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Energy absorption capability of
laminated plates made of fully
thermoplastic composite

Simonetta Boria1 and Alessandro Scattina2

Abstract

The behaviour of composites materials, made of synthetic fibres embedded in a thermoplastic resin, subjected to low

velocity impacts, was largely studied in the past. However, in the last years, the use of thermoplastic composites has been

increased due to the considerable advantages in terms of recyclability of this family of materials. Thermoplastic com-

posites are composed of polymers with different material’s structure if compared to the more traditional thermoset

composite. Consequently, the behaviour of these materials can be different in some loading conditions. Moreover,

considering the wide range of thermoplastic composites that have been developed in the last years, the study of the

behaviour of these materials, in case of impact, has not been yet widely analysed, in particular considering materials

where both the matrix and the reinforcement are made of thermoplastic. In this perspective, the goal of this work is to

study the behaviour of a new thermoplastic composite (PURE thermoplastic) in conditions of low velocity impact. In this

material, the matrix and the fibre reinforcement are made of polypropylene both. The paper presents the results of an

experimental investigation. In particular, a series of impact tests with a drop dart equipment have been carried out on

laminates made of PURE thermoplastic. Laminates with different thicknesses have been taken into consideration. The

influence of the impact conditions on the material’s behaviour has been investigated and the capability of energy absorp-

tion has been studied. The PURE thermoplastic showed a different behaviour in terms of energy absorption and damage

mechanisms if compared to the composites presented in the literature. The thickness of the laminate has had influence

on the deformation and the damage mechanism of the specimens: with low thickness, the perforation of the specimen

has been obtained, whereas, with the higher thickness, the specimens have shown a ductile behaviour and extended

plasticity without crack tip. The contact force between the dart and the specimen has been influenced by the energy level

of the impact, but with an opposite trend if compared to that of the composites studied in the literature.
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Introduction

Composite materials are being used in several indus-
trial fields for their excellent strength and outstanding
specific properties in terms of stiffness.1–3 In the auto-
motive field, the recent directives proposed by the
EU Commission4 aim to raise consumer awareness
on fuel use and reduction of CO2 emissions of
the new passenger cars. Such reduction can be
achieved with different solutions: innovative propul-
sion systems, conversion to alternative fuel types and
weight reduction. Among all, the weight reduction is
the most efficient strategy for the reduction of the
energy demand of vehicles and the corresponding
emissions.5 Recently, the adoption of composites is
strongly explored with the attempt to achieve the
maximum weight reduction. The use of fibre

reinforced polymers (FRPs) is perceived as a promis-
ing alternative of the metallic structures.6 Several
research and development efforts were pursued to fur-
ther the application of lightweight FRP composites in
the automotive sector.7–9 From these works, it was
shown how the frame of the vehicles made of FRP
are able to guarantee a better behaviour in terms of
damping and absorption characteristics of impact
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energy respect to the conventional steel structures.
Moreover, the FRP structures ensure a significantly
lower weight.8

However, the weight saving which can be obtained
by this class of materials is still limited by over-
conservative design approaches. This is partially due
to the poor damage tolerance of this class of material
to low velocity impact (LVI) phenomena.10–20 The
composite components are exposed to LVIs, during
their operative life, such as runway debris on vehicle
bodies. In most cases, this type of impact can induce
the formation of damage, which are usually not easily
detectable by a visual inspection and can cause a
substantial reduction of the performance of the com-
ponent.21–23 In-plane damage, such as fibre breakage
and matrix cracking, and out-of-plane damage, such
as delamination, are the main failure modes induced
on FRP by LVIs.24 In particular, delamination is
among the most dangerous failure mechanisms,
because they can propagate during service, especially
under compressive load, leading to a strength reduc-
tion of the whole structure. The heterogeneous nature
of composite materials joined to an irregular resin
distribution, fibre discontinuities and micro-gaps
can cause several failure mechanisms interacting
each other. Furthermore, the damage onset and evo-
lution can be deeply influenced by the physical par-
ameters of the impact, the environmental conditions
and by the properties, the shape and the structural
configuration of the impactor.

