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Abstract

This paper presents a study of the effects of ply clustering on polymer-based laminated
composite plates subjected to a drop-weight impact loading. The tools used to define the
impact configurations, as well as the experimental results obtained, are described in detail.
These tools are simplified analytical models for the description of the impact behavior and
of the damage thresholds that result in a significant reduction on the structure stiffness and
strength, caused by delamination. The results obtained demonstrate that the analytical tools
are useful to define the impact configurations, to obtain a preliminary understanding of the
effects of each parameter that can influence the response, and to interpret the experimental
results. It is concluded that ply clustering reduces the damage resistance of the structure.
However, the damage tolerance assessed by the compression after impact tests is unaffected
by ply clustering.
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1. Introduction

The prediction of damage in polymer-based laminated composite structures induced
by the impact of an external object is a complex task. Damage results from the interaction
between different failure mechanisms (matrix cracking, fiber-matrix interface-debonding,
delamination, and fiber breakage) and depends on the governing parameters of the impact
event. These parameters can be grouped in three sets: structural parameters (shape,
thickness, size, lamina type, material properties, density, stacking sequence, and boundary
conditions), impactor parameters (shape, size, material properties, mass, velocity, and
incidence angle), and the environmental conditions. The identification of the initiation and
the propagation of the damage modes is quite relevant. because it yields information
regarding the residual strength of the structure [1].

Experimental evidence shows that impact damage is directly related to the nature of
the impact behavior which, in turn, is controlled by the governing parameters. Therefore,
it is useful to know the effects of each parameter on the impact behavior, and thus to have
a qualitative understanding of the possible damage mechanisms that can occur. For
example, under constant energy impact conditions, a quasi-static type of impact behavior
will result mostly in delamination damage, whereas in a dilatational wave-controlled type
of impact behavior will result mostly in permanent indentation and fiber breakage at the
impact site. There are approaches in the literature, based on simplified analytical models,
which predict the type of the impact response for a determined configuration, such as
impact on flat and rectangular laminated composite plates [2, 3]. The initial knowledge of
the impact behavior not only helps in assessing the possible type of damage induced, but it
is also useful for selecting a proper simplified analytical model to describe the impact
event, for the development of efficient numerical models, and for planning test programs.

The analytical models give fast predictive results for a given impact configuration.

Generally, these analytical models are limited to simple geometries of the structure and are
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defined by nonlinear differential equations or integral equations which describe the response
of the system until damage onset [4, 5], i.e., in the elastic regime. To bridge the analytical
elastic prediction of the impact and the onset of damage, the maximum elastic impact
force is typically used, and it is compared with a damage threshold allowable. Damage
occurs if the predicted elastic impact force is greater than an appropriate threshold for the
corresponding dynamic response type [6-10]. Therefore, the impact force is a key
parameter in determining the criticality of an impact, i.e., the risk for initiating damage.

Accordingly, the analytical models can be used to compare different impact cases
enabling the study of a selected parameter that can influence the response, such as the
effect of the ply clustering, i.e., the effect of ply thickness.

Many works available in the literature deal with the effects of ply clustering on
laminated composite structures with different geometries and loading conditions. Wisnom
et al. [11] showed that ply clustering reduces the tensile strength of un-notched
quasi-isotropic laminates type [(45,/90m/ — 451 /0m)]ns, and the failure was clearly
affected by delaminations initiated from the free edge. Tensile experiments on same type
laminates with a centrally located open hole, performed by Green et al. [12], showed that
specimens with dispersed single plies failed by fiber fracture. However, specimens with the
same overall thickness but composed of groups of four clustered plies failed by
delamination, with a trend showing an increasing strength with increasing hole sizes.
These results were further analyzed by Wisnom et al. [13, 14], where the compressive
loading case was also included [14]. Viot et al. [15] studied the scaling effect of increasing
the ply clustering and the in-plane sizes of rectangular cross-ply laminates subjected to
low-velocity impact loading. However, the effect of just ply clustering was not clearly
highlighted since the responses were also affected by the scaling of the in-plane sizes.

The transverse tensile and shear strengths of a ply are function of the ply thickness,

of the ply position in the laminate, and of the fiber orientation of the adjacent plies. This
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is called the in-situ effect [16, 17]. Thick plies present less resistance to matrix cracking. In
addition, matrix cracks often act as initiation points for delaminations which, in turn, are
easier to propagate when thick plies are present [18].

Fuoss et al. [19] found that ply clustering reduces the damage resistance of a
laminate when it is loaded by low-velocity impact, resulting in an increased delamination
area. Stacking plies with the same fiber orientation increases the interlaminar shear
stresses at the adjacent interfaces due to the increased difference inthe bending stiffness of
the ply groups. This increase in stress, in turn, leads to larger delaminations. Ply
clustering also reduces the number of interfaces available for delamination, because
delamination typically occurs at interfaces with different fiber orientations. Reducing the
number of locations available for delamination will increase the delamination size at the
remaining interfaces [20, 21|, since delamination acts as an energy dissipating mechanism
during the impact event.

The effect of clustering on the damage tolerance, assessed by means of the residual
compressive strength, is not yet fully clear. In fact, the compressive strength decreases if
the plate bending stiffness is reduced. In addition, the laminate bending stiffness decreases
if the size of the delaminations created by impact is large (i.e. when clustering is
increased) but also‘'when the number of delamination planes is increased (i.e. when
clustering is reduced). Therefore, given these counteracting effects, it is difficult to assess
the effect of ply clustering on the damage tolerance of a structure.

