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A numerical Study on Impact and Compression after Impact Behaviour of

Variable Angle Tow Laminates

Thi D. Dang® and Stephen R. Hallett?
Advanced Composite Centre for Innovation and Science (ACCIS), University of Bristol,

Queen’s Building, University Walk, BS8 1TR, UK

Recent developments of variable angled tow (VAT) technology have indicated that variable stiffness
composite laminates offer a strong potential for structural tailoring. However, the design complexity
requires use of numerical analysis and novel techniques for this type of structural composites. This paper
addresses the problem of the impact and compression after impact (CAI) behavior prediction of variable
stiffness composite laminates with emphasis on the effect of the interaction between fibre orientations,
matrix-cracks and delaminations. An explicit finite element analysis using bilinear cohesive law-based
interface elements and cohesive contacts is employed for the investigation. Examples are presented to
illustrate the effectiveness of the current models for predicting the extent of impact damage and
subsequent compression strength. The current study has improved the understanding of interactions
between matrix-cracks and delaminations to clarify open questions on delamination initiation and how

matrix cracks and fibre orientations interact.

Keywords: VAT laminate, Delamination, matrix-crack, Impact behavior, CAl behavior, crack

propagation, fibre orientation

1. Introduction

In general there is demand from airlines that a new aircraft shows at least a 20% improvement in direct
operating costs [1]. Although, a number of system-level improvements can lead to such a reduction in the
direct operating costs, the aircraft industry often considers reducing the structural weight of the aircraft as
one of the main options. NASA researchers [2] are expecting to reduce the weight of the fuselage

structure by 25%, and are thus continuously looking at the means that will help it accomplish this goal.
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With the increasing trend toward the use of composite materials for primary structure, researchers [2] are
also looking at ways to tailor the direction and placement of fibre laminates. This can be achieved by
steering the individual fiber tows to make curvilinear fiber paths and thus control the distribution of
material to better suit the local load requirements. The recent manufacturing developments [3] in Variable
Angle Tow (VAT) technology (where stiff carbon fibres are steered along curves to maximize structural
performance) seem to meet the expectation of the aircraft industry. Other work at the University of Bristol
[4-6] made a preliminary assessment of the manufacturability of the embroidery-based VAT process. This
produced flat, low voidage, constant thickness, and high volume fraction VAT panels with high resistance
to buckling as well as improved stiffness in deeper post-buckling. The original motivation for
development of this technology [7-9] was that the response of fibre-reinforced laminates could be
significantly altered by allowing the fibre orientation angle to vary spatially throughout the structure.
Since the fibre orientation defines the stiffness properties of laminates, such structures are also termed
variable-stiffness composite panels. The potential of VAT laminates opens a new branch of research in
laminated composite materials; the design complexity requires use of numerical analysis and novel
approaches to tackle problems for this type of structural composite laminates. As well as stiffness and
buckling, damage resistance and tolerance are extremely important design drivers in aerospace structures.
In this paper VAT laminates, which can bring advantages in terms of tailored stiffness and buckling

resistance, are assessed through numerical analysis, for their response to impact and damage.

Structural composites display a wide variety of failure mechanisms as a result of their complex structure
and manufacturing processes, which include fibre failure, fiber matrix debonding, matrix cracking,
buckling and delamination. Delamination, that is, the debonding between adjacent laminate, is the most
significant single failure mode in laminated composites since it significantly reduces the strength of the
laminate. The greatest reduction is that of the compressive strength which may be up to 40-60% of that of
an undamaged structure [10-11]. Delaminations are often induced by different types of impacts, of which
low-energy impact is considered the most dangerous, because it is very difficult to detect in a routine
visual inspection [12]. Therefore, the study of low-energy impact and compression after impact (CAI)
behaviour of laminated composites is one of the most important problems in the design of composite
structures. For laminated composites under low-velocity impacts, damage starts with the creation of a

matrix crack. In thin laminates, a tensile crack in the bottom ply, perpendicular the plane of the laminate,