Because of all these parameters, the development
of numerical tools with high reliability25 and able to
exhaustively describe and predict the failure induced
by the impact is a challenging task still in progress.
The prediction of the impact response and of the char-
acterization of the damage induced by the impact
are topics widely treated in the literature. In the past
years, analytical, numerical and experimental
approaches were explored to study the effects of the
LVIs on the composite structures.26–36

One of the major concern for the systematic
application of composites in series production is the
end-of-life treatment of FRP components. The EU
ELV directives37 point out that at least the 85% of
the mass of the car has to be reused or recycled.
For this reason, an end-of-life treatment scenario in
which the FRP components are incinerated is not
more a valid possibility. Therefore, recently, there is
an increasing interest in the use of polymers due to
their full recyclability. However, isotropic polymers
have poor strength and stiffness for their use in
many engineering applications. In order to improve
these properties polymers can be filled with structural
reinforcements such as glass, carbon or natural fibres.
Moreover, the thermoplastic composites show higher
damage tolerance if compared to the traditional
thermoset composite.38 Previous research showed
that composites made of thermoplastic matrix
(Carbon/PEEK or Glass/PEEK) presented higher

properties when loaded in compression and in com-
pression after impact with higher strains to failure
respect to the thermoset composites.39,40 A recent
study41 on the comparison between thermosetting
and thermoplastic composites showed that woven-
ply carbon fibres laminated with PEEK or PPS resin
were able to reduce the extension of damages, and in
particular, of the subsequent delamination, for a given
impact energy, respect to laminates made of epoxy
resin. This result was due to tougher matrix system
in the thermoplastic composites. However, the high
resin viscosity in the thermoplastics is a limitation
during the production process. The impregnation
of the reinforcement fibres in tightly woven or unidir-
ectional composites could be a problem.42–45 On the
other hand, the lower viscosity of the resin of a
thermoset composite provides easier processing and
lower content of void in the laminate. Moreover,
both the material and the tooling costs for the process
of the thermoplastic composites are higher than
those for the thermoset ones.46 Tow-scale hybridiza-
tion of synthetic fibres with polypropylene (PP) ones
in thermoset matrix is able to reduce fibre damage
during the impact loading due to the cushioning
effect offered by the lower modulus of the PP fibres.47

The current major trends focus on simple mono
component systems, made of the same material, in
an effort to reduce costs and increase recyclability.
In the last years, with the introduction of careful pro-
cessing routes, it was possible to create a fibrous, two
phase composite, in which both are polymers. The
first study on single polymer composites based on ori-
ented polyethylene (PE) fibres goes back to 1975.48 PE
polymer was the first candidate for most initial studies
since the ultimate modulus of a linear PE molecule
(�250GPa) is much greater than the crystal lattice
modulus of the helical PP molecule (�40GPa),49–51

implying higher ultimate properties achievable with
PE fibres. However, the lower melting temperature
and the glass transition of PE mean that creep at
room temperature can be problematic and maximum
usage temperature is lower than that of PP, which also
benefits from a slightly lower price and density.
A novel method for the preparation of single-polymer
composites, without the need for a separate matrix
impregnation route, that is limiting by relatively low
volume fractions of reinforcement, was implemented
at the University of Leeds.52 Then, the limitation of a
small temperature processing window was overcome
by the PURE-project, conducted at the Eindhoven
University of Technology, where a single polymer
composite based on PP fibres embedded in the same
PP matrix was studied and then patented, manufac-
tured and delivered by Lankhorst Pure Composites
bv, now DIT bv.53–55

