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Abstract

The aim of this paper is to present a plane-stress damage model based on the Classical
Lamination Theory (CLT), developed for polymer fibre-based composite. The proposed
numerical model utilises a damage mechanics methodology coupled with fracture mechan-
ics to predict composite failure, particularly under quasi-static and dynamic loadings. In
addition, the proposed constitutive equations consider a single secant modulus to describe
its tensile and compressive modulus, as opposed to the physically-proposed tier models for
polymer fibres which possesses a ‘skin—core’ structure. The result of single element and
coupon-level modelling showed excellent correlation with the experimental results. It is
expected that the proposed numerical model will be able to predict, up to a considerable
accuracy, the response of the composite under low and high velocity impact loadings.

Keywords Continuum Damage Mechanics (CDM) - Finite Element (FE) - Thermotropic -
Liquid Crystal Polymer (TLCP) - Classical Lamination Theory (CLT) - Fracture
Mechanics

1 Introduction

The problem of impact on composite structures has been a subject of review for more
than three decades. To date, many review papers have been written by researchers [1-9]
in reporting the advances observed in the field of impact mechanics on composite materi-
als. These advances, which include damage prediction using numerical approaches such
as the Finite Element Method (FEM), have strengthened our understanding to design
a more damage tolerant structure for various applications. Mathematical models such as
the spring-mass model, the energy-balance model and the Delamination Threshold Load
(DTL) [10, 11] have greatly helped in determining the performance of the composite struc-
ture under transverse impact loading, particularly under Low Velocity Impact (LVI).
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The use of energy-based models has also seen an appreciable increase over the past
three decades. Mathematical models such as the Classical Laminate Theory (CLT) are used
in conjunction with energy-based theories such as fracture mechanics to describe laminate
failure. For example, the energy required for fibre failure is taken as the energy obtained
from standard fracture mechanics tests such as the Compact Tension (CT) or Compact
Compression (CC). This energy is commonly known as the strain energy release rate,
G, and is assumed to be the area enclosed under the stress vs strain curve of the relevant
modes. Upon reaching the failure strength (tension or compression), laminate stiffness is
degraded to zero. The concept of degradation is essentially part of a more general Con-
tinuum Damage Mechanics (CDM) approach, which was first introduced by Kachanov [12]
and later by Rabotnov [13] when attempting to describe the creep behaviour in metals.
CDM is an attractive approach since it provides a method in which accurate determination
of the material condition can be made - from a pristine condition (no damage) until final
failure (full damage). Unlike earlier approaches to modelling composite laminate using
stress (or strain) based criteria [14—16], in which the stress is immediately reduced to zero,
upon reaching its threshold strength. This is a gross over-simplification which neglects the
post-failure behaviour of a laminated composite.

The earliest implementation of energy-based damage mechanics approach is proposed
by Ladeveze [17]. In-plane testing of various laminate orientations was simulated using
the CDM approach and later compared with the experimental results. Damage onset was
taken as the failure strength of relevant modes, and then linearly degraded until zero. An
excellent correlation between the experimental and simulation results was obtained. Later,
Matzenmiller et al. [18] utilised the CDM approach by considering the post-failure behav-
iour as a function of its Weibull distribution of strength. Williams et al. [19] implemented
the approach suggested by Matzenmiller et al. [18] into LS-Dyna as a plane stress mate-
rial model. Following this, Iannucci et al. [20-24] employed the CDM approach to model
thin laminated composites (UD and woven) under LVI and HVI loadings. All numerical
predictions including the load vs time/displacement response were in close agreement with
the experimental results. Pinho et al. [25] and Donadon et al. [26] utilised the model first
developed by Ladeveze [17] and Iannucci et al. [20] to develop a full 3D material model
to enhance the accuracy and reliability of the model. Donadon et al. [26, 27] have also
implemented the smeared cracking approach to alleviate mesh dependency into irregular/
non-structured mesh types. The approach utilises some modifications on the element shape
functions to accommodate non-structured mesh types used in FE analysis. Ehrich [28] has
also implemented this modification into plane stress elements for the Abaqus FEM soft-
ware package.