is often created by the flexural loading. For thick laminates, cracks appear near the top of the laminate,
created by the local contact and shear stresses and are inclined relative to the plane of the laminate.
Matrix cracks do not significantly contribute to the reduction in residual properties of the laminate.
However, it is often argued that the damage evolution is initiated by matrix cracks which then induce
delaminations at ply interfaces [13]. Therefore, a clear understanding of the interaction between matrix
cracks and delaminations can help to understand damage initiation and evolution in composite structures.
In the past, researchers have studied the effect of the interaction between matrix cracks and delamination
in quasi-isotropic and straight fibre laminates, Lammerant and Verpoest [14] used a finite element
analysis to investigate the initiation of delaminations at matrix cracks and the interaction of delaminations
with matrix cracks using the energy criteria. Salpekar et al. [15] considered delamination growing at the
intersection of a matrix crack and a free edge in an angle ply laminate using the virtual crack closure
technique. An interface element model was used by Moura and Goncalves [16] with three dimensional
solid elements to simulate the onset and growth of the bending crack and delamination. Ladeveze et al.
[17] took into account of the effect of matrix cracking on delamination by modifying the respective
damage parameters in their model in which the matrix cracking is considered as distributed throughout
the continuum. Hallett et al [18] made an investigation during testing and examination of the failed test
specimens of a flat quasi-isotropic laminate in tension that showed there was a strong influence of matrix
cracking and delamination and modelled the interaction between them with interface elements. On the
damage analysis of curvilinear fibre laminates, Lopes, Gurdal and Camanho [19] carried out first-ply
failure analyses on variable-stiffness panels, optimised for buckling, by using the continuum damage
mechanics-based failure model. Analyses were extended into the postbuckling progressive damage
behaviour and final structural failure [20] due to accumulation of fibre and matrix damage. However, only
failure modes at ply-level were considered. Failure modes of delamination at interfaces and the
interaction between matrix cracks and delamination, which have shown to be important, were not

addressed.

The motivation of the current paper is to study the impact and compression after impact (CAIl) behaviour
of VAT laminates with emphasis on the investigation of the interaction between fibre orientations and
matrix-cracks and delaminations. For this purpose, an explicit finite element analysis using bilinear

cohesive law-based interface elements and cohesive contacts in Abaqus/Explicit [21] is performed to



investigate the impact and CAI behaviour of VAT laminates with delamination and crack growth. Here
interface elements are used to predict the onset and propagation of delamination at interfaces, while
cohesive contacts are used to predict the onset and propagation of matrix cracks. Cohesive contact is a
surface-based cohesive interaction defined in the surface-based cohesive behaviour framework of
Abaqus/Explicit [21]. Its features are very similar to cohesive elements. Cohesive elements have been
used to model the delamination since it is easier with this feature to transfer failed regions from the
impact to CAIl models. For the matrix cracks it is more appropriate to use the cohesive contact
formulation since zero thickness is required and the contact formulation is easier to insert into the model
in this case. Cohesive law-based interface elements are used in the paper for delamination prediction,
because they have a number of advantages over other modeling approaches, such as the capacity to
investigate both initiation and growth of damage, incorporating both strength and fracture based criteria
[22-26]. Another added advantage is that the use of interface elements does not require an assumption of
initial damage size or propagation direction. The potential for a single matrix crack to occur in the bottom
ply of the laminates under investigation is included though insertion of duplicate nodes and cohesive
contact. Its path is assumed to follow the fibre orientation. Also, experimental studies [13] consistently
report that delaminations occur only at interfaces between plies with different fiber orientations. Thus,

interface elements will be introduced only at the interface between them.

Two models were built for predicting the behaviour of VAT composite laminates with consideration of
delamination and crack growth. Firstly, an impact model is developed to predict the damage induced by
low-velocity impacts. Secondly, a compression after impact (CAI) model is presented to predict the
compressive behaviour of the delaminated VAT laminate. The impact and CAIl simulations are also
performed for straight fibre laminates for comparison. In the CAl model of straight fibre laminates; one
model has only delaminations while the other has both delaminations and a matrix crack to investigate the
effect of matrix crack on delamination propagation and deformed shapes. For all the cases, initial
delaminations and cracks for the CAI models are accurately taken from the damage predictions of the
impact models. A comparison of numerical results with experiments and existing results in literature of
the simple straight fibre benchmark examples is illustrated to demonstrate the effectiveness of the current
models for predicting the extent of impact damage and subsequent compression strength. For the case of

VAT laminate, experimental data is not yet available. For this reason all the parameters (material



properties, panel size, layup, boundary conditions, etc.,) are exactly the same as the ones of the
benchmark examples [23-24], except the fibre orientation variation in each layer. Here the use of
validated numerical models is made to address the damage tolerance analysis of VAT laminates and to
investigate how variation of fibre orientation affects performance in impact and compression after impact,
which are two industry standard tests. This is one of the first studies in this area for variable angle tow
laminates and it provides useful information for the understanding of the interaction between material
orientation, matrix cracks and delaminations. Further work will develop experimental data for these cases,
guided by initial analysis results, finally leading to full validation. Significant insight into the damage
resistance and tolerance can still be gained from the analysis at this early stage despite the lack of

available experimental results.

The paper is organized as follows. In Section 2, the definition of fibre path is given, where fibre path with
linear fibre angle variation is considered. In Section 3, the modelling of low-velocity impact tests is
performed, in which the presentation of the impact model along with numerical results and discussions is
given in detail. Section 4 covers the modelling of compression after impact (CAl) tests, in which details
of CAl model, numerical results and discussions are presented. A summary and conclusions are presented

in Section 5.

2. Fibre path definition

Descriptions of fibre orientation variation for composite laminates that possess variable stiffness
properties are introduced here. The simplest definition employs a unidirectional variation based on a
linear function for the fibre orientation angle of the individual layers. It is assumed that the fibre angle of
the reference fibre path varies linearly from the value 6, at the centre of the panel to 6, at a specified
distance. This distance is often taken as a characteristic dimension of the panel. In the case of rectangular

laminates this is generally half of the panel width, a/2, in the direction along which the linear variation
takes place. Therefore, the orientation of a single curvilinear fibre path can be denoted using <(90 |(91>.

Since a ply is made of fibres which are all oriented similarly to the reference fibre path, the description of
the reference fibre path will also serve to describe the ply. A *‘+’” sign in front of this term means that

there are two adjacent layers with equal and opposite 6, and 6, angles.



The origin of the variation (xq, o), is defined to be located at the centre of the plate (see Fig. 1). In this
case, the reference curve is assumed to be anti-symmetric about the origin of the variation. The piecewise

continuous functions which define the fibre path orientation can be determined in terms of 6, and 0;:

@x +6,, —al2<x<0
6(x) = B
—2(91;9°)x +6, 0<x<al2

and the fibre path can be computed as:

y= T tan {2(01—_0‘])|x| + 6, }dx 2)
a

—-al2

In the present paper, the axis of fibre angle variation (x) is in the loading direction for CAI tests. Because
of fibre variation, material properties in the finite element model are varied from element to element. In
order to handle this issue, a code was written in Matlab to define material properties in VAT composite
laminates. The code is linked to Abaqus/Explicit for modelling of VAT composite laminates and is

validated through benchmark examples of VAT laminates [8].

3. Modelling of low-velocity impact tests

3.1 Details of impact models

The impact model of composite laminates to predict the damage induced by low-velocity impacts is
presented in this section. Firstly, parameters defining the cohesive behaviour of the interface are
identified by comparison of numerical results with experimental data [23]. Since experimental data and
material properties are not available for VAT laminates, the same material properties from the straight
fibre reference case [23] is used for the VAT laminate models. In the verification work, different features
such as cohesive interface element model parameters, surface-based cohesive behaviour, mass scaling,
material density, element size and meshing issues are also investigated in detail using Abaqus/Explicit
[21]. As a benchmark for impact modelling of composite laminates an example from literature [23-24]

was used.

We consider a [03/905]s laminated specimen (65 mm x 87.5 mm in size) simply supported by a steel plate
having a rectangular opening 45 mm x 67.5 mm in size, and impacted by a 2.3 kg mass having a

hemispherical indenter of 12.5 mm in diameter [23]. The 0; and 90; sublaminates are each modelled



through their thickness with two C3D8R reduced integration solid elements, while COH3D8 cohesive
elements are inserted at the two interfaces between layers with different orientation (top 0°/90° interface
and bottom 90°/0° interface). A thickness of 20 pm, which is maintained throughout the study, is assumed
for the cohesive interface, laminate and interfacial properties are shown in Table 1. To simulate the
initiation and growth of the major intralaminar tensile matrix crack, typically developing along the fibre
direction in the lower block of layers of clustered cross-ply laminates [13], cohesive contacts (see Fig. 2)
are used for the interaction between two crack surfaces assumed on the symmetry plane parallel to the 0°
direction. The cohesive properties of Table 1 are used for modelling both the tensile crack and
delaminations. An element size of 0.5 mm by 0.5 mm (on the laminate plane) is used in the region of the
damaged area for the laminate, while cohesive elements with the same size of 0.5 mm by 0.5 mm are used
for the whole cohesive layer, the cohesive elements are attached to the laminate elements using Tie
Constraints in Abaqus [21] (see Fig. 2) and the meshes are dissimilar. The fine mesh region on the
laminate plane is 20 mm x 40 mm. The impactor was modelled as a rigid analytical surface associated

with a pointwise mass. Two impact energies (E=2.1J and E=6J) are simulated by imposing the the

/2E
appropriate velocity to the impactor at the moment of contact, as computed from V=,|—, E is the
m

impact energy and m is the mass of the impactor, the bottom support steel plate is a rigid body discretised
with R3D4 rigid elements. The analyses were carried out on a parallel computing system of 8 CPUs with
two 3.2 GHz Pentium D processors. Contact between the impactor and the laminate specimen is
simulated by the general contact algorithm in Abaqus/Explicit [19] which uses a penalty enforcement
contact method. This contact formulation is also applied between the different composite layers when the
cohesive elements become fully damaged and are removed from the mesh. Friction with a coefficient of

0.3 is introduced between all the contacting surfaces.

3.2 Straight fibre benchmark
The model predictions are validated by comparison with experimental and numerical results from
literature [23-24]. Figure 3 shows that a very good agreement is observed between experiments and

predictions in both the peak force values and the impact durations for impact energy of 2.1J.



Figure 4 shows the magnified views of predicted results in terms of damage evolution and delamination
size within the top interface 0°/90° and the lower interface 90°%0°. Good agreement is also observed
between simulated and experimental results of damage evolution and delamination size. Numerical
analyses indicated that the initial damage, occurring at a load level about 1300 N, consists of a tensile
matrix crack that developed within the bottom 0° layer and quickly propagated towards the boundary of
the sample. Following the formation of this crack, and in accordance with experimental evidence, the
model predicts the onset of delamination on the lower 90%0° interface and its growth with the
characteristic two lobed shape elongated along the 0° direction (Fig. 4a), this observation was found by
Aoki, Suemasu and Ishikawa [27]. Delamination size obtained from the current simulation on the upper
0°/90° interface as shown in Fig. 4b also is a good agreement with that from [23-24] using the quadratic
failure criterion for the onset of delamination [22]. However, it was reported [23-24] that if the quadratic
failure criterion is used with the effect of out-of-plane compression in the damage onset criterion taken
into account, which leads to the Hou criterion [28] for the onset of delamination, then a more accurate

prediction at the upper 0%/90° interface is obtained which can better match experimental results.

Figure 6 shows a comparison between force-time curves obtained numerically and experimentally for the
[0s/905]s laminate with impact energy of 6J. As seen, a reasonable agreement was obtained between
simulated and experimental results, however we can realize that a greater difference between these curves
can be observed compared to the 2.1J case. Damage evolution and delamination size at the upper and

lower interfaces are shown in Fig. 5, no experimental results are available for comparison.

3.3 Variable Angle Tow (VAT) laminate

A similar stacking sequence to straight fibre laminate and the same material properies are used in this
section. Except for the variation of fiber direction in the plies, all boundary conditions, number of layers,
mesh size and other parameters are the same as shown in Fig. 2 for the straight fibre laminate, [0s/90]s. A
linear variation of the fiber orientation along the x coordinate is defined as in Eq. (1). The fibre paths

defined in literature [8] are considered, the fibre path in the top three layers and the last three layers is
denoted <+45|0> , While the fibre path in the middle six layers is denoted <—45|O> . A potential matrix-

crack (coincident nodes joined by cohesive contact) is inserted in the bottom block of 3 layers, passing

through the origin at centre of the plate. This tensile crack is assumed to lie along the fiber orientation.



The crack path is defined by Eqg. (2) and was explicitly included in the mesh using a Matlab pre-

processing script (see figure 7). Figures 6 to 9 show predicted results for variable stiffness laminate

denoted (<45 | O>3 ,<—45 | 0>3) with the impact energy of 6J, which is large enough to clearly observe
S

damage evolution.

Figure 6 shows comparison of predicted force-time curve for the laminate (<45 | 0>3 ,<—45 | O>3) and
S

experimental force-time curves for the straight fibre laminate [02/903]s, and its predicted force-time curve

as well. It can be seen that although layups are notably different, the maximum impact load obtained for

the variable stiffness laminate with the fiber path denoted as (<45 | O>3 ,<—45 | 0>3> is not significantly
S

different to that of the straight fibre laminate [0s/903]s. Figure 7 shows the mesh used for the VAT plies

and cohesive elements at the inter-ply interface. The predicted results from the impact model of the VAT

laminate (<45 | 0>3 ,<—45 | O>3) in terms of damage evolution and crack propagation are presented in
S