The aim of this paper is to study the ply clustering effect on rectangular, flat and
monolithic laminated composite plates subjected to a drop-weight impact of an
hemispherical impactor. In order to carry out this study, the procedure selected to define
the impact tests, as well as the experimental results obtained, are described in detail. The
procedure for the design of the experiments is of great importance since it must ensure

that one given analysis is focused on the effects of only one parameter. Moreover, the
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procedure must provide a qualitative understanding whether damage will occur, as well as
its type and extension. The procedure used here is mainly based on the impact
characterization diagram proposed by Christoforou and Yigit [2, 7, 22, 23]. Given an
impact configuration, the diagram predicts the behavior type and the maximum impact
force by calculating only two key dimensionless parameters.

Accordingly, the content of this paper is structured as follows. Firstly, the impact
characterization diagram developed by Christoforou and Yigit, and related analytical
impact models are explained. Secondly, the analytical damage thresholds for delamination
available in the literature are described. Based on the analytical impact models and on the
damage thresholds, the definition of the impact configurations for the ply clustering study
assuring the damage occurrence is presented. Then, the experimental results of the
configurations considered are shown and discussed in detail, showing the effect of the ply
clustering on the damage resistance and on the damage tolerance. The experimental
results comprise the data from the impact tests, Non-Destructive Inspections (NDI) and
Compression After Impact (CAL) tests. Finally, in order to check the accuracy and the
suitability of the analytical tools, comparisons between the experimental results and the

analytical predictions are presented.

2. Analytical impact modeling

2.1. Impact behaviors

Before describing the impact characterization diagram developed by Christoforou and
Yigit [2, 7, 22, 23], and related analytical impact models, it is useful to review the different
types of impact responses for plates (i.e. impact behaviors), as the response type is crucial
to have a qualitative insight of the resulting possible damage, and for the selection of
analytical simplified models and well-suited damage thresholds. Detailed descriptions of

the impact behaviors are given by Olsson [3-6, 24, 25], by Christoforou and Yigit
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2, 7, 22, 23], by Abrate [8, 26], and by Lin and Fatt [27].

According to Olsson [4], three extreme plate behaviors can be encountered in an
impact event, those are represented in Fig. 1. Fig. 1.a shows an impact response at which
the contact time is close to the time required to propagate the compressive stress waves in
the through-the-thickness direction. This behavior is typically associated with ballistic
impact, and often causes localized and easily detectable damage. The response depicted in
Fig. 1.b corresponds to the case where the impact time is longer than the time needed by
the compressive waves to travel in the through-the-thickness direction, but not enough so
the dispersive flexural and shear waves reach the plate boundaries. Therefore, the response
is governed by the flexural and shear waves, and typically occurs in high-velocity impacts
of small mass projectiles. Finally, the response shown in Fig. 1.c corresponds to impacts
with contact times that allow the flexural and shear waves to be reflected many times from
the impact point to the plate boundaries and vice versa, so the resulting deflection and
impact load approach to a purely static loading case. In this case, the response is
influenced by the in-plane plate size and the boundary conditions.

Typically, the responses of Figs. 1.b and 1.c yield to the so-called Barely Visible

Impact Damage (BVID), so NDI methods should be applied to detect the hidden damage.
[Figure 1 about here.]

The impact behaviors described are often referenced in the literature as: (a)
three-dimensional wave-controlled, through-the-thickness wave-controlled, or ballistic
impact; (b) global behavior with no size effects, flexural and shear wave-controlled, or
impact on an infinite plate; (c) fully-global or quasi-static impact behavior. If the global
response of the plate can be neglected (extreme case of (b)), this behavior is typically

called half-space impact.



2.2. Impact characterization diagram

The impact characterization diagram proposed by Christoforou and Yigit
2, 7, 22, 23] predicts the behavior type, as well as the maximum elastic impact force for a
wide range of impact cases. The construction of the diagram is based on simplified
analytical models of the infinite plate and the quasi-static impact behaviors: Ballistic
behavior is beyond the scope of the characterization diagram.

The analytical models describe the motion of the impactor, the motion of the
structure, and the local deflections in the area surrounding the impact point. The motion
of the impactor w; is defined as the sum of the local deflections due to the indentation o
and the displacement of the mid-plane of the plate w, at the impact point, w; = a + w,.
The inertial load of the impactor F; = —M;uy; (where M; is the impactor mass) is equal to
the contact load, F,, and to the load due to plate deflection, F,, i.e., F; = F. = F,.

To consider the local deflections, a contact law is commonly used and relates the

contact load and the indentation as:

F, = k,a? (1)

where k, is the contact stiffness and ¢ is a power parameter. The diagram uses a linearized
contact law of the elastic-plastic contact model proposed by Yigit and Christoforou [28]
that results in closed-form solutions for the simplified models. Accordingly, the power ¢ is
equal to one and the contact stiffness is defined as k, = 5.2RY¢ [2], where R is the
impactor tip radius and Y is the compressive strength of the laminate.

The definition of the load due to the plate deflections F, when dilatational waves are
not important is given by the so-called complete analytical models [2, 26]. These models
use the governing equations of a laminated composite plate resulting from a selected plate

theory, a linear constitutive law, and the corresponding boundary and initial conditions.



The displacement solution w, for simply supported plates is obtained by the Navier
method [29], which assumes that w, can be expressed as a double trigonometric series.
The problem can be integrated in the time by means of a numerical procedure, such as the
Newmark integration method [30].

The definition of the load due to the plate deflections for the extreme behaviors,
infinite plate and quasi-static, can be deduced by means of the complete analytical model.
Based on the work of Zener [31] and Olsson [3, 32], the deflection load for infinite plate
behavior is approached to F, = 8y/1; D*, if shear effects are neglected, where the inertial
term I, is the plate mass M, divided by the in-plane area. The term D* is called effective
plate stiffness which is defined by fairly complicated expressions involving elliptic
functions. Knowing that D;; are the bending constitutive components of the plate, a

sufficient approximation of D* is [3, 6]:

Vv D11D22

The deflection generated in an impact with quasi-static behavior is similar to the

A+1 D 2D
D* ~ \/(T+> Di1Dyy, where A= Zhat 2 Ues (2)

static response. By adding the non-linear membrane effect, which is not considered in the
formulation of the complete analytical model, the deflection load can be approached as

F, = kpswg + kgpw? + Mz, [33]. The terms M, kys and k,, are respectively the equivalent
lumped mass of the structure, and the bending-shearing and the membrane stiffnesses of
the plate. These terms are function of the boundary conditions, and of the shape and
configuration of the laminate. For a simply supported rectangular plate, the equivalent
mass is approached as M; = M,/4. The stiffnesses ks and k,, can be obtained
experimentally, by using numerical methods, or analytically in cases with simple
geometries [5]. The expression used by Yigit and Christoforou [22] to predict the

bending-shearing stiffness for a simply supported plate is ky, = D*/ (0.0116b%), where b is



the smallest in-plane size of the plate [25, 29].
Using the equilibrium loads and considering a linear contact law, the simplified

governing equation and the corresponding initial conditions for infinite plate behavior are:

k k
G4+ ———a+—a=0 ; ag=0 ; d&y=W 3
8VL,D M, 0 0=V (3)
where 1} is the initial impactor velocity. Neglecting the terms k,, and M, the governing

equation and the initial conditions for the quasi-static behavior are:

ko \ .. ke . K
(1—1—]{:—“)0[—1—%(1:0 oo =0 Oéozkbs—j_kavo (4)

The mass-spring-damper model associated with the infinite plate behavior and
described by the displacements of the impactor and of the plate, is shown in Fig. 2.a. The
related simplified model which represents the governing equation Eq. (3) defined by the
indentation and assuming a linear contact law, is schematized in Fig. 2.b. Likewise, in Fig.
3.a it is shown the corresponding model for the quasi-static impact behavior defined by the
displacements of the impactor and of the plate. In addition, the model shown in Fig. 3.b
also represents the quasi-static behavior according to the governing equation Eq. (4) which
is defined by the indentation, the terms k,, and M, are neglected, and assuming a linear

contact law. The load terms are indicated in all the models shown in Figs. 2 and 3.
[Figure 2 about here.]
[Figure 3 about here.]

The governing equations can be expressed in a dimensionless framework which allows
to reduce the number of the governing parameters into a set of suitable dimensionless
parameters that provide more insight into the impact problem. The characterization

diagram defines the system magnitudes as: mass [M| = M;, length [£] = qnas, and time
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7] = (k;lMi)I/ ?. The term g, is the maximum indentation and corresponds to the case
where the global response of the plate is neglected, i.e., half-space behavior. Therefore, the
expression of (.. = Vp (k;;lMi)l/ % is simply found by equating all impact energy with the
indentation energy.

Applying the dimensionless framework, the governing equations and the
corresponding initial conditions for the infinite plate and the quasi-static behaviors are

respectively:

a+20,a+a=0 ; ag=0 ; =1 (5)

(I+AHNa+a=0 ; a=0 ;: do=A1+X)" (6)

where the over bar indicates dimensionless parameters. The terms
Cw = 1/16\/koM; /(I D*) and A= kys/k, are the key characterization parameters. In the
bibliography, the ¢,! parameter is called loss factor [2], relative plate mobility [3], or
inelastic parameter [8,.26]. In addition, A parameter is called relative stiffness. As
suggested in the work developed by Olsson [3], the validity of Eq. (5) for rectangular
plates with in-plane sizes a > b and transverse isotropy is assured when
M;/M, <b/ (v/2ra), and for Eq. (6) when M; /M, > 2.

The solution of Eq. (5) depends on whether the characteristic equation has two
conjugate complex roots (¢, < 1), a double real root (¢, = 1), or two different and real

roots ((, > 1). The solution of Eq. (6) is:

6 (D) = H%m( H%t) (7)

n reference [2], the parameter (, is noted as ¢ = 2(,. However, in references [3, 8, 26, 31, 32] the
parameter (,, is noted as A = 2(,,, which is not the A parameter written in the present paper.
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Using the solutions of Egs. (5) and (6) at contact times ¢ where the dimensionless
indentation is maximized and knowing that F (f) = & (), a characterization diagram can
be constructed as shown in Fig. 4. This diagram represents the variation of the maximum
normalized impact force F,,., as a function of the relative mobility parameter ¢,. The
dashed curve which represents the infinite plate behavior is obtained from the solutions of
Eq. (5), and the horizontal lines with different values of the relative stiffness A are

obtained using the solution described by Eq. (7).
[Figure 4 about here.]

Four different regions can be identified in the diagram. Impact configurations which
define points in the right part of the diagram behave as quasi-static. For points which fall
close to the dashed curve behave as infinite plate. Between the quasi-static and the infinite
plate behaviors there is a transition zone where the resulting response is a combination of
both behaviors. The curve which represents the boundary of the quasi-static response is
obtained by Fj = , /%, as suggested in [22, 34]. Finally, the points that fall close to
the maximum dimensionless force F' = 1 result in the half-space behavior, and can be
obtained by setting in the simplified models (,, = 0 or A — oc.