It is well established that Vectran fibres (commonly known as a type of Thermotropic
Liquid Crystal Polymers, TLCP) possess the so-called ‘skin-core’ structure [3] [4],
which determines the mechanical performance of the fibre. Differences in the pro-
cessing conditions (i.e. draw ratio, temperature, etc.) will result in a change in the fibre
structure, often manifesting into a different ‘skin-core’ ratio (i.e. the thickness of the ‘skin’
would increase or decrease), hence altering the mechanical properties of the fibre. For
instance, a thicker ‘skin’ would result in an increase in the fibre tensile modulus, and a
decrease in the tensile strength and failure strain. In general, the ‘skin’ structure is often
identified by a smooth surface, often with a highly oriented crystalline domain. Moving in
towards the ‘core’, the molecular structure was found to be less oriented, physically seen as
fibrils in the fibre.

In this paper, a plane stress damage model established for Vectran laminated composites
will be presented. The formulation follows previous works from Iannucci et al. [21-23],
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with some modifications derived specifically for the tensile and non-linear in-plane shear
behaviour observed on Vectran composites [29].

2 Constitutive Model

The damage model proposed in this paper is based on a plane stress formulation suitable
for thin and thick shell element type. The assumptions made for the model include:

e The maximum strain failure criterion was used as damage onset and growth for both
tension and compression. The stiffness variable used in both tension and compression
response is based on the ‘skin’ and ‘core’ structure found on the Vectran fibre, (Fig. 1)
[30-32]. Although it is ideal to define the two (or more) stiffness variables explicitly
for each structure (i.e. skin, core), it was found that the secant modulus approach was
adequate to represent the material’s behaviour;

e Explicit damage variables were assigned to each failure modes (i.e. d; for tensile failure
in the warp direction, d; for compressive failure in the weft direction, etc.);

e Linear softening was assumed upon damage propagation for all damage modes. While
the selection may seem arbitrary (i.e. no physical reasoning), the linear softening
approach has been widely used by many researchers due to its simplistic nature. All
cracks and damage types (i.e. fibre bridging and pull-out) were smeared into a. Repre-
sentative Volume Element (RVE), analogous to the assumptions made by CDM;

e Behaviour in the through-thickness direction (both normal and shear stress) was defined
in a ‘penalty’ (linear) form in this UMAT. Through-thickness shear modulus was
assumed to be similar to the in-plane shear modulus, whilst the through-thickness mod-
ulus was taken as the resin modulus (calculated using the rule of mixtures).

2.1 Governing Equations

From the initial assumptions made from CDM, the relationship between a damaged and
undamaged material can be defined as:

(o3

(1-d M

o=

Where ¢ is the effective stress in the ‘damaged’ material, and o is the pristine ‘undamaged’
material. d=1 represents full damage (i.e. ¢ = 0), and d = 0 represents no damage (i.e. ¢ =
G).

The relationship defined in Eq. 1 can also be extended to define the material’s stiffness,
which is defined as:

E=(1-dE° 2

where E is the effective (current) stiffness, and E° is the pristine material’s stiffness. From
Eq. 2, the damage modes can be defined as:

e d,: damage due to tensile stresses in the warp direction;

® d,: damage due to tensile stresses in the weft direction;

® d;: damage due to in-plane shear stresses;

® d,: damage due to compressive stresses in the warp direction;
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® d;: damage due to compressive stresses in the weft direction.

All damage modes defined were implemented on the local element direction follow-
ing Eq. 2 which is defined as:

tc __ 0
Ej =1 =dyk, 3)
where ¢ represents tensile failure, and ¢ represents compressive failure. For tensile failure,
Eq. 3 can be defined as:
_ 0
Ezt‘i =1 -d)E; “
where i = 1, 2. For compressive failures:
c _ _ 0
Ejj =a dj)Ejj o
where j=4, 5. Since the same stiffness was used for both tensile and compressive response,

Egs. 4 and 5 can be combined, yielding:

E,=- d,C)EO1
Eyp=(1-d)E, ©)

where (1 — dx) and (1 — dy) are defined as:

(1-d,) =1 —-d)(1—d,3) ;
(1-d,) = (1 —d)(1 — d;) @

For in-plane shear, the stiffness-damage relationship is defined as
Gp=>0- d3)G(1)2 (®)

The Poisson’s ratio will also be degraded following Eq. 2 to prevent spurious energy
generation. This is defined as:

vip =1 =dv), 9)
vy = (1 =dy)vy)

where the relationship between Poisson’s ratio and the Young’s modulus are defined as:

Y2 _ % (10)
Ell E22

For Vectran/epoxy composite, the general stress-strain relationship can be defined as:

o1 =E(|)1(51|V| +e7) (11)
and
022 = E9 (e, + €¥) (12)

where E° is the secant modulus, N and M (1 < N, M < 2 for an optimum curve fit) are con-
stants which can be found by performing a least square fit of the tensile stress-strain curve.
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As mentioned earlier, a secant modulus was used to represent the ‘skin’ and the ‘core’
structure, which was established for Vectran fibres.
Finally, the 2-D stress-strain-damage relationship for each laminae can be defined as:

011
P (13)
T12
0 0
| (1 —dx)E“O . (1-dy( —dy())vzlE?1 0 ggl +£1]‘Aj
== |1 —d)a —aVo,ES, (1-d)EY, 0 ) + e
N 0 0 N(1-d)G% || 1o
where N is defined as:
N=1- (1 =d)(d —d)v0y >0 (14)

Equation 12 can also be written in an incremental form, which has been implemented in
LS-Dyna, given by:

Aoy, = (NeNT' + MeX1)(1 — dy)EY, Ay, + B(eY, + eX)AED, (15)
where AE? is defined as:
AE,, = —EJ, Ad, (16)

Therefore, Eq. 15 can also be re-written as:
Aoy, = ES,(NeNT! + MM (1 — dy)AE,, — B(e), + €M) Ad, 17)

where the f term defines irreversible strain, €, from any unloading point during damage
propagation. f = 1 will result in an unloading straight back to the origin, whilst § > 1
results in a positive irreversible strain, Fig. 2. The  term could also be used to define the
amount of irreversible strain on the laminate — a common damage type usually observed on
polymer fibre composites.

2.2 Damage Propagation
2.2.1 Tensile and Compressive Direct Stresses

As mentioned earlier, damage propagation follows a linear softening curve, in which the
stress is degraded as a function of strain. For simplification, Poisson’s coupling is neglected
prior to damage initiation. For both tensile and compressive component, damage propaga-
tion is defined as:

[ Emax —

d=1-4| 2] (18)

where A is a constant given by:
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N M

where €, is the strain at zero stress (full damage), ;" is the initiation strain, and ¢ is the
current strain. Eq. 18 can also be written in an incremental form, which has been imple-
mented in LS-Dyna, given by:

(Epay — E)NNL + MMy | _
1 l £ AAe

Ad =
eN + eM

(eN + eM)2 (20)

In order to compute the strain at final failure, €,,,,, fracture mechanics is introduced
whereby it is postulated that the energy dissipated during the damage process is equal to
the strain energy release rate, G, of the particular damage mode. For instance, the energy
consumed during longitudinal (fibre) tensile failure is equal to that of the energy obtained
from fracture mechanics testing, such as the Compact Tension (CT) test. The strain energy
consumed during material failure is a volumetric energy and it is generally known as the
area under the stressstrain curve (shaded area shown in Fig. 3). Since fracture mechanics
considers the energy per unit area, kJ/m?, another length parameter has to be introduced,

defined as:
V/ ode = lCA/ ode =G A 1)
0 0

where [, is the characteristic element length describing the finite element mesh. Therefore,
the size of . can vary with the element size. This inherently alleviates the mesh depend-
ency of the finite element model since the energy under the curve must equal to the G to
prevent any spurious energy dissipation.

Equation 21 is also the basis of the crack smearing methodology which will be dis-
cussed in the later sub-section. Finally, the 1-D stress-strain curve for tensile/compressive
component is shown in Fig. 3.

2.2.2 Residual Strength for Compressive Failure

It should be noted that the compressive strength of Vectran laminates is considerably lower
compared to its tensile strength. This is due to the fibrillar nature of the fibre, which de-
fibrillate almost immediately when placed under a compressive load [30, 31, 33]. It was
also observed that when Vectran/epoxy laminates were placed under uniaxial compressive
loads, the laminate will exhibit a strain-hardening response, which allows the laminate to
carry a further load with increasing strain. This is shown in Fig. 4, where it can be seen
that non-linearity begins at approximately 40 MPa (¢ = 0.021%). Upon passing its yield
strength, the fibres will start to buckle, seen as micro-kinks at the fibre level [33]. Strain-
softening begins until approximately 80 MPa (¢=4.3%) when finally, the specimen was
observed to be ‘crushing’.