Figures 8-9. It is apparent that the effect of fibre orientation and the tensile crack on delamination shape
and size is very significant. The delamination in both the upper interface and the lower interface tends to
propagate along the fibre direction of the lower ply of the interface. However, the stability of the initial
delamination and each delamination shape are quite different. The final delamination shape is affected by
the existing matrix-cracks. The delamination adjacent to the bottom layer has an elongated shape along
the tensile crack, being very sharp at the extremities of the crack. The effect of matrix cracks on the
predicted delamination propagation is significant. Clearly, the impact model of the VAT composite
laminate with such curvilinear paths of fibers and matrix-cracks explicitly defined is a good example for
investigating the interaction between material orientation, matrix cracks and delaminations. The
maximum dimensions of delamination in the upper interface of the VAT and the straight fibre laminate
do not change very much (16.51 mm in Fig. 5 vs. 17.16 mm in Fig. 8), while those of delamination in the
lower interface of the VAT and the straight fibre laminate are 58.28 mm and 31.85 mm, respectively. The
total delamination area in the VAT laminate is 826 mm?, greater than that of 448 mm? in the straight fibre

laminate. It is apparent that more delamination damage is caused in the case of the VAT laminate

(<45|O>3 ,<—45|0>3) in comparison with the delamination damage in the straight fibre laminate
S

[03/903]3-



4. Modelling of compression after impact tests

4.1 Details of CAl model

The CAI behaviour of the impacted VAT laminate (<45|O>3 ,<—45 | 0>3) and the impacted straight
S

fibre laminate [0/905]; is studied in this section, the impacted laminates under the impact energy of 6J
have the same dimensions 87.5 mm x 65 mm x 2.076 mm, its one quarter is as shown in Fig. 2. The CAl
model for the post-impact compression behaviour prediction will accurately account for relevant details
of the damage morphology of delaminations and cracks induced by low-velocity impacts from their
impact models. A linearly increasing x direction compressive displacement is applied at x =a/2 with x=-
a/2 held constant. The sides of the plate were simply supported at y = + b/2 and not constrained in-plane

(see Fig. 10). Thus, the boundary conditions of the laminates are:

u=w= 0at x= —-a/2
u=u,w= 0at x=a/2 (3)
w= 0alongtheliney= +b/2and z= 0

The mechanical properties of the laminates and interfacial properties are shown in Table 1. The
morphology of delaminations and cracks induced in the impact simulations is accurately taken as the
starting point for damage in the CAI simulations. In the CAl model, delamination and crack propagation

will also be considered.

Similarly to the impact model, C3D8R reduced integration solid elements are used for the laminates in the
CAIl model. Cohesive elements, COH3D8, with element size 0.5 mm by 0.5 mm, are inserted in selected
regions of the two interfaces between layers of different orientation. This was only where un-failed
cohesive elements from the impact analysis remained, representing no delaminations (see Fig. 8). Failed
cohesive elements from the impact analysis, representing delaminations, are deleted for the CAI
simulation and replaced by a contact formulation in Abaqus/Explicit [21]. The tensile crack (see Fig. 9)
generated in the impact model is kept and still assumed to propagate along the fibre orientation. Cohesive

contacts are used to simulate the crack propagation in the CAI models.

Two CAI analyses were performed as follows:
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a) CAI simulations are performed for the impacted straight fibre laminate [0s/90;]; for the two cases:
Firstly, the CAl model with the consideration of delamination and crack growth. In this case, initial
delaminations and crack are accurately taken from the impact model (see Fig. 5). Secondly, the CAI
model with the consideration of delamination growth and no tensile cracks, in which only
delaminations are taken from the impact model. The purpose of this investigation is to answer open
questions on what is the main reason for a significant reduction in the compressive strength of
composite laminates that results from an impact, and on how the existence of cracks in the CAI model
affects the deformed shape of composite panels. The CAI model of intact laminates (without any

damage) will also be performed for these examples for comparisons.

b) CAI simulations are performed for the impacted VAT laminate (<45|O>3 ,<—45|0>3) . In this
S

CAIl model, initial delaminations and cracks are taken from the impact model (see Figs. 8-9),
delamination and crack growth are considered in the CAI model. The purpose of this investigation is to
study how material orientation and matrix crack affect the evolution and size of damage when changing
from straight fibers to curvilinear fibers in the laminate, the CAl model of intact laminates (without any

damage) will also be performed for this example for comparison.

Since there are no examples of CAl testing or modelling were presented in Aymerich et al [23] for the
straight fibre benchmark case against which to compare the current models (as was done for the impact
case), an additional validation case was run. The result of Suemasu et al [25] was used for this
validation. The laminate has dimensions 100 mm x 150 mm x 3.2 mm, boundary conditions are the

same as shown in Eq. (3), the material of the laminate is quasi-isotropic carbon fibre reinforced plastic
with E, = E, = 57.5 GPa, E, = 8.87 GPa,v,, =0.32, v,,=v,,=0.34, G, = 21.78 GPa, and Gy, = Gy, =

4.605 GPa. Three artificial delaminations with a diameter of 40 mm and equally-spaced in the thickness
direction were inserted at the centre of the laminate (see [25], case 3D40 for more details). No matrix

crack is considered in this example and good agreement was achieved (see Fig. 10).