In this perspective, this paper deals with the behav-
iour of such fully thermoplastic composite when sub-
jected to impacts at low velocity. Due to the flexible
chain of the thermoplastic polymers, a different
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behaviour under impact loading is expected respect to
the thermosetting materials. Neither spalling nor
debris is supposed to form, but a failure behaviour
very close to conventional material made of metal
and characterized by ductility is very probable to
notice. In particular, impact tests with a drop dart
device at various velocities fixing the mass were car-
ried out on laminates with thicknesses from 3 to
7mm. The capability of energy absorption and the
influence of the impact conditions were investigated.
Such investigation is different from that carried out
in previous works on PURE material53,56 for
both experimental conditions and results. Previously,
thinner specimens were tested varying the mass and
analysing the impact penetration damage at different
compaction temperatures and pressures. In this paper,
the results of the impact tests are discussed in order to
determine the impact behaviour of the thermoplastic
composite and to study the sensitivity of the material
to some impact parameters, taking constant tempera-
ture and pressure. The fully thermoplastic composite
showed a different behaviour in terms of energy
absorption and damage mechanisms if compared to
the composites presented in literature. The experimen-
tal results also revealed sensitivity of the studied com-
posites to level of impact energy. Some parameters of
the test were influenced by the increase of the impact
energy. These behaviours, together with the low dens-
ity and the fully recyclability of this material, make it
a very interesting solution for structural applications.

Geometrical and material description of
the investigated panel

The material used in this work is a sealable, co-extruded
three layer PP tape, with an A:B:A (copolymer:
homopolymer:copolymer) structure, manufactured
by DIT bv. This tape was subsequently woven into
a balanced, plain weave fabric (long fibres with a tape
orientation [0�,90�]). Layers of this fabric are cut into
square pieces and stacked in a close fitting mould up
to a maximum depth of 7mm. It is necessary to pay
attention to the processing conditions in order to
obtain an interesting fully thermoplastic composite
from the mechanical point of view. Pressure must be
sufficient to prevent shrinkage by lateral constraining
and guarantee good interfacial contact for bonding
but not enough to produce flow of homopolymer
core, implying a loss of properties. At the same
time, temperature must be such to melt copolymer
layer enabling fibre bonding, but not so much as to
produce shrinkage, relaxation or melting of the ori-
ented homopolymer phase. Therefore, the mould was
subjected to heat (�150�) and pressure (�10 bar) to
consolidate the fabric plies into a biaxially reinforced
composite laminate. In Table 1, the main mechanical
properties of the tape and sheet configuration
(obtained using a single layer) are reported according
to the PURE technical data sheet. Moreover, from the

literature53,57 is possible to recover other mechanical
properties of the PURE material obtained with spe-
cific tests.

From Table 1, it can be noted how the tape dens-
ity is less than the density of the isotropic PP
(�910 kg/m3); this is due to the presence of micro-
voids during the drawing of homopolymer and
copolymer molecules. Instead, the woven specimens,
compacted at 1MPa, have a density that exceeds the
original tape without reach the isotropic PP value.
The copolymer skin layer is, in fact, highly viscous
even above the melting temperature and so higher
pressure is necessary to flow into the voids caused
by the surface roughness for the weave of the fabric.

In this work, three kinds of laminates were con-
sidered. They differed only for the shell thickness.
The thicknesses of the considered laminates were 3,
5 and 7mm. They were obtained by the overlap of 23,
38 and 53 layers, respectively. As regards to the lamin-
ation, no angle variation was adopted, so each layer
has the same fibres orientation. The specimens used in
the work had a square geometry with the dimension
of the edge equal to 100 mm. A specimen with the
thickness of 7mm is shown in Figure 1.

Low velocity normal impact tests

A series of impact tests with a drop weight equipment
were performed on the described specimens. The
impact tests were carried out according to the ASTM
D5628-96.58 In the tests carried out in this work, a
mass of 67.3 kg is raised to a defined height and then
released. The fall height depends on the requested
value of impact energy. The mass was driven in its
free fall with a couple of rails. A dart with a

Table 1. Mechanical properties of the PURE

tape and sheet according to the technical data

sheet provided by the manufacturer.