It is common for brittle fibre — brittle matrix system such as CF/Epoxy and GF/Epoxy
laminates that the residual compressive strength is estimated from the matrix compres-
sive strength, which is considerably lower than the fibre compressive strength. However,
for Vectran/Epoxy laminates, the residual compressive strength is taken as the ultimate
strength before ‘crushing’ (i.e. approximately 80 MPa in this case). Therefore, upon
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reaching the maximum compressive strength of the laminate, no degradation of the com-
pressive strength is being made, emulating an elastic-perfectly plastic response. Again,
although this assumption could be seen as an oversimplification of the experimentally
observed behaviour, it is assumed that the compressive response is significantly lower than
its tensile component. Furthermore, if one were to fully capture the actual response of the
laminate (i.e. kink band effects etc.), 3D-stresses are required which would necessitate a full
3D formulation. Several researchers have proposed a method to predict the kink-band for-
mation for polymer fibres, especially the ones which possesses ‘skin-core’ structure [34,
35]. The formulation was derived based on the assumption that the ‘skin-core’ structure
was made of layers, with each layer connected with a spring (through-the-thickness), as
well as frictional effects between each layer. Also, a separate spring is assigned to govern
the kink-band formation when the ‘damaged’ layers start to rotate.

2.2.3 In-plane Shear

A simple approach in modelling the in-plane shear response, including the non-linear com-
ponent normally observed in many in-plane shear test was implemented in LS-Dyna. The
model was based on a ‘piece-wise’ approach with an exponential function to predict the
nonlinear response. A linear softening follows upon reaching the ultimate shear strength
until zero stress. For shear strain below the yield strain (strain at which non-linearity com-
mences), a linear shear stress-shear strain relationship is proposed, given by:

Tip = aG?zﬁz (22)

where G,,° is the initial shear modulus obtained from standard laboratory testing, and o
relates to the strain-rate enhancement case defined by a sigmoid relation initially proposed
by Iannucci et al. [21-23] given by:

a = 2—(3_% (23)

where «x is a material parameter defining the shear strain-rate, v, with respect to the magni-
tude of the enhancement. Fig. 5 presents the predicted shear response under various strain-
rate. Enhancement can be observed in terms of the initial shear modulus, G, , the initial
yield strength, t,,°, and the ultimate with respect to the strain-rate. Also shown in Fig. 5 is
the sigmoid relation, where it can be seen that the enhancement will always asymptote to a
factor of 2 after reaching a strain-rate of 100/s and above.

Following this, the shear stress-shear strain response follows an exponential function,
given by:

712 = ael” + ce” (24)
where a, b, ¢, and d can be found be performing a least square fit on the non-linear com-
ponent of the shear stress-shear strain curve. Finally, upon reaching the ultimate shear
strength (damage onset), a linear degradation is proposed, given by:

u
T2

—(ymax - V) (25)

Ty =
12 U
max ~ ylz

where t,," is the ultimate shear strength, vy,,,. is the maximum shear strain (damage = 1),
and y,," is the ultimate shear strain. The maximum shear strain, vy,,,. can be obtained by
using fracture mechanics, briefly discussed in the previous section. This can be estimated
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from the mode II interlaminar fracture test [36], in the absence of mode II intralaminar
energy, shown by the area under the shaded curve in Fig. 5. Writing in terms of damage,
Eq. 26 is given by:

=Wnax = 1)
dy=1-C2—" (26)
Y
where the constant C is given by:
— T
C=—_ 12 @7
0
Gl Umax = 71)
Finally, converting Eq. 26 into an incremental form yields:
_ymax
Ady = aC7A7 (28)

Using the model defined above, the predicted shear stress-shear strain response is shown
in Fig. 5.

2.2.4 Unloading Behaviour

Experimental evidence of the in-plane shear unloading response for Vectran/Epoxy shows
an almost similar unloading stiffness with the initial modulus. This is shown in Fig. 6,
where the unloading stiffness is nearly constant with increasing shear strain.

The total strain can be additively decomposed into the elastic and inelastic strain, given
by: [37]

=7+ (29)

where y,,° is the elastic (recoverable) strain, and y,," is the inelastic (permanent) strain.
This is schematically shown in Fig. 5, where unloading from point A will result in a resid-
ual permanent shear strain OB. The magnitude of permanent shear strain will increase with
increasing strain — unloading from point C yields a permanent strain with magnitude OE.
Upon passing the ultimate shear strain, v, , stress will be degraded with a negative stiff-
ness, defined in the previous section. Any unloading beyond this point will follow the dam-
aged stiffness, defined as:

G=G(1-dy) (30)

It must be noted that unloading from any point before damage initiation will utilise the
initial shear stiffness, Gu0 , consistent with the results obtained experimentally.

3 Mesh Dependency
The proposed formulation utilises the established “smearing methodology” first pro-
posed by Bazant and Oh [37], in which the fracture energy, G. is assumed to be smeared

over a Representative Volume Element (RVE). This approach inherently alleviates the
mesh dependency due to strain localization by coupling fracture mechanics and damage
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mechanics in the constitutive equations. Upon failure, energy dissipated within an RVE can
be defined as:

E =E,+E,; 3D

where E, is the elastic strain energy, and E,; is the ‘damaged’ strain energy. Eq. 31 can also
be re-written in similar form following Eq. 21, given as:

£ £
E, = V/ ode = V%ae + V/ Yd=G.A (32)
0 0
where V is the volume of the finite element, and Y is the thermodynamic force conju-
gated to the damage variable. This can be further deduced to define the characteristic ele-
ment length, /., which is an intrinsic requirement of the smearing methodology. Hence,

Eq. 32 can be rewritten as:

£
E =1, [/ oede + %ae] =G. (33)
0

Figure 8 illustrates the smearing methodology employed in this UMAT. Square speci-
mens of 1 mm? were discretised into 1x 1, 3% 3, 5x35, and 7% 7 element sizes respectively
— shown in Fig. 9. As expected, failure occurs in a band normal to the loading direction,
without an outside trigger to initiate failure. Consequently, the load vs displacement curves
shown in Fig. 7 clearly indicates a similar energy dissipation (area under the curve) for sev-
eral different mesh sizes. The energy dissipation is a function of the element volume (i.e.
strain energy density), therefore ensuring a constant and stable damage propagation.

4 Model Validation
4.1 In-plane Tests

The proposed plane stress damage model described in the previous sub-sections has been
implemented into LS-Dyna for thin and thick shell formulations. The next sub-sections
will present results of the in-plane modelling of standard coupon specimens for tension,
compression, and +45° in-plane shear. Finally, results from the FE modelling will be com-
pared with the actual in-plane experiments therefore enabling an appropriate validation of
the UMAT model.

4.1.1 Model Set Up

The model properties used in the FE model were summarised in Table 1, whilst the con-
stants used were summarised in Table 2. Engineering properties (both in-plane and fracture
toughness) were obtained by performing quasi-static mechanical characterization on the
actual NCF laminate, shown in Fig. 10.

It must be noted that the Polyester stitches which are present in the fabric/laminate con-
sists of approximately 7% of the total laminate volume fraction. Also shown in Fig. 10 is
the Representative Unit Cell (RUC) of the fabric. Finally, one end of the specimen was
constrained against translation along and across the specimen, whilst the other end was
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Table 1: Mechanical properties

used for FE modelling, Engineering stiffness/strengths I\\ieCcI:ran/
MTM57

E,=E, (GPa) 31.2
c'=c", (MPa) 811
c%=o0 cy (MPa) 80
vl12=021 0.005
G°, (GPa) 0.82
0., (MPa) 23
7", (MPa) 98
p (g/em?) 1.41

subjected to a ramped velocity boundary condition. The ratio between internal and kinetic
energy were kept below 0.1% to ensure quasi-static conditions.

4.1.2 Tension

A tensile FE model was created with specimen dimensions defined as 250 mm x 25 mm x
2mm (L x W x t) utilising quadrilateral thin shell elements. The total elements were 6,250,
with 6 through-the-thickness integration points in each element, corresponding to 6 Vec-
tran NCF plies. 5 damage variables were assigned to each integration points, correspond-
ing to the damage variables described in the previous sub-sections.

Figure 10 shows the FE prediction on the tensile stress-strain curve for Vectran/MTMS57.
Also shown in Fig. 9 is the experimentally obtained stress-strain curve from the quasi-
static tensile testing of Vectran/MTMS57. Excellent agreement can be seen on the experi-
mental and FE predictions with similar ultimate stress and strain values obtained. Con-
versely, Fig. 10 shows the predicted failure in the FE model. As expected, failure occurs
close to the constrained end of the specimen, where the stress concentration was highest.
Damage initiates at the side of the specimen, progressing to the centre of the specimen,
which finally failed when all integration points in the damage band have failed. Figure 11

Failure on the actual specimen was seen further away from the end tabs. Fig. 12b, and
not very close on the end tabs, as predicted by the FE model. This can be explained from

Table2 Modelling constants

Constants NCF Vectran/MTM57
N=M 1.196622

G . [29] 280!