4.2 CAl models of straight fibre laminates
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Figure 11 shows the force-displacement curves for the CAI simulation of the impacted straight fibre
laminate [04/90;], for the two cases: firstly, the CAl model with the consideration of delamination and
crack growth (see the green line: 0-C1-C2-C3-C4 in Fig. 11), in this case, initial delaminations and crack
are accurately taken from the impact model. Secondly, the CAl model with the consideration of
delamination growth and no tensile cracks (see blue line: 0-UC1-UC2-UC3-UC4 in Fig. 11) as per the
benchmark example. In this case, only delaminations are taken from the impact model (see Fig. 5). It can
be seen that delaminations in the CAl model without matrix-cracks started at later time, t = 0.390 seconds
(point UC1), than delamination starts in the CAIl model with the tensile crack, t = 0.345 seconds (point
C1). It seems however that the tensile crack does not affect the maximum compressive load (P= 26.043
KN at C1 and P= 27.046 KN at UC1) too strongly. The compressive load obtained from both these CAI
models is lower than that of the CAl model of the intact straight fibre laminate (without any damage

consideration), this is as expected.

The evolution of damage (delamination and crack) and their size at different times for the laminate with
delamination and crack growth is presented in Fig. 12. As observed, delaminations started in the lower
interface (at the point C1) and the load increased by a small amount to the point C2 and then dropped
sharply (see Fig. 12) after a significant delamination event happened (see Fig. 12 from C2 to C3). Figure
13 shows the delamination area as a function of applied displacement for the straight fibre laminate with
the consideration of dalamination and crack growth, it is seen that the delamination area in the upper
interface is constant and that in the lower interface it is increasing with the applied displacement, thus
delamination propagated in the lower interface only, not in the upper interface. This observation is also
observed in the straight fibre laminate with delamination growth and no cracks.

The failure of damaged laminates under uniaxial compression load is caused by local buckling of the
sublaminates originated in the impact. Delamination propagated mainly perpendicularly to the loading

direction (see Fig. 12), this trend has been reported in literature [10, 29].

4.3 CAl models of VAT laminates

Figure 14 shows the force-displacement curve (0-P1-P2-P3-P4) of the VAT laminate

(<45|O>3,<—45|0>3) with consideration of delamination and crack growth. The evolution of
S

delaminations and matrix crack at different points is presented in Figure 15 while the relationship

12



between the delamination area and the applied displacement is shown in Figure 16. It can be observed
that delamination starts at point P1 (u =0.33 mm, t =0.375 seconds) in the lower interface, the load
increases by a small amount from point P1 to point P2 (u =0.471 mm, t =0.44 seconds) where the
maximum load of 23.572 KN is obtained. After the point P2, the load dropped sharply (P2-P3) after a
significant delamination event occurred in the upper interface as shown in Fig. 15 (see delamination

evolution from P2-P3 at the upper interface) and in Fig. 16 (see the gradient of delamination area in the
section Au, ). After the first significant damage event happened in the upper interface, the load was nearly

constant between points P3 and P4, because no significant damage event occurred and thus delamination
area was constant with respect the applied displacement (see Fig. 16). The second significant damage
event happened in the lower interface as shown in Fig. 15, and thus the second big drop of load was

obtained (see P4-P5 in Fig. 14).

Here, as with the straight fibre laminate, delaminations in both the upper and lower interfaces propagate
mainly perpendicularly to the loading direction; this observation was also made by Soutis and Curtis [10]
and Sanchez-Saez et al [29]. It is also observed that delaminations propagated in the lower interface only
for the straight fibre laminate (see Fig. 12) but propagated in both the upper interface and the lower
interface for the VAT laminate (see Fig. 14), this means that for the laminates with the same stacking
sequence, but when material orientations in sublaminate blocks of the laminates varied, delaminations can
occur at different interfaces through the thickness. This can be explained as follows: the delaminations
are generated mainly by the differences between the bending stiffness of the adjacent plies, and when the
fibre path is changed from straight to curvilinear, the bending stiffness of sublaminates is also changed
and the profile and size of delaminations at interfaces induced from impacts is changed, unstable damage
growth is obtained by CAI due to a buckling mechanism in the delaminated area, and thus the

delamination sequence happening in interfaces will be different.