In order to demonstrate the validity of the characterization diagram, several impact
situations covering all behavior type regions were predicted by Yigit and Christoforou [22],
by numerical integration of a complete analytical model which considers classical
laminated plate theory, simply supported boundary conditions and a linear contact law.
As shown in Fig. 4, the simulations follow reasonably well the trends of the
characterization diagram, although in the transition zone, a complete analytical model is

required in order to better describe the response.
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3. Delamination threshold

Under drop-weight impact loading, the damage process starts with localized matrix
cracks and fiber-matrix interfacial debondings which normally are not detectable neither
by the impactor load cells used during impact tests nor using the typical NDI methods,
e.g. ultrasonic techniques. It has been shown by Sjoblom et al. [35] that the presence of
matrix cracks does not dramatically affect the overall laminate stiffness during an impact
event. However, matrix crack tips act as initiation points for delaminations at interfaces
between plies with different fiber orientations.

Delaminations are induced by interlaminar shear stresses which are promoted by
matrix cracks, by stiffness mismatch between the adjacent plies, by ply clustering, and by
the laminate deflection [36-38]. Increasing any of these factors will result in an increased
mismatch in the bending deformations of adjacent ply groups with different orientations,
yielding to large delaminations. Delaminations are a major threat because they are not
detected by simple visual inspection and because they significantly reduce the compressive
strength of the impacted structure.

The shape of the delamination is generally that of an oblong peanut, where its major
axis follows the orientation of the lower ply at the interface [5, 8]. These shapes are a
result of the shear stress distribution around the area surrounding the impactor, of the low
interlaminar shear strength along or close to the direction of the fibers, and of the matrix
cracks ereated by the flexural in-plane stresses [39].

There are two different phases during the impact driven delamination process.
Firstly, when the impact force reaches a threshold value Fj, there is unstable crack
propagation leading to instantaneous large delaminated areas. This often causes the
impact force to drop in the response, indicating sudden loss of stiffness [40]. Secondly, the
size of the delaminations increase linearly with the force indicating stable delamination

growths [41]. The threshold load F; does not physically represent the initiation of damage,
12



as sub-critical matrix cracks and small delaminations may initiate at lower forces. Rather,
it represents the initial value at which a significant change in the stiffness properties of the
laminate can be detected [36, 42]. Fig. 5 shows the typical history of the impact force for a
monolithic laminated composite plate, where the threshold load F; and the peak force
F.a: are identified. Depending on the impact velocity, F; can be equal to Fiae. On the
other hand, the identification of Fj is not always clear, due to the effects of the governing
parameters, or due to harmonic resonances of the impactor, of the load cell, or of the plate

during the impact event.
[Figure 5 about here.]

A criterion for the growth of a single mid-plane circular delamination under static
conditions was derived by Davies et al. [43].-The model is based on Linear Elastic Fracture
Mechanics (LEFM) and assumes that'mode II fracture determines delamination growth in
a simply supported circular plate. To simplify the development of the model, static loading
conditions were considered; the laminate was treated as isotropic, and only small
deflections were considered (i.e. membrane effects are neglected). A more rigorous solution
for an arbitrary number of delaminations ny located at same intervals
through-the-thickness of the plate was derived by Suemasu and Majima [44]. This criterion

was also developed later by Olsson et al. [24]. The threshold is defined as:

sta 132DGr.
Fdédt = m (8)

where D is the bending stiffness, and Gy is the fracture toughness in pure mode II. In the
work developed by Olsson [25], Eq. (8) is used for orthotropic plates by simply changing
the isotropic plate stiffness D by the effective plate stiffness D* for orthotropic plates.
Letting ng = 1 (F35i*), Eq. (8) yields to the criterion derived by Davies et al. [43]. Eq. (8)

shows that delaminations grow under a constant load independently of the delamination
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size. Therefore, an initial flaw is not required and thus the criterion can be used for the
prediction of delamination onset. As can be checked, increasing the value of ng4, the load
required to grow the delaminations decreases since the flexural stiffness of the plate is
reduced. It is assumed that the first delamination appears when the impact force reach
F3i*t and sequentially, more delaminations appear on other interfaces [24]. In addition,
experimental data and finite element simulations indicate that the delamination threshold
load is independent of the boundary conditions and of the in-plane size of the plate

24, 25, 36]. Although the delamination criterion was derived assuming static loading
conditions it may, with a moderate correction factor, be used for impact responses with

dynamic effects, such as in an infinite plate behavior [24].

4. Selection of the impact configurations

The ASTM test method for measuring the damage resistance of a fiber-reinforced
polymer matrix composite when subjected to a drop-weight impact event (i.e. ASTM
D7136 / D7136M [42]) is taken as a reference in order to fix some of the governing
parameters. Other guidelines for a drop-weight impact test provided by the aeronautical
industry are available (e.g. Airbus AITM1-0010 [45]; Boeing 7260 [46]; NASA ST-1 [47]),
however the set-ups are all essentially the same.

The standard is focused on rectangular, flat and monolithic laminated composite
plates with 150mm x 100mm in-plane dimensions. The specimens are placed over a flat
support fixture base with a 125mm x75mm rectangular cut-out which allows the impactor
to contact through the specimen without interferences (see Fig. 6.a). Guiding pins are
located such that the specimen can be centrally positioned over the cut-out. The support
fixture base has four rubber-tipped clamps which restrain the specimen during impact and
provide a minimum holding capacity of 1100N. These rubber-tipped points clamp the
specimen at 12.5mm and 6mm from each edge of the open window of the fixture base (see

14



Fig. 6.b) [45]. The boundary conditions provided by the edge supports can be

approximated to simply supported [19].
[Figure 6 about here.]