Value Unit

PURE tape

Width 2.2 mm

Density 732 kg/m3

Tensile modulus 14 GPa

Tensile strength 500 MPa

Tensile strain to failure 6 %

Flexural modulus 4.5–5.5 GPa

Shrinkage at 130�C <5.5 %

PURE sheet

Thickness 0.3 mm

Bulk density 780 kg/m3

Tensile modulus 5.5 GPa

Tensile strength 200 MPa

Tensile strain to failure 9 %

Flexural modulus 4.5–5.5 GPa

Sealing range 130–180 �C
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hemispherical tip was fixed to the impact mass. The
dart stroke the specimen at the end of its free fall.
The diameters of the dart and of its tip were of
20mm. The testing device used for these tests was the
Ceast 9350. The main parameters of the tests were the
fall mass, which is applied to the dart and the fall
height. Consequently, the other fundamental param-
eters of the tests were the impact velocity v0 and the
impact energy. The impact velocity v0 was measured
with a photocell just before the impact with the speci-
men. The testing machine has a maximum fall stroke of
1m and it is equipped with a system of springs if higher
impact energy is requested. A total equivalent fall
height of 29m could be reached. The load applied by
the impactor was measured with a piezoelectric load
cell when the dart was in contact with the specimen.
The load cell was fixed behind the hemispherical tip
and between the tip and the dart. The data acquisition
system had a sampling frequency of 1 MHz and no
filters were applied on the force signal. During the
tests, the flat specimens were clamped on their edges
into the testing machine. The clamping device had a
central circular hole with an internal diameter of
76mm, as shown in Figure 2.

The dynamic behaviour of the fully thermoplastic
composite was studied evaluating the effect of the
impact velocity v0, and consequently of the impact
energy, on the laminates with different thicknesses.
To this aim, the experimental tests were carried out
considering three different levels of the impact energy
for each of the considered thickness, as shown in
Table 2. The different levels of the impact energy
were defined starting from the experience made by
the authors in a previous study.59 The impact energies
were defined considering the strength of the specimens
and the capability of the testing machine. For these
reasons, only for the thinnest specimens (3mm), only
two impact energies were considered. These specimens
had a reduced strength compared to the specimens
with a thickness of 7mm and the value of the

impact velocity equal to 0.74 was the minimum
achievable value with the adopted testing equipment
when an impact mass of 67.3 kg is used.

The input parameter used for the testing device was
the impact velocity v0. The values of the impact vel-
ocity were defined in order to obtain, as precisely as
possible, the desired level of the impact energy. Three
different repetitions were performed for each test con-
figuration. The impactor was automatically stopped
during the test, after rebounding, to avoid a second
strike on the specimen. The results of the impact tests
were analysed in terms of the force exchanged in the
contact between the dart and the specimen and in
terms of the energy absorbed by the specimen. Both
these parameters were evaluated as a function of the
stroke of the dart. The stroke of the dart was defined
as shown in Figure 2. Moreover, the visual inspections

Figure 1. Top and side view of a specimen with the thickness of 7 mm.

Impact mass

Dart stroke

Clamping 

force

Clamping 

force

Specimen

Clamping area

76

Dart

Figure 2. Experimental test configuration.
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of the damaged specimens at the end of the test were
provided.

Experimental results

The force at the contact between the impactor and the
specimen as a function of the time history was rec-
orded during the test. The stroke of the dart, from the
instant of the impact with the specimen (Figure 2),
was calculated dividing the force history by the mass
of the impactor. The results were then integrated with
respect of the time using the initial impact velocity v0.
The kinetic energy of the impactor at the instant of
the contact with the specimen was defined as the
impact energy E. This was the energy transferred to
the composite specimen. A portion or the total
amount of the impact energy was absorbed by the
composite specimen in forms of material damage,
heat generation and other mechanisms.60

In the drop dart tests, the damage mode and
the corresponding behaviour of the composite can
be deducted from the shape of the diagram force-
displacement. Figure 3 shows two typical charts
where the force in the contact between the dart and
the specimen is plotted as a function of the deflection
of the specimen for non-perforated (2 a) and

perforated (2 b) samples. The deflection of the speci-
men is evaluated as the stroke of the dart from
the contact instant with the specimen (Figure 2).
A closed curve means no perforation of the laminate
(Figure 3(a)), whereas, if an open curve is observed,
perforation is present in the specimen (Figure 3(b)).61

The same trend can be observed for both charts
during the loading phase of impact. The shaded
areas visible in Figure 3(a) and (b) represent the

Table 2. The values of the experimental parameters evaluated for all the considered configurations.