Figure 17 presents deformed shapes of the VAT laminate with damage growth at some specific instants. It
is apparent that when the consideration of damage growth is taken into account in VAT laminates, its CAl
behaviour is very complex. At the time of delamination start (P1), the bottom sublaminate contained a
tensile crack and become the weakest one among the sublaminates; moreover the delamination size

induced from the impact at the lower interface was larger. The deformed shape remained the same with a
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larger magnitude of deformation until point P2 at which the maximum load is obtained. It is worth noting
that when the laminate contained cracks, the deformed shape at the instants P1 and P2 is in the opposite
direction of that of laminates without cracks, this finding is consistent with the straight fibre laminate with
cracks. When the first significant damage event occurred in the upper interface, the top sublaminate
started buckling locally (see P4 in Fig. 16), while the laminate still continued to buckle globally in the
bottom sublaminate. At point P5, the second significant delamination event has just happened in the

lower interface and the tensile crack has completely propagated to the fixed two edges.

The force-displacement curves for the straight fibre and VAT laminates with damage growth (see Fig. 11
and Fig. 14) lie below those of their intact laminates (without damage), as expected. Failure of damaged
laminates under uniaxially compressive load is caused by local buckling of the sublaminates, which is
induced from the impact. The bending stiffness of the sublaminates is lower than that of a non-impacted

laminate, so they buckle locally, and failure occurs under a lower load than in an undamaged laminate.

In all simulations the fibre direction compressive stress was monitored. At no time did it exceed a
maximum of 1257MPa and 1190 MPa for the straight fibre laminate and the VAT laminate, respectively,
which is well below fibre compression strengths of typical carbon/epoxy laminates. Therefore although
the models presented did not explicitly include a progressive fibre failure model, it is shown that this is

not necessary and that the delamination failures predicted are the dominant failure mode.

5. Conclusions

This paper has presented a study on the effect of fibre orientations on the impact and post impact
compression behaviour of straight fibre and VAT laminates. This was achieved using an explicit finite
element analysis, in which bilinear cohesive law-based interface elements and cohesive contacts were
used to model the delamination and crack growth. Impact and CAI simulations were performed to
enhance the understanding of the interaction between material orientation, matrix cracks and

delaminations. Some remarks on this work can be summarized as follows.

(1). The main reason for the significant reduction in the compressive strength of the damaged laminates

induced by impacts is the occurrence of significant delamination events.
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(2). In the impact models, all of the delaminations propagated in the fiber direction of the layer below
their interfaces. However, the stability of the initial delamination and each delamination shape were quite

different, guided by adjacent matrix cracks.

(3). In the CAIl models, delaminations propagated perpendicularly to the loading direction, the
propagation being less in the loading direction. Matrix-cracks do not have a significant effect on the
evolution of delamination, but the existence of cracks originating from the impact plays an important role

in determining the sublaminate buckling mode.

(4). Material orientation plays an important role on the evolution of delaminations in both the impact and
CAI simulations. If the fibre path is changed from straight fiber to curvilinear fiber, damage growth

obtained by CAI due to a buckling mechanism in the delaminated area is also changed.

Future work will investigate VAT laminates with more complex layups and hence more complex
damage-fibre orientation interactions. Results will also be compared directly with experimental data when

available.
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Figures

o}
x Y

Fiber path

Fig. 1 Reference path definition of a variable layer.

Fine mesh region Composite ply Cohesive
N elements
00direction
b. Magnified view of A
ViewA
) Nodes separated for visualization only
Cohesive contact “«—> Cohesive contact

Part of one quarter
View B ¢ (removed in Fig. a for clarity)

Cohesive elements on 09/90° and 90°/0° interfaces \

a. FE model of one quarter
Crack surfaces by joined cohesive contact

c. Magnified view of B
Fig. 2 Straight fibre FE model showing; a) Only one quarter of the full [03/90;]; plate modelled, with
cohesive elements for delamination at interfaces and cohesive contacts for tensile cracks; b) Magnified
view of region A showing mesh in cohesive element layer and plies; ¢) Magnified view of region B

showing details of tensile crack in the bottom layer using coincident nodes with cohesive contact.
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Impact Ferce vs. Time with Impact Energy 2.1J
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Fig. 3 Comparison between predicted and experimental force—time curves for the laminate [05/90;] with

impact energy of 2.1J. Delamination propagation happens at 1.78 msec after contact takes place.

Tensile crack

Tensile crackin
lower O° layers

a. Lower 90°/0° interface b. Upper 0°/90° interface
Fig. 4 Comparison between delamination and damage of the current model with impact energy of 2.1J

and experiment by X-radiography, along with predicted results in [21].
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a. Lower 90°/0° interface b. Upper 0°/90° interface
Fig. 5 Delamination areas predicted by the impact model for the laminate [05/90;] with impact energy of

6J.

—impact model for AT laminate
—— experiemental data for straight fibre laminate
—— impact model for straight fibre laminate
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Fig. 6 Comparison between predicted force-time curve of the VAT laminate (<45 | 0>3 ,<—45 | 0>3 )S

and the predicted and experimental force-time curves of the laminate [05/903]s with impact energy of 6J..
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a. Mesh for the bottom ply with crack b. Magnified view of A for the bottom ply with crack

| ViewB (20 mmx 40

c. Mesh for the top ply under the impactor d. Magnified view of B for the top ply under the impactor

view'C (20 mm x 40 mm)

e. Mesh for cohesive layers f.Magnified view of C for cohesive layers

Fig. 7 Mesh for VAT modelling; a) The bottom ply with crack; b) Magnified view of region A; ¢) The top

ply under the impactor; d) Magnified view of B; e) Cohesive layers; f) Magnified view of C.

a. Upper interface b. Lower interface

Fig. 8 Delamination areas predicted by the current impact model for the laminate

(<45 | 0>3 ,<—45 | 0>3 )s with impact energy of 6J.
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Tensile crack propagation

-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

Fig. 9 Tensile crack propagation predicted by the current impact model for the laminate

(<45 | 0>3 ,<—45 | O>3 )S with impact energy of 6J.

Suemasu’s Model [23] === = - e
Deformed shape at P=58.0 kN _
Current Model - Deformed shape at P=61.5 ki

_‘N’

Deformed shape at P=59 kM

Deformed shape at F=56.1 kN

120 B
C intact plate [23]
100 |
z -
< 80 f Z------[23] without damage
E - @ growth
e 680 F
3 : ~
B 40 F [23] with damage growth
20 o
- current model with damage growth
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0 0.2 0.4 0.6 0.8 1 1.2
End-shortening (mm)

Fig. 10 Verification of the current model with a benchmark example [23] for three circular delaminations

(3D40) for a laminate 100 mm x 150 mm x 3.2 mm without matrix-cracks
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£0000 - —— intact straight fibre laminate (without damage)
—straight fibre laminate with damage-cracks
straight fibre laminate with damage and no cracks
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20000 -

10000 P

02 04 06 08 1 12

Displacement {mm})

Fig. 11 Horizontal force-displacement curves of the laminate [0s/90;]s with damage and crack, with

damage and no crack, and without damage.

Delamination at lower interface Tensile crack propagation

Applied displacement .
Crack tip N

Delamination starts

Point: C1 (u=0.273 mm) “

Failed elements due to impact Crack generated from impact

Point: C2 (u=0.35 mm)

Crack propagatio\n dueto CAl loading

Point: C3 (u=0.402 mm)

Fig. 12 Delamination and crack growth of the laminate [0s/90;]; with consideration of delamination and

crack propagation in the laminate.
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Fig. 13 Delamination area as a function of applied displacement for the laminate [03/905]s with

consideration of delamination and crack propagation .
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Fig. 14 Horizontal force-displacement curves of the VAT laminate (<45 | 0>3 ,<—45 | O>3) with
S

damage and crack, and without any damage.
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Applied displacement Delamination in upper interface Delamination in lower interface

Delamination firstly starts at lower interface

Point: P1 (u=0.330 mm)

Failed elements
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Point: P2 (u=0.471 mm)

Point: P3 (u=0.55 mm)

Point: P4 (u=0.848 mm)

Point: P5 (u=0.910 mm)

Fig. 15 Delamination growth of the VAT laminate (<45 | 0>3 ,<—45 | O>3) with consideration of
S

delamination and crack propagation.
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Fig. 16 Delamination area as a function of applied displacement for the VAT laminate

(<45 | 0>3 ,<—45 | O>3) with consideration of delamination and crack propagation.
S
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Applied displacement

Point: P1 (u=0.330 mm)

Point: P2 (u=0.471 mm)

Point: P4 (u=0.848 mm)

Point: P5 (u=0.910 mm)

View A (at middle line)

View B (from the right)

Fig. 17 Deformed shapes at different applied displacements of the VAT laminate

(<45 | 0>3 ,<—45 | O>3) with consideration of delamination propagation and without cracks.
S

Delamination start at t = 0.375 sec (u=0.33mm) in the lower interface.
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Tables

Table 1 Laminate and cohesive properties used in the simulation [23].

Laminate properties Cohesive properties

E.. (GPa) 93.7 Gic (IIm?) 520

Ei1 = Es3 (GPa) 7.45 Gic =Gyic (J/mz) 970

G2 = Gys = Gy3 (GPa) 3.97 N (MPa) 30

Vip =V = Vi 0.261 S=T (MPa) 80
ki (GPa/mm) 120
ki = ki (GPa/mm) 43
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