Basically, the results obtained in the current impact tests are the impact force
history and the initial impact velocity. In addition, the velocity and displacement history
of the impactor, V' (t) and w;(t) respectively, can be calculated by integrating once and

twice the force history [42]:

V(t):\/()+gt—/0tF—t)dt 9)

t2 t t
wz‘(t):Vot+g——/ </
2 0 0

where g is the acceleration due to the gravity. Additionally, the energy absorbed by the

F;\Z) dt) dt (10)

specimen, E,(t), can be caleulated as:

M; (Vi = V(t)?)

Ei(t) = =0

+ M;gw;(t) (11)

The stacking sequences proposed here to study the ply clustering effect are
[(45/0/ = 45/90) ]s, [(452/02/ — 452/902),]s, and [454/04/ — 454/904]s (in the following,
these laminates are respectively identified as L1, L2, and L4). The plate stacking sequence
is defined by taking the 0° fiber orientation aligned with the longer in-plane dimension of
the plate. All laminates have the same plate thickness h because an equal number of plies
is used (i.e. 32 plies; h = 5.8mm). However, the ply thicknesses h, are different (i.e. L1:
hy = hpp, L2t hy = 2hy,, and L4: h, = 4h,,, where h,, is the thickness of a single pre-preg
ply), yielding to different number of interfaces for delamination (i.e. L1: n = 30, L2:

n = 14, and L4: n = 6). The plates were manufactured using Hexply AS4/8552
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carbon-epoxy unidirectional pre-preg. The pre-preg was cut automatically and the
lamination was done manually. The laminated plates were cured in an autoclave following
the cycle specified by the supplier. The material properties are summarized in Table 1.
Three different impact energies F; are considered: 19.3J, 28.6J, and 38.6J. Given
that the impactor mass is kept constant at 5kg, the different energies also enable the study
of the effects of velocity. Since the repeatability of the impact test is‘quite good, a sample
of less than three specimens is used for some cases (two specimens for 19.3J: Lz-S1 and
Lz-S2, one specimen for 28.6J: Lz-S3, and three specimens for 38.6J: from Lz-S4 to Lx-S6).
Using the material properties summarized in Table 1 and assuming that the effective
in-plane dimensions of the plate are ¢ = 125mm and b = 75mm (see Fig. 6.b), the
resulting key parameters of the impact characterization diagram are: A\ = 1.62 and
(w = 4.48 for laminate L1, A = 1.60 and ¢, = 4.50 for laminate L2, and A = 1.55 and
Cw = 4.58 for laminate L4. Since the key parameters are independent of the impact
velocity, the resulting values are constant for each laminate at any impact energy.
Additionally, the key parameters are almost equal for all laminates due to the fact that the
stiffness of the laminates is similar. Therefore, the dimensional elastic response of the

laminates for each impact energy is also expected to be similar.
[Table 1 about here.]

Introducing the key parameters in the impact characterization diagram, a
quasi-static behavior and a maximum dimensionless force of F,., = 0.78 are predicted for
all the laminates (see Fig. 4). Using the dimensionless framework, the maximum
dimensional elastic force is obtained as: Finaz = FinazVov/Mike. Accordingly, the resulting
values for each impact energy are: F),.. = 14.0kN for F; = 19.3J, F},.. = 17.1kN for
E; =28.6J, and F,,., = 19.8kN for E; = 38.6J.

On the other hand, the values of the damage threshold for a mid-plane circular

delamination predicted using Eq. (8) with n = 1 are: 8.53kN for laminate L1, 8.49kN for
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laminate L2, and 8.34kN for laminate L4. These thresholds are constant for each impact
energy since no dependence with velocity is considered in the formulation. As expected,
the values obtained are practically the same for all laminates. In addition, the
delamination occurrence is assured for all impact energies since the values of the peak load
are greater than the delamination thresholds.

Finally, in order to assess the residual strength of the impacted specimens, the
ASTM test method for measuring the compressive residual strength is taken as a reference,
i.e., ASTM D7137 / D7137M [48]. This guideline is linked to the standard ASTM D7136 /
D7136M [42] for drop-weight impact test. The standard proposes the fixture support
sketched in Fig. 7.

[Figure 7 about here.]

5. Experimental results and discussion

The sequential tasks which were carried out in order to test the proposed lay-ups are:
manufacturing of the specimens, NDI for the detection of manufacturing flaws, drop-weight
impact tests, NDI to detect the BVID, and finally, CAI tests. The NDI before and after
impact were performed by the C-scan ultrasonic technique. The inspections performed
before impact are not shown because no initial flaws were observed.

Al the impact tests described were carried out using a commercially available
CEAST Fractovis Plus instrumented impact drop-weight tower. The impact tester is
equipped with a load cell of 22kN attached to the impactor, an automatic pneumatic
rebound brake system, and an edge support in accordance with the ASTM D7136 /
D7136M [42] with a holding capacity of 3000N at each of the four clamping points.

All CAI tests were performed using an Instron-4208 electro-mechanic universal
testing machine with a load cell of 300kN. The fixture support used follows the ASTM

specifications (see Fig. 7).
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5.1. Impact tests

5.1.1. Impact force versus time

In order to illustrate the excellent repeatability of the impact tests, Fig. 8 shows the
evolutions of the impactor reaction force for repeated impact configurations of laminates
L1 and L4. Therefore, for configurations with more than one specimen, the mean value is

used in the following.
[Figure 8 about here.]

Figs. 9, 10, and 11 show the histories of the impactor reaction force for each impact
energy of laminates L1, L2 and L4, respectively. AAn interesting observation is that the
threshold load, Fy, at which significant loss of stiffness occurs, remains constant for each
laminate independently of the impact energy. Therefore, Iy is independent of the impact
velocity since the impactor mass is the same for all the energies defined. Moreover, as
expected, the peak loads Fi,., and the slopes of the elastic regime increase by increasing

the velocity, for all laminate types.
[Figure 9 about here.]
[Figure 10 about here.|
[Figure 11 about here.|

It is also observed that, increasing the velocity, the response is extended in time
because the plate develops more damage. In other words, the impact time increases
because the bending stiffness of the structure is reduced. This argument can be explained
using the complete analytical models for the elastic prediction of the impact response. For
instance, Fig. 12 shows the analytical predictions of laminate type L1 for the impact

configurations with 19.3J and 38.6J energies. These predictions are obtained by using the
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complete analytical impact model fed with the classical laminated plate theory and the
Hertz contact law [49]. The number of modes considered for the Navier solution is 7 for
each in-plane x and y directions, although the first mode alone is enough since the
behaviors are quasi-static. As can be observed, the resulting elastic responses yield
different slopes and peak loads, but the contact times are the same. Therefore, the
experimental force histories show that when the velocity increases, larger damaged areas

develop and so the impact contact duration increases.
[Figure 12 about here.|

Focusing again on Figs. 9, 10 and 11, the determination of the threshold loads for
laminates L1 and L2 can be easily identified whereas for the laminate with the thickest
plies, L4, this identification is more difficult. Moreover, the whole profiles of the force
histories of laminate 1.4 do not have the large oscillations which occur for laminates .1 and
L2. This fact indicates that changes in the stiffness during the impact are expected to be
more progressive and smooth for laminates with thick plies than for laminates with thin
plies. This behavior can be caused by the large matrix cracks which can occur when the
plies are thick.

Despite the fact that all the laminate types considered have practically the same
stiffness, the resulting impact force histories are clearly different from the point where
significant damage starts. This is due to the differences in the ply thicknesses of the
laminates, and further highlighted in Figs. 13, 14 and 15, which compare the results for
the different laminates for each impact energy 19.3J, 28.6J and 38.6J. The first part of the
results is the elastic regime of the impact process which is common for all laminates at
each impact energy. However, the points where significant damage starts are clearly
different, and from these points, the force histories separate and follow different paths.

Table 2 shows the differences in the threshold loads as well as in the peak loads for

each impact energy. It can be observed that the predictions of F; given by Eq. (8) are far
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from the experimental values, especially for laminate L.4. This result is due to the fact that
the effect of the ply thickness is not accounted in the development of the load threshold; in
addition, the assumption that a single delamination can generate a drop in the impact

force history is not fully clear.

[Figure 13 about here.|

[Figure 14 about here.|

[Figure 15 about here.]

[Table 2 about here.]

Furthermore, Figs. 13, 14 and 15 show that the impact response is elongated by
increasing the ply clustering of the laminate. Since delaminations cause a reduction of the
stiffness, it is clear that larger delaminations should develop for laminate L4 because less

interfaces are available for delamination in comparison with the other laminates.

5.1.2. Impactor displacement, impactor velocity, and absorbed energy

Fig. 16 shows the displacement and the velocity histories of all the laminates for an
impact energy of 28.6J. As detected in the impact force histories, the displacement of 1.4 is
the largest due to the reduced bending stiffness resulted from the large delamination areas
induced during the impact. Accordingly, the velocity history of L4 is the slowest due to the

Salmne reasorll.

[Figure 16 about here.]

Using Eq. (11), the histories of the energy absorbed by the specimens E,(t) can be
obtained. Figs. 17.a, 17.c and 17.e show these histories of each laminate type for each

impact energy 19.3J, 28.6J and 38.6J, respectively. From these evolutions, it is possible to
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know the dissipated energy by the specimen as it is indicated for laminate type L4 in Fig.
17.e. All these energies are summarized in Table 3. As can be observed, the dissipated
energies for laminate 1.4 are slightly greater than the values of the other laminate types.
However, it is reasonable to conclude that the energy dissipated is fairly independent of
the laminate type. Moreover, as expected, the dissipated energies increase by increasing

the velocity, for all laminate types.

[Table 3 about here.|

In addition, the impact force can be plotted as a function of the impactor
displacement. These plots are shown in Figs. 17.b, 17.d and 17.f. It is clear that the area
enclosed in these plots corresponds to the dissipated energy identified in the evolutions of
the absorbed energy. For instance, Fig. 17.f indicates, in gray color, the corresponding

energy dissipated by the laminate L4.

[Figure 17 about here.|

5.2. NDI: C-scan after impact

The ultrasonie C-scan inspections of the impacted laminates identify the projection
of the delamination areas over the structure thickness. Therefore, the delaminations which
are close to the impact face hide the existence of deeper delaminations. However, the
delaminations are often larger as the interface is deeper in the laminate and they can
usually be seen.

Generally, each delamination has the so-called peanut shape and the superposition of
all these delaminations yields to a circular projected area. The proper interpretation of the
through-the-thickness location of the delamination depends on the quality of the
inspections performed. Fig. 18 shows a sample of the C-scan inspections of each laminate

type for each impact energy.
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[Figure 18 about here.]