Specimen label

Energy

level

Thickness

(mm)

Impact

velocity

(m/s)

Impact

energy ( J)

Max.

contact

force (kN)

Max.

deflection

(mm)

Stiffness

(N/mm)

Absorbed

energy ( J) Perforation

PURE_DP_TH3_04 Level 1 3 0.744 28.499 4.427 14.926 211.407 28.020 No

PURE_DP_TH3_05 3 0.746 32.551 3.873 20.974 235.175 30.995 No

PURE_DP_TH3_06 3 0.746 31.042 4.198 18.642 234.498 29.434 No

PURE_DP_TH5_07 5 0.745 24.410 5.463 8.671 421.760 24.410 No

PURE_DP_TH5_08 5 0.745 24.164 5.680 8.260 388.705 24.164 No

PURE_DP_TH5_09 5 0.746 24.325 5.612 8.506 391.998 24.325 No

PURE_DP_TH3_01 Level 2 3 1.272 119.312 4.228 98.255 361.350 57.843 Yes

PURE_DP_TH3_02 3 1.344 124.013 5.225 95.804 325.955 72.532 Yes

PURE_DP_TH3_03 3 1.328 108.739 4.831 74.752 335.047 90.453 Yes

PURE_DP_TH5_01 5 1.280 63.429 10.261 12.517 903.831 63.428 No

PURE_DP_TH5_02 5 1.283 64.122 8.786 13.274 720.429 64.122 No

PURE_DP_TH5_03 5 1.334 69.162 9.115 14.029 679.387 69.162 No

PURE_DP_02 7 1.330 67.160 11.694 11.566 1014.023 67.159 No

PURE_DP_03 7 1.330 67.259 11.628 11.717 984.131 67.259 No

PURE_DP_14 7 1.359 70.068 11.605 12.013 984.907 70.170 No

PURE_DP_TH5_04 Level 3 5 2.064 209.609 9.202 100.357 834.947 189.584 Yes

PURE_DP_TH5_05 5 2.092 229.406 10.052 124.367 879.292 180.213 Yes

PURE_DP_TH5_06 5 2.084 223.674 9.728 117.498 862.914 191.999 Yes

PURE_DP_15 7 2.082 147.070 16.475 1.787 887.166 157.253 No

PURE_DP_16 7 2.089 148.092 16.263 1.889 848.665 158.726 No

PURE_DP_17 7 2.087 158.470 15.954 18.125 857.917 158.953 No

PURE_DP_18 Level 4 7 3.218 367.210 19.791 28.371 730.826 367.628 No

PURE_DP_19 7 3.215 366.648 20.445 28.387 872.831 367.638 No

PURE_DP_20 7 3.215 367.115 19.317 29.276 826.475 366.062 No

F
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Deflection

Closed 

form

F
o
rc

e

Deflection

Open 

form

Absorbed energy Absorbed energy

(b)(a)

Figure 3. Typical force-deflection curve for (a) a non-perfo-

rated sample (closed form) and (b) perforated sample (open

form).
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amount of the absorbed energy in non-perforated and
perforated samples, respectively.

The load vs. displacement curves for all the
tested configurations are summarized in Figure 4.
The figure shows as during the impact loading hyster-
esis cycles were obtained. This trend represented how
the impact energy is absorbed by the specimen. The
absorbed energy was evaluated as the area enclosed
by the force vs. displacement curves. The force-displa-
cement curves can be observed with more detail in
Figure 5, where only one repetition for each configur-
ation is represented, in order to better examine the
results of the considered levels of energy for each
thickness. The chart in Figure 5 clearly put in evidence

as the specimens showed different types of impact
damage, as for a generic structure made of FRP com-
posite.62,63 In more details, the specimens with the
thickness of 3 and 5mm impacted with the energy
level 2 and 3, respectively, showed perforation.
Indeed, in the unloading phase the force changes
abruptly causing unstable behaviour of the perforated
laminate. In all the other test configurations, the dart
had a behaviour of rebounding or penetration. The
chart for specimen with a thickness of 5mm, subjected
to the level 2 of energy did not have a completely open
form. This means that the laminated plate was at the
perforation threshold. Indeed, the deflection of the
specimens grew and then it decreased in the first
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Figure 5. Detailed load vs displacement curves (only a single curve for each test configuration is shown).
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Figure 4. Load vs displacement curves for the tested laminates.
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instants of the unloading phase. Moreover, it is evi-
dent how, increasing the impact energy, the plastic
damage was much more pronounced. For the lamin-
ate with a thickness of 7mm, for example, the per-
manent deflection after the impact was about 54%,
82% and 93% respect to the maximum one, increas-
ing the energy level. The permanent deflection could
be obtained as the ratio between the last deformation
of the unloading phase and the maximum deflection.

The results of the impact tests are showed in
terms of energy vs. displacement of the dart curves
in Figure 6 for all the considered configurations.
The effect of the impact energy with a constant mass
of impact was investigated analysing the experimental
results. From Figures 4 to 6 clearly emerges as the
maximum contact force between the specimen and
the dart, the maximum stroke of the dart and the
energy absorbed by the specimen grew up with the
increase of the impact energy. The curves obtained
with the different levels of energy at the same thick-
ness condition tended to follow the same trend of the
specimens subjected to perforation in the first part of
the diagram. Such aspect seemed to be different from
the FRP laminates. In case of perforation at the
higher energy levels, the force peak tended to reduce
respect to that obtained in the impacted plate by a
lower level of energy where non-perforation was
observed.61 This was due because the perforation can
cause a drastic decline in the bending stiffness of the
specimen. However, the curves obtained with the lower
energy had a smaller shape. Higher was the energy level,
higher was the displacement of the dart. Consequently,
the area enclosed by the curve was higher.

The behaviour of the specimen during the impact
can be divided in three phases. These phases are
related to quasi-elastic, plastic and damping absorp-
tion of energy. The damping energy was absorbed
during rebound of the impactor, hence in the phase

when the stroke of the dart decreased. Figure 5 clearly
emerged as the curves of the specimens subjected to
perforation had a different trend. The load, after
reaching its maximum value, had a deep drop increas-
ing the dart displacement. Going into further details,
different damage modes were observed. In some cases,
the specimens showed a damage due to the impact
clearly visible with the naked eye. In some other
cases, the damage was characterized by internal
defects. In these cases, the damage consisted of
matrix cracking and fibre breakage, which usually
cannot be detected by a simple exam of the surface
of the specimen.64 Analysing the effects of the lamin-
ate thickness on the impact behaviour, the impact
damages have been more extensive in the thin lamin-
ates than in the thick ones as expected also for the
FRP composites.65 The damage in the thin laminates
was distributed through the whole thickness, whereas
the damage in the thick plate could be detected only in
the upper layers of the laminate. The initiation and
growth of delamination were much more evident for
the thicker specimens, whereas for the thinner ones
the matrix crack, the fibre fracture and the fibre
pull-out were the main damage mechanisms. From
literature, it was also observed that the delamination
increases with the plate thickness.66 The fully PP com-
posite studied in this work showed a ductile behaviour
and a developed extended plasticity without a crack
tip making them less sensitive to damage from lower
energy impacts, unlike the common FRP composites
where the brittle nature can drastically reduce the
residual mechanical properties of the composite.
Photographs of the damaged laminates with a thick-
ness of 7, 5 and 3mm are reported in Figure 7, for a
clearer view of the impact process. The impacted sur-
face (front of the specimen) and the non-impacted
surface (back of the specimen) showed the damage
propagation for the level 2 of energy. For the thicker
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Figure 6. The energy-displacement histories for the tested laminates.

Boria and Scattina 1395



specimen, a cross yarn sliding along the 0� and 90�

direction on the top surface and an extended plastic
cap formation in the rear skin were evident. Such
deformