed. The normalised experimentally recorded and predicted

back-face deflection against normalised time after impact of two velocities of projectile for beams

orientated along the x-direction (warp) are presentled in Figure 8. Excellenyfidadi achieved , with an

accurate prediction of both the back-face deflection against time and the moment of catd#treghacture

within the sample. To understand the failure mechanism at impuisa.19kPas |Figure 9 (a) and (b)

presents the experimentally recorded and numerically predicted deformation of the Half TWiov@D

composite beam at selected time instants V-Z, respectively. The instants V-Z coincide pikitions

highlighted i Figure B. As shown|in Figurg 9(b), the onset of element damage at the gripped ends

corresponds to the beginning of the reflection of the bending wave (t = 264). The sample wascfullgdrat
the clamped ends before the reflected wave reached back to the projectile. The photographic images of the

fractured 3D woven composite beam after impact test and the corresponding FE numerical simailation ar

shown in FigurelO] Both experimental results and numerical simulation demonstrated that the fracture

location was at the position with TTT reinforcement, which corresponds to the locatiogeeinetrical
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532 variation in the sample. Clearly, it is the location with stress concentration. Examination dfeboth t

533 experimental and predicted fracture surfaces reveals no visible delamination.

534 In order to compare the failure modes between the 3D woven carbon composite beam and a similar UD carbo

535 Ilaminate beam, Figurg 9(c) shows the montage of a similar UD-laminate beam under metal foam soft impact

536 withimpulsel, = 2.90kPas, reported by Kandan et al. [[L0]. The UD laminate [(0°/@0%)had density

537 5.21 kgn?®, inplane tensile Young’s modulus E, = 85GPa, tensile strengths! = 980MPa, and
538 compressive strength® = 630M Pa, which are similar to those of the 3D woven composite material

539 presented in this study. The UD-laminate beams had a thickness t = 3.75 mm, width w = 35 mm, and gauge
540 length | =200 mm, slightly different from the geometry of the 3D woven carbon composite beam. The UD
541 laminate material exhibited both delamination across the entire length of the beam, and catastrophi

542 longitudinal fibre fracture. An available experimental investiga@n [9] haddaelsmnstrated that UD-

543 laminate composites can experience delamination at impulses lower than catastrophic beamdxzijwe. N

544  will demonstrate that at impulses lower than those which caused catastrophic iture frhe 3D woven

545 material exhibited no significant delamination, and only minor surface fibre fracture.

546 Beams orientated along the y-direction (weft) had a higher volume fraction that tlesgated along the x-
547 direction (warp). Even the highest impulses tested within this study were not high enough tdoause fi
548 fracture of beams orientated along the y-direction (weft). After soft impactpmfise greater than

549 |, >=3kPas , damage was observed on the front surface of the sample. Microscopic images showing the

550 surface damage of a Half TTT beam orientated along the y-direction (weft) undergoing an irapaot ev

551 impulsel , = 3.33kPas are presented fin Figure|11(Che damage consisted of small-scale fibre fractures

552  within the longitudinal surface tows, and was almost entirely restricted to undetmeatiojectile impact

553 location

554  To investigate the difference in damage mechanisms between the Full and Half TT Tisnaterarical
555 predictions of Full and Half TTT material beams orientated along the y-direction (weft) impaated at

556 impulse ofl, = 3.33kPaswere conductedBoth beams resisted delamination equally well, and there was no

557  significant difference in the tensile damage of fibres. However, there were diffenenbesxtent of the

558 compressive damage of the surface weft tows. Fitifed and (b) present the predicted compressive fibre

559 damage initiation on the top surface of beams808fter projectile impact of impuldg = 3.33kPas. A

560 value of 1 indicates the onset of damage. The localised in-plane compressive fibre damagetes tifdloen

561 beam corresponds well to the surface damage observed experimentally, and shown in Figure 11(c). This

562 damage is more pronounced in the Full TTT material in comparison with the Half TTT material. It is
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563 suggested that the more highly constrained in-plane fibres in the Full TTT materieérelahe Half TTT

564 material cause the material to undergo greater damage during impact testing. The damageweds@bser

565 concentrated at the top surface of the beam, and reduced significantly towards the centre of the heam. Next
566 we will investigate the influence of internal damage on the bending behaviour of the beam via pdst-impac

567 clamped-clamped beam bending experiments.
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5.2 Post impact quasi-static bending response

Beams orientated along the y-direction (weft) exhibited only minor visible damage d&isgft impact
event, even up to the highest impulse of impact event. However, there still could be internal dancagédthat

reduce the structural capacity of the beam. In order to investigate this, post impact, sabuile3 o1

reinforcement densities were tested in a quasi-static clamped-clamped beam bending test.|pigseats2a

sketch of the experimental setup for the quasi-static beam bending test. Results of theekpezim
compared to that of an un-impacted virgin sample. The beams were aligned along the y-diredioas(wef

co-ordinate system defined|in Figurg 1. The beams were fixed at both ends in a custom-designed clamp of

stainless steel, with the clamp subsequently fixed onto an I-beam. The spans of the beams between the
clamped ends was, E 180 mm. This free span length was purposefully chosen to be longer than the original
impact test beam length in order to capture damage sustained within the clamp posiigpsaftiimpact

testing. The beams were centrally loaded by a roller across their entire width, w. Widimpédlbeam

tested in this investigation was w = 40 mm, identical to the width of impact samples. Adsisenvinstroff

5581 test machine with a static 50 kN load cell provided a constant quasi-static displacement of the roller
along the vertical axis (z-direction) of 5 mm/min. Roller displacement along the vexi&al,a and load

imposed by the roller , P, were measured directly from the load cell of the test rig. Tresstiffas

calculated from between a vertical roller displacement of 2.5 mm and 7.5 mm, in order to avoid any

contributions from initial movement within the clamp. Figuré 13 shows the load imposed by theérolle

against vertical roller displacemehtfor the clamped beam test for the Full TTT material. Beams were shown

to retain structural integrity even after undergoing relatively high-impoipactgl, > 30kPas) . Beam
response was linear elastic up until a displaceragnrt 12mm, when brittle fracture of in-plane

reinforcement tows occurred. Beam failure was attributed to fibre fracture at theeafethie samples,
directly under the roller position. This position is also the projectile impactdocand location of small-
scale fibre damage, presented in the previous section. The location of fibre fracture was theisgaetéat
and un-impacted beams, indicating that the surface damage at this location was not theedot tazilure at

this position.

The peak ladrecorded during clamped beam test as a function of impact velocity is presgnted in Figu
a). It can be seen that there is no significant reduction in strength of beamefiotheithRull TTT or Half

TTT material even after the highest velocity of impact. The variation shown here is tygwallzs is

—

e

expected due to stochastic flaws within the material.

Figure 14(b) presents the stiffness of post-impact clamped-clamped beam experiment as a fumgiamt of

velocity. There is a slight reduction in stiffness during post-impact testing, witlessfreducing linearly
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with increasing impact velocity. The reduction in stiffness is seen to be greateneviblk TTT binder
material relative to the Half TTT binder material. It is suggested that this is dua@échighly constrained in-
plane fibres in the Full TTT material cause the material to have more damage during impacttesting
simulations presented in Section 5.3 confirm that higher TTT reinforcement density caniteaidased

damage in the material.

53 Theroleof the TTT reinforcement

As demonstrated jn Figure 5, the presence of the binder has no contribution to the backeeiendefithe

beams. However, we will now show that there is a remarkable difference in the delamination damage

sustained within the composite material. To investigate this, numerical simulations ofd=Nba TT

material beams orientated along the y-direction (weft) under soft impact were conductesl1§{ghand (b

show the predicted cohesive interaction damage contours within the beam at timeus=aft60the moment

of impact for the beams with and without the TTT reinforcement, respectively. The contours ghayner F

represent the value of the cohesive interaction damage variaiMieich at a value of 1 represents fully
damaged interaction between layédrss defined in the Appendix to this paper. Without the presence of the
TTT reinforcement, the delamination damage propagates along the entire length of the beam. Without the
presence of the TTT reinforcement, the delamination damage propagates along the entire tiee dpeaoih.
However, with the presence of the TTT reinforcement, the damage is notably reduced, being atalgst ent

restricted in location to directly under the projectile.

In order to further investigate the role of the through-the-thickness, simulations iofigaft events were

undertaken with the cohesive interaction between layers removed, as shown in Higure 16. This removal of the

cohesive interaction effectively simulates a fully pre-delaminated case. Inter-penetratiearblayers was
now prevented via a penalty contact algorithm. Through this method, it is possible to simulate the material

under severe conditions. It can be seen ffrom Figﬂre 16(a) that even with the cohesive interamtiah, thm

TTT reinforcement provides structural integrity to the beam, retaining its @eoien throughout the test.

This is juxtaposed by the predictions with both the TTT-reinforcement and cohesive interacteadem

shown in Figurel§(c), where extensive delaminati@shown throughout the entire length of the beam.

transferal of momentum through the beam causes a large relative displacement of the top arayeostoin

the composite. Also presented are simulations for the case of Half TTT material (Fgujeand the

equivalent UD-laminate materigl (Figure[16(d)). The Half TTT material exhibé&s@onse identical to that of

the Full TTT material, indicating that, in regards to the material in this stulyndnghe TTT reinforcement
density provides no reduction in structural integrity. The Equivdl@staminate material behaves identically

to that of the No TTT material; indicating again timaplane reinforcement topology provides negligible

influence on beam structural integrity during impulsive loading. The results pres¢Rigdria 16 gives
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indications of the superior performance of the 3D woven beams undergoing multi-hit soft iapact
example, a UD-laminate beam which had previously been delaminated by a soft impact event would perform

far less favourably in comparison with a 3D woven composite.

6 Concluding remarks

An experimental investigation was undertaken in conjunction with numerical modelling in ondeggtigate

the dynamic soft impact response of two orthogonal 3D woven composite materials varying onlytigyotlensi
through-the-thickness (TTT) reinforcement. The transient-deflection responses of phasiterheams were

shown to be primarily governed by the projectile crush time. 3D woven composites demonstrated remarkably
reduced delamination damage during soft impact events in comparison with a dilslEminate material.

The failure mechanism of 3D woven composite beams was longitudinal fibre fracture at the clamped ends. At
impulses lower than those which caused catastrophic fibre fracture, only minor, lodatisdd€ture on the
surface of beams was recorded. The two different densities of through-thickness reinfoesgmemientally

tested within the study had no difference in the back-face deflection experiencedsditringpact. This was
confirmed with the use of a finite element modelling strategy which explicitly models the geoftbey
through-the-thickness reinforcement. FE modelling also showed that an equivalent UD laminaaé wikiteri

have the same maximum back-face deflection as a 3D woven material during a soft impairtckvating

that the in-plane architecture has no influence on the transient deflection of beams. Howevanghoddeil
equivalent UD-laminate material did reveal greatly increased delamination damage stisteiribdt of the

3D woven material.

The 3D woven composite beams were shown to retain structural integrity even during high impulse sof
impact tests, with no delamination up to final fibre fracture. In order to investigate poteptiahirtamage
within the beam clamped beam bending tests were conducted post-impact. These tests rejil@ negli
variations in strength and only minor reductions in beam stiffness after gafttifior 3D woven material.
This indicates the potential for 3D woven composites to perform well during resistanceiplensolit
impacs. The stiffness reduction post-impact was seen to be greater with the compositergpatagher
density of though-thickness reinforcement. Finite element simulations of soft impact on 3D woyEsites
of two different reinforcement densities indicated varying compressive fibre damagefmmtisairface of
the beams; demonstrating the potential for increased damage with higher densities of TTderaefor
Finite element predictions of pre-delaminated beams undergoing soft impact demonstrated significant

structural enhancement provided by the TTT-reinforcement.

The deterrence of delamination due to the presence of through-the-thickness reinforcesadityt lras been

attributed to limited frictional forces between through-the-thickness reinforcement-piash@fibre
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architecture, which may not be able to prevent delamination, especially mode | dominant delamination
effectively ]. The representation of this effect via the element tie methodologymigldisation utilised in
order to reduce the numerical difficulties which would arise from the explicit modellinteo&ctions
between the through-the-thickness reinforcement and the in-plane fibre architecture.Studibsmwill be
conducted in order to precisely classify the efficacy of the element tie methodology in regards liagnodel

the suppression of delamination.

The contribution provided by this research is the detailed investigation into the respansathogonal 3D
woven carbon reinforced epoxy composite material undergoing high speed soft impact loading, and the
demonstration of the efficacy of a full-scale finite element modelling strategyngibsi established

continuum damage mechanics framework for the simulation of the deflection and damage modes exhibited
during soft impact.
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Appendix A. Cohesiveinteraction constitutive law

Cohesive law for interface between layers

As shown irﬁ Figure {4, there are 17 layers in the composite material. These layers are joined to imgjghbour

layers via a cohesive contact law. This law is used to model the traction-separation behéaviotneavit
interface between layers, and allows the FE model to simulate inter-laminar delamination. lhess at t
locations that delamination damage was observed for a UD laminate composite material undergoing soft
impact]. The undamaged elastic behaviour across the interface is governed by the folimiorg

separation law;

t) (k, 0 0)fs,
t.r=40 k., ON&, (40)
t|] |0 0 k]j|s
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wheret,, &, andk, denote the normal traction, separations and stiffness, respectiyely; {65,& }and
{k..,k, }the two shear tractions, separations and coefficients of stiffness, respectivebghaeour is

uncoupled i.e. pure normal separation does not induce cohesive forces in any of the shear dinectiores, a

shear displacement does not induce any normal forces.

As with the material model for the tows and matrix, the cohesive contact consists of both a daiatige init

criterion and a law for the evolution of damage. If the traction stress state exists hdtfolldwing surface,

[(ﬁ;}m T ’ [(1Et;z>)rs T " {&T =1 (41)

WhereT and T, are the maximum stress states that exist in the normal and shear directions before damage

no damage will develop;

initiation, respectively7 (OS h< 1) denotes the damage variable for cohesive contact/il® prior to
damage initiation an@ = 1at the maximum state of damage. The damage variable is defined as a function of

the fracture energyy) , following;

2J,
0

- <1 (42)
max J
56 ( t OG ) 52 j

e

o —a1)

where 5;" ® denotes the maximum value of effective separation occurring during Iod@iagd 5e° are the

effective traction and separation at the point of damage initiation, respectively. atteseffraction and

separation follow;

(43)

(44)

At any moment, the linear softening damage evolution law has the form;
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{(1— h)k.5, whengs, >0
t, = _ (45)
K,o, otherwise
t,=(1-n)ks, (46)
t, = (@1-n)ka, (47)

When the cohesive contact is undergoing compression, i.e. 9iher0, the interaction between layers

governed only by a penalty contact algorithm. The “general contact” algorithm within ABAQUS was utilised,

with a tangential friction coefficient of 0.3.

An initial interface thickness of 0.1 mm was assumed. The normal and shear stfress k.,

respectively, were estimated framanufacturer’s data regarding the epoxy matrix material. The maximum

normal traction{, , was estimated from the yield stress obtained from tensile composite material tests with

fibres aligned at +45° to the loading axis, i.e. 80 MPa ffrom Figure 2(a). The maximum shear, tyaetas

estimated as half of the maximum normal traction. The fracture energy for the cohesivetion was

estimated from the area under the stress-strain curve for the £45° composite tensilekest6b6.J It

This value is similar to that used within other published work, for example Shi et|al. fglparameters

used for the cohesive interaction are presented in Table 2.
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Table 1: Material properties for matrix, warp, weft, and TTT reinforcement tows used thieHfinite

element model

Material Property Value

Matrix Density (kg nT) 1144
E. (GPa) 3.5
G, (GPa) 2.0
Vi 0.3
o (MPa) 80
r,. (MPa) 40
Ja/le (MPa) 6.5

Warp Tow / TTT

Reinforcement Density (kg ) 1628
E, (GPa) 146.8
E, (GPa) 35
Vip 0.25
612, Gl3,GZ3 (GPa) 14.37
X" (MPa) 2020
X (MPa) 1610
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826

Weft Tow

EquivalentUD-
laminate Warp

(Modified values)

Equivalent UD-
laminate Weft

(Modified values)

Y (MPa)

X* Y* (MPa)
i /e (mpa)
I pa)
J./le (MPa)
Density (kg )
E, (GPa)

X" (MPa)
X (MPa)

Y (MPa)

°, Y® (MPa)
I vpa)
I, mpa)
Jo/le (MPa)

X

Density (kg nT)
E, (GPa)
G,,(GPa)
>ET (MPa)
i(c (MPa)
J; (MPa)
3; (MPa)

Density (kg )
E, (GPa)
G,,(GPa)
>ET (MPa)
X© (MPa)
J; (MPa)
J° (MPa)

Gy, C_;13, C_;zs (GPa)

80
40

16.68

10.60

6.5
1570

135.7
3.5
0.25
7.16
1720
1110
80

40

13.08

5.45
6.5

1525
122.2
5.78

1590
1280

12.41
8.04

1530
126.4
4.93

1590
1040

12.00
5.13
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827 Table 2: Material parameters for cohesive contact used to simulate delamination betetseof I3 woven
828 composite material

Property Value
k 3.5 GPa mm

n
K, K 2.0 GPa mm
t, 80 MPa
tot, 40 MPa
Js 650 J nf
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Figure 1.(a) Microscopic image of the composite cross-section along the weft directionjmiihgof the
weft tows due to the presence of the TTT reinforcement. (b) Sketch of 3D orthogonal axden c
composites showing Full through-the-thickness (TTT) reinforcement with the bovderp-stack ratio of
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834 1.1 onthe left and Half TTT reinforcement with the binttewarp-stack ratio of 1:2 on the right, with the
835 dimensions as the average measurements of the cured composites. (For interpretation of theecwlonr leg

836 this figure, the reader is referred to the web version of this article.)
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842  Figure 3 Sketch of experimental set up of dynamic soft impact tests on orthogonal 3D woven composite

843 panels.
Aluminium foam projectile
7 - Isotropic crushable foam
- Crushable foam hardening
- Power law rate dependent
8 node linear brick - C3D8R
X, warp .
Fixed boundary
condition at
Cohesive short edges
interaction
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ah
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Shell elements - S4R
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(a) . ) . (©)
Matrix Matrix
v ¥
y
L) X ferfe—]
TTT reinforcement i g Equivalent
m UD-Laminate
844 Full TTT NoTTT [(0°/90°)40°]

845  Figure 4. Finite element model for the simulation of orthogonal 3D woven carbon composite beam samples

846  undergoing soft impact, with beam orientated along the x-direction (warp). Arrows indiegt#odi of fibre
847  orientation. Sketches of top layers for (a) Full TTT (b) No TTT and (c) Equivaleritasidrate models are
848 also shown. (For interpretation of the colour legend in this figure, the reader isddtethe web version of
849 this article.)
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Figure 5. Comparison of experimental results for Full TTT material and FE prediction for iseiizdick-
face deflections = 5/1, as a function of normalised tinfe= t Vo /1,. FUll TTT beams orientated along the

y-direction (weft). Three different case studies for numerical modelling semeltpresented; Full TTT

reinforcement, No TTT, and an Equivalent UD-laminate material. Projectile imply/sese (a) 2.5 kPa s,

(b) 2.6 kPa s, (c) 3.3 kPa s, and (d) 4.0 kPa s. Points A-E corresponds to the montage images presented in

Figure §.
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Figure 6. Deformation montage of 3D orthogonal woven carbon-fibre compaosites under soft impact of
impulse | , = 2.64 kPas beams orientated along the y-direction (weft) (a) Experiment (b) Finite element

prediction. Points A-E refer to the corresponding positioTs on Figure 5(b).

0.08 ‘ . ‘
|WEFT

0.06 - M ]
2004 - S 1
\v§ * Surface

0.02 [mFull TTT damage |

o Half TTT
0 I I 1

0 0.025 0.05 0.075 0.1 0.125
Iy

Figure 7 Comparison of the normalised maximum back face deflegtigriuring soft impact as a function

of normalised impact impulsig upon 3D woven carbon composites of two different TTT reinforcement

densities.
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V-Z correspond to the montage images presented in FiTure 9.
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Figure 9. Deformation montage of carbon-fibre composites under soft impact testing showing (a)THalf TT

3D orthogonal woven composite beam orientated along the x-direction (Wa&ph.19 kPas, (b) Finite

element prediction of Half TTT 3D orthogonal woven composite beam orientated along theigfd{reatp)

I, = 4.19kPas, and (c)UD-laminate material presented in Kandan et all {10k 2.90kPas. Points VZ

correspond to the locations notedl in Figu\re 8.

40



Warp | [v,=270ms? | [7,=4.19kPas]|

Fracture surface TTT reinforcement 2 mm |
Prediction , —— — Prediction
— F = ===
= z
= - | t}y 1 mm
, A  —
a T T TTTTTTTTTTToTT a
! . Clamp location
= Impact location
: - y
I 20 mm I ’ | ‘
X

C i % &
DC C a 2 H
; £l v
il g
s T
: 1

2 ey D Gy

Fracture surface 1 mm

TTT reinforcement 2 mm |_|

Experimental
e

875

876  Figure 10. Photographic images and FE predictions of damage modes exhibited by Half TTT 3D woven

877  carbon composite undergoing soft impact, testég at4.19 kPas . Beam orientated along the x-direction

878 (warp).
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Figure 11. (a) and (b) Finite element simulations of the predicted compressive damageniomidktie front

surface of orthogonal 3D woven composite beams undergoing a soft impact gveBt33 kPasfor Full

TTT and Half TTT material, respectively. Time t is the time after moment of projenplect upon beam. A
value of 1 corresponds to the onset of compressive fibre damage. (c) Optical microscopic images of f
breakage on the front surface of impact tests of a Half TTT orthogonal 3D woven méteriexgerimental

impact of impulse¢ , = 3.33KPas. Beams orientated along the y-direction (weft). (For interpretation of the

colour legend in this figure, the reader is referred to the web version of this)article.
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888  Figure 12 Sketch showing the experimental setup of the clamped beam quasi-static bending test.
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890 Figure 13 Load imposed by the roller P against roller vertical displacegientpost-impact clamped-

891 clamped beam tests for Full TTT material. Beams orientated along y-direction (weft).
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893 Figure 14 (a) Summary of the peak load during post-impact clamped beam testing verses the velocity of

894 impact y. (b) Stiffness of post-impact clamped beam testing versus the velocity of impact, v
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Figure 15. Finite element predicted deformation of an orthogonal 3D woven carbon composite undergoing a
soft impact event , = 4.03kPasshowing (a) Full TTT and (b) No TTT model. Contour plot shows damage
variable of cohesive interactioh, demonstrating locations of delamination within the beam. A value=01
indicates fully delaminated regions. t = 0 corresponds to the moment of projectile impact on the sample.

Beams orientated along the y-direction (weft). (For interpretation of the detgand in this figure, the reader

is referred to the web version of this article.)
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Figure 16. Montage of finite element simulations of a soft impact event of imfigus@.96 kPas with

cohesive contact removed on (a) Full TTT orthogonal 3D woven composite (b) Half TTT orthogonal 3D
woven composite (c) 3D woven composite with TTT-reinforcement removed, and (d) Equivalent UD-

laminate materiak = O corresponds to the moment of projectile impact upon the beam. Beams orientated
along the x-direction (warp).
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