It is observed that by increasing the impact velocity the projected area increases for
all the laminates. This result correlates with the plots of the impact force histories shown
previously (see Figs. 9, 10 and 11), where the responses are extended in time when the
velocity is increased due to the reduction of the bending stiffness as a consequence of the
damage developed.

In addition, by reducing the number of interfaces available for delamination, the
resulting projected delamination area is increased as the dissipated energies are similar
(see Table 3). This result is also related to the impact force histories (see Figs. 13, 14 and
15), where the responses for laminate type L4 are larger since the bending stiffnesses are
reduced due to the large delaminations created.

The shapes of the projected delamination areas are clearly different for each laminate
type. The shape of laminates L1 follow a quite similar circular pattern at each impact
energy. Likewise, the shapes of laminate type L2 are also fairly circular, although in
contrast with laminate L1, a narrow and elongated delamination appears at the deepest
interface which is more evident for the highest impact energy. Finally, the delamination
shapes of laminate type L4 significantly differ from the other laminates. The areas are very
large, especially in the deeper interfaces, and their shapes and locations
through-the-thickness can be easily recognized.

It is important to point out that the growth of delaminations can be affected by the
finite in-plane dimensions of the plates, the stacking sequences, the impactor mass and
velocity, and the edge supports. All the impact configurations and stacking sequences
tested are in agreement with the recommendations suggested by ASTM D7136 / D7136M
[42]. The standard remarks that if all the recommendations are followed, the maximum
delamination diameter will be less than half of the unsupported specimen width (38mm).

However, most of the delamination areas obtained are greater than this value.
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Laminate type L4 has fewer interfaces for delamination than laminates L1 and L2.
As such, the energy is dissipated by means of large damage areas which could be stopped
by the membrane effects and/or the edge supports. The larger delaminations generated by
ply clustering result in larger deflections and associated stronger membrane effects, which
are known to suppress delamination growth [25]. This is suggested by the relation between
the projected delamination areas and the impact energy, as shown in Fig. 19, where the
fitting line of laminate type L4 has the lowest slope. Furthermore, since the delaminations
cannot grow, the energy must be dissipated by other means, such as large indentation and

fiber breakage.
[Figure 19 about here.|

Since the C-scan inspections provide the projected delamination area at the end of
the impact tests, these results do not reveal clearly whether the critical point Fj
corresponds to the generation of a single delamination or a set of delaminations. In this
sense, finite element simulations of the impact tests can be performed to provide additional
information on this phenomenon. This will be the subject of future work.

Olsson et al. [24] formulated a threshold load for the growth of an arbitrary number
of circular delaminations located at same intervals through-the-thickness of a circular plate
(see Eq. (8)). Based on this work, a new criterion can be developed assuming that n}
delaminations can grow, but now counted from the back face of the plate and generating
n;; sub-laminates with a thickness equal to the clustering thickness h, (see Fig. 20). This
approach is relevant for cases that suffer the largest delaminations at the deeper interfaces
of the laminate, such as it occurs for laminate type L4 (see Fig. 18). The relationship
between the out-of-plane displacement w, and an external point load Fjiat is given by the

theory for thin plates as:
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where 7, is the radius of the plate. Assuming that the system is linear, it allowsto apply
the principle of superposition for the development of the elastic energy of a plate with n}

circular delaminations of radius a.:
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The first term in the right-hand side of Eq. (13) is the elastic energy of the plate
without delaminations. The second term is the energy of a circular plate of radius a.. The
last term is related to the elastic energy of the circular plate portions of radius a. (see Fig.

20). Knowing that g—gc = 2ma.G., the threshold load results:

N
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[Figure 20 about here.|

As occurs with the criterion defined by Eq. (8), the threshold Fsiat does not depend
on the initial crack length of the n; delaminations so it can be interpreted as a criterion for
delamination onset. Increasing the value of n}j, the load required to grow the delaminations
decreases since the flexural stiffness of the plate is reduced. Table 4 summarizes the values
of F,fg“t which are closer to the experimental values for each laminate type. The general
trend is that practically all the interfaces available for delamination, starting from the
mid-plane and ending at the back face of the plate, will delaminate at the critical point F}.
The proposed threshold should be understood qualitatively, since the delaminations are
assumed perfectly circular and equal effective flexural stiffness D* is assumed for all

sub-laminates.
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[Table 4 about here.|

5.3. CAI tests

Not a single CAI test performed experienced unacceptable damage modes, such as
those related to load introduction by the support fixture. Table 3 summarizes the mean
residual compressive loads F. obtained for each laminate. It is observed that increasing
the impact energy (or the impact velocity), the residual compressive loads are reduced for
all the laminates tested.

In addition, the damage tolerance estimated by means of the residual compressive
load does not seem to be reduced by increasing the ply thickness, because all laminate
types show similar values of the residual compressive load at each impact energy (except
for specimen L4-S1). This result is due to the fact that the compressive load depends on a
combination of variables such as the number of delamination planes, the size of the
delaminations, and their locations through-the-thickness of the laminate. However, more
tests are needed in order to further support these conclusions since the repeatability of the

CAI tests is not as good-as in the impact tests.

6. Conclusions

The analytical impact models for the prediction of the elastic response are a powerful
tool to define a suitable test matrix of specimens, to obtain a preliminary qualitative
understanding of the effects of the governing parameters on the impact response, and to
interpret the experimental results obtained. The analytical impact models are completed
with analytical thresholds for the prediction of the damage mechanisms that can occur in a
laminated composite plate under drop-weight impact loading. Under these impacts, the
most critical damage mode is delamination.