G g (kJ/m?)? 2.412

a 34.34

b 1.519

c -38.71

d -33.56

!Propagation value

%Gy, was estimated from the mode II interlaminar shear properties
obtained from 4 End notched Flexure (4ENF) tests

3Propagation value
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Skin

b | Oriented
4 fibre

Macro fibril
— 50 pm

/ ? } Fibril
0.5 pm

Micro fibril Enlarged view

of microfibrils
N

Fig. 1 The three-tier model established for TLCP fibres [4]

the inherent defects which were present around the failed area, which initiate damage which
finally leads to failure. FE model however does not consider any defects, and to account for
this, more advanced theories such as the stochastic approach should be employed.

4.1.3 Compression

For compression, an FE model with specimen dimensions defined as 90 mm x 10 mm x
4 mm (L x W x t) was created using 900 quadrilateral thin shell elements. 12 through-
the-thickness integration points were assigned in each element, corresponding to 12

;E
= ~
“ S~ No unloading
= ~
7] g i
i Unloading ™~
. = ~
Unloading With p= 1 S~
] with =1 ™
- ~.
P
Strain (&)

Fig.2 illustrates the effect of § on the unloading curve during damage propagation.
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\ F= N
i I Il 1 0 1 1 I \ 4 Il
; - — A X } t : . f
-0.08 0.06  creesBeQdpeeeenes #ox e 0.02 0.04 0.06 0.08 0.1
Restdual strength 200 L

Strain

Fig.3 Failure envelope for tensile and compressive direct stresses

Vectran NCF plies. Similar to the tensile modelling, 5 damage variables were assigned to
each integration points enabling a comprehensive investigation of damage in each point.
As expected, failure occurs at the gauge region of the model, similar to the experimen-
tal observation — shown in Fig. 12a and b. In spite of this, the kink-bands observed in
the actual experimental specimen were not be able to be simulated, since this requires a
through-the-thickness formulation to be included in the UMAT.

Figure 14 presents the stress vs strain response for Vectran/MTMS57 under quasi-static
compression testing. As mentioned before, the residual strength for Vectran/MTM57 com-
pressive response were set at approximately 80 MPa, similar to the experimental observa-
tion. Although the FE model does not consider the strain-hardening response of

100
80
ll
E o Specimen 'crushing’
e
w2
20
/Yield strain
0
0 0.01 0.02 003 0.04 0.05
Strain

Fig.4 Typical experimental compressive response for Vectran/MTM57 laminates
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Fig.5 Strain-rate effects of the+45° In-plane shear response of Vectran/MTMS57 (a) Predicted shear
response under various strain-rate with k=20 (b) Sigmoid relation of the enhancement factor

Vectran/MTM57, the overall response, including impact was found to be able to predict
the experimental response well. One possible approach to model fibre folding and kink-
band formation is by using the stacked shell approach with each layer ‘connected’ using
cohesive algorithms (cohesive surfaces/elements). One integration point will be assigned to
each layer, resulting in a multiple ‘membrane’ ply stacked onto each other. Upon reaching
the yield stress, the plies will start to deform forming a ‘kink-band’ similar to the experi-
mental result. However, this approach is computational costly since each layer is required
to be modelled, along with appropriate mesh sizes.

Numerically, the compressive strength could also be estimated analytically using the
relationship first proposed by Fleck [38] assuming an initial misaligned angle in the com-
posite given by:

G+/1 + R%(tan p)?
O =— = (34
1+ ¢/Vy

where R is the ratio of matrix tensile to shear strength, G is the matrix shear modulus, yy
is the matrix shear yield strain, f is the kink-band angle, and 5 is the initial misalignment
angle. Taking G = 0.116 MPa, R = 1.335, and a = 2° and p = 0° yields 6, = 44.85 MPa.
This is in excellent agreement with the experimentally obtained compressive yield strength

120

0.8

0.6

Damage, 3

0.4

-0.6 -0.4 0.8

Fig.6 Predicted in-plane shear response for Vectran/Epoxy laminate
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Fig.7 Cyclic and monotonic +45° in-plane shear response for Vectran/Epoxy laminate

(~ 38 MPa). Finally, using the ‘crushing’ kink-band angle of 44.3° as shown in Fig-
ure 13c in equation (34), the estimated compressive strength at ‘crushing’ is approximately
74.22 MPa - a very well predicted value, close to the experimentally obtained result.

4.1.4 %45°In-plane Shear

Finally, the quasi-static £45° in-plane shear test was modelled using 6,250 quadrilateral
thin shell elements utilising similar dimensions with the actual specimen (250 mm x 25
mm x 2 mm). Six through-the-thickness integration points were assigned in each element,
corresponding to 6 Vectran NCF plies. Finally, the orientation of the material axes in each
element was rotated +45° with respect to the loading direction — shown in Figure 15a so as
to represent the rotated plies in the actual specimen

2
1.6
12
<z 1x1
2 08 3x3
3 5x5
7x7
0.4
0
0 0.01 0.02 0.03 0.04

Displacement (mm)

Fig.8 Load vs displacement curves for tensile tests with different mesh size
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Fig.9 Tensile test with different element sizes. Failed elements are highlighted in red

Figure 15 presents a comparison between the experimental and FE specimens. Conse-
quently, Figure 16 shows the FE prediction for the +45° in-plane shear stress vs strain
behaviour, in which an excellent agreement can be observed between the experimental
response. At first glance, a similar ‘necking’ behaviour can be observed between the FE
model and the actual specimen. However, the ‘necking’ observed around the gauge region
in the actual specimen was due to fibre rotation (i.e. scissoring effect), upon passing its
‘yield’ strength. In the FE model, ‘necking’ was due to the element co-rotational formu-
lation (Belytschko-Lin-Tsay shell [39]), since the element local direction (fibre direction)
was kept at a constant 90° relative to each other throughout the analysis. It was verified on
a single element as well as coupon tests that the longitudinal and transverse strain in the
+45° in-plane shear were in good agreement with the experimental results for shear strains
of up to 20%.

5 Discussions

5.1 Tensile Behaviour

Behaviour under tensile loading showed excellent agreement with the experimental results,
whereby both stress-strain response and damage pattern were closely predicted using mini-
mal inputs. This is important since it allows users to use the UMAT with minimal experi-

mental information which can be obtained from standard quasi-static in-plane tests. In spite
of this, the physically-based two (or three) tier model could be implemented to enable a

Stitch

~3 mm

Weft yarns

Fig. 10 Vectran NCF used in this study (a) Actual fabric (b) Schematic of the RUC
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Fig. 11 FE prediction on the tensile stress vs strain response for Vectran/MTM57

more comprehensive analysis to be performed to capture the micro-mechanics of failure in
Vectran fibre-based composites.

5.2 Compressive Behaviour

Due to the plane stress formulation implemented in the UMAT, it is inherently assumed
that the through-thickness stresses are a constant which was defined using a ‘penalty’
approach utilizing a linear spring for both through-thickness direct (c;) and shear (7,3, T,3)
stresses. This place severe restriction in capturing the through-thickness effects of the lami-
nate. In the case of compressive failure, the distinct kink-bands observed in the through-
thickness direction, Figure 13c, cannot be predicted using the current UMAT framework

Loading direction
History Vorlable#5

Damage band »

1.0000+00
9.0000.01 I
8.0000.01
1.0000.01 _
6.0000.01 _
5.0000.01_
4.000e.01_|
3.0000.01 _
2.0000.01 _

1.0000-01 7|
0.0000+00 |

(b)

Fig. 12 Progression of damage in the FE model (a) Damage band in the FE model prior to final failure and
eventual failure (b) Actual failed specimen under quasi-static tensile loading
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Fig. 13 Prediction of damage in the FE model (a) Damage band in the FE model at failure (b) Actual failed
specimen under quasi. As expected, failure occurs at the gauge region of the model, similar to the experi-
mental -static uni-axial compression (c¢) Close-up image on the black square in (b) showing kink band fail-
ure in the trough-thickness direction.

since it requires additional constitutive formulation to describe the particular response.
This could be represented using the approach proposed by Wadee et al. [5] [6], in which
the kink-band phenomenon was described using explicit constitutive relations, including
band width growth following kink-band growth saturation.

100 + Specimen ‘crushing’

80+ — — '
% r’—‘—
» o eeee. 1
Lm’ 40 - [/ Experiment
& 3 ——FE

20 +

0 T T T T 1
0 0.01 0.02 0.03 0.04 0.05

Strain (g)

Fig. 14 FE prediction on the compressive stress vs strain response for Vectran/MTMS57
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Fig. 15 Prediction of damage in the FE model (a) Damage band in the FE model at failure (b) Close up on
the black square shown in (a) (¢) Actual failed specimen under quasi-static +45° In-plane shear loading

5.3 +45°In-plane Shear

Under in-plane shear loading, extensive ‘necking’ is observed on Vectran/MTMS57 due to
the extensive fibre-rotation phenomenon which occurs progressively with increasing load.
This effect was not explicitly captured since it requires a specific formulation which links
the rotating angle with the shear stress/strain. As mentioned before, the necking observed
in the FE prediction was due to the element formulation, which considers co-rotational for-
mulation at the local (element) level. In spite of this, excellent agreement can be observed
between the experimental and numerical results, although the inputs required for the in-
plane shear is more involved (at least four additional constants are required to obtain the
optimal correlation).

5.4 Critical Strain Energy

The UMAT framework outlined in this paper inherently requires additional information
such as the strain energy release rate, G, as input due to the coupling between CDM
and fracture mechanics to describe failure. While G, for tensile (mode I) has been inves-
tigated [29], it is assumed that the G, is similar in compression. This is due to the lack
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Fig. 16 FE prediction on the shear stress vs shear strain response for Vectran/MTM57

of experimental data in characterising the fracture toughness in compressive failure mode
for polymer fibre-based composites. Perhaps the closest work on characterising the com-
pressive behaviour of polymer fibre composites was performed by Attwood et al. [41], on
Dyneema HB26 and HB50 composites using a Compact Compression (CC) specimen. It
was concluded that compressive failure of Dyneema composites was governed by its inter-
laminar shear properties and not fibre properties. This is contrary to Vectran fibres, or more
generally polymer-based fibres possessing a ‘skin-core’ structure in which the composite
compressive strength is governed by the fibre strength [11, 40].

It must be also be noted that in this UMAT model, failure is governed by tension rather
than compression or shear. Failure in each integration point occurs when full damage (d
= 1) in the fibre tensile direction (d;, d,) is reached. Consequently, the element in the
FE model is deleted when full damage in either fibre direction (d;, d,) has been reached
—max(d,, d,), since this option is seen to yield a much better correlation with the experi-
mental results.

6 Conclusions and Perspectives

The FE model proposed for Vectran/MTMS57 was found to be able to predict the response
of Vectran/MTM57 with considerable accuracy despite several drawbacks with are inher-
ent under plane stress assumptions. However, the UMAT developed is generally acceptable
for thin laminates due to the flexural dominance in terms of impact deformation. At the
coupon level (i.e. quasi-static characterisation tests), FE prediction was observed to be in
close agreement with the experimental results, apart from compressive behaviour, in which
the ‘hardening’ effect should be addressed using kink-band models which requires a full 3D
formulation. While the FE prediction on the behaviour of Vectran/MTMS57 correlates well
with the experimental observation, the mathematical framework for Vectran fibre compos-
ite (or any fibres which possess a ‘skin-core’ structure) could be further improved to accu-
rately represent, based on physical observations, the fibre’s behaviour. First, a 3-D math-
ematical framework is necessary to predict the through-thickness permanent indentation
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often found on Vectran/Epoxy laminates. This could be incorporated in — conjunction with
the modified Hertzian law [42] or coupled with CDM [43] hence would be able to accu-
rately predict the performance of the composite. Secondly, the primary governing equation
of Vectran’s fibre could be further enhanced by using two (or more) non-linear springs, as
well as a dashpot to represent the skin and the core. This is then consistent with the hierar-
chal model originally proposed for fibres possessing a ‘skin-core’ structure [31]. Thirdly,
the in-plane compressive behaviour can be represented by the kink-band model proposed
by Wadee et al. [44, 45], therefore having the ability to predict the onset and growth of
the ‘kink-band’ upon reaching the fibre’s compressive yield stress. Lastly, enhancements
can be made to modify the shape functions for the elements to accommodate the use of
non-structured mesh (i.e. warped quadrilateral mesh) which can be done by including an
objectivity algorithm as performed by Donadon et al. [27] and Ehrich [28] for Abaqus FE
software package.

Data availability The data that support the findings of this study are available from the corresponding author
upon reasonable request.
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