It is concluded that increasing the impact velocity, the slope of the load-time relation

in the elastic regime as well as the maximum impact force are increased, as predicted by
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means of the analytical impact models. However, the threshold load, Fj;, remains constant
for different impact velocities. In addition, by increasing the velocity the response is
extended in time because the plate develops more damage.

Increasing ply clustering the values of Fy and F,,, are reduced under equal impact
conditions. Additionally, by increasing ply clustering the changes in the stiffness during
the impact become more progressive and smooth when compared with laminates with thin
plies. This result implies difficulties in the detection of F}; for laminates with thick plies.

It has been also shown that increasing the number of clustered plies, the response is
elongated in time. This result is related with the fact that larger delaminations are created
when the number of interfaces available for delamination is reduced. Therefore, it can be
concluded that ply clustering results in a lower damage resistance of a composite structure.

However, the damage tolerance, quantified using the residual compressive load, is
unaffected by increasing the ply thickness, because all the laminate types presented have
shown similar values of peak compressive loads at each impact energy.

Relevant future work would be to perform impact tests with impact energies which
generate maximum impact loads similar to the experimental threshold values. The goal
would be to verify experimentally the damage mechanisms that generate the first load
drop, if it occurs, in the evolution of the impact force. In this sense, it is necessary to use
NDI techniques which can offer 3D views of the post-impact damage, such as X-ray
computerized tomography. In addition, finite element simulations of the impact tests
would be performed to provide additional information on this phenomenon. Accordingly,
the suitability of the analytical damage thresholds can be analyzed in more detail, so new

improved proposals can be developed.
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Figure 1: Impact responses (after Olsson [4]): (a) dominated by dilatational waves, (b) dominated by flexural
and shear waves, and (c) quasi-static response.
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Figure 2: Lumped-mass models for infinite plate impact behavior, (a) defined by the displacements of the
impactor and of the plate (after Olsson [4]), and (b) by the indentationy with g= 1.
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Figure 3: Lumped-mass models for quasi-static impact behavior, (a) defined by the displacements of the
impactor and of the plate (after Shivakumar et al. [33]), and (b) simplified by the indentation, with ¢ = 1.
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Figure 4: Impact characterization diagram (after Yigit and Christoforou [22]): dimensionless maximum force

Fqe versus relative mobility ¢,,,. The x-mark depicted corresponds to the point of the impact configurations
considered for the analysis of the ply clustering effect.
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Figure 6: (a) Impact support fixture (after Fuoss et al. [19]); (b) detail of the support area and clamping
points of the specimen.
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Figure 9: Impact force histories of laminate L1 for each impact energy (black: 19.3J; gray: 28.6J; dashed:
38.6J).
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Figure 10: Impact force histories of laminate L2 for each impact energy (black: 19.3J; gray: 28.6J; dashed:
38.6J).
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Figure 11: ITmpact force histories of laminate L4 for each impact energy (black: 19.3J; gray: 28.6J; dashed:
38.6J).
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Figure 12: Experimental and analytical impact force histories of laminate L1 for 19.3J and 38.6J impact
energies.
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Figure 13: Impact force histories for 19.3J of laminates L1 (black), L2 (gray), and L4 (dashed).
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Figure 14: Impact force histories for 28.6J of laminates L1 (black), L2 (gray), and L4 (dashed).
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Figure 15: Impact force histories for 38.6J of laminates L1 (black), L2 (gray), and L4 (dashed).
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Figure 16: Impactor (a) displacements and (b) velocities of all the laminates for 28.6J energy.
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Figure 18: Sample of C-scan inspections of laminates L1, L2 and 14.
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Figure 19: Projected delamination areas in function of the impact energy.
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Table 1: Hexply AS4/8552 properties.

Density 1590 x 10~ %g/mm”
Elastic properties E1 = 128.0GPa; Eyy = 7.6GPa;

G12 = 44GP&, V19 = 035, V93 = 0.45
Compressive strength Yo = 199.8MPa

Fracture toughness in pure mode II Gy, = 0.79N/mm
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Table 2: Experimental threshold loads Fy and peak loads F},qz-

Laminate Threshold loads Fy [kN] Peak loads Fi,a: [KN]

A Phergy [J: 19.3 (mean) 28.6 38.6 (mean) Mean Energy [J: 19.3 (mean) 28.6 33.6 (mean)
L1 9.99 9.92 9.89 9.94 1041 1242 1357
L2 7.47 7.58 7.75 7.60 9.34 1050 1137
L4 5.52 5.50 5.47 5.50 7.78 8.00 8.83
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Table 3: Absorbed energies E, and residual compressive loads Fy. of all laminates for each impact energy
(in Joules).

Laminate E; =19.3J E; =28.6J E; = 38.6J
E, [J] Fp [kN] E, [J] Fp [kN] E, [J]  Fpe [kN]

L1 10.1 133 14.9 103 28.3 96

L2 10.2 134 18.9 100 27.2 90

L4 12.0 105 19.2 103 28.8 98
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Table 4: Values of F;(%“t to generate n); sub-laminates counted from the back face of the plate.

Ply thickness Number of

i Fstat [kN
Laminate h, [mm] interfaces n Fa [kN] my KN
L1 0.181 30 994 nj;=10, 10.26
L2 0.363 14 7.60 ny =7 06.88
L4 0.725 6 5.50 ny =4, 9.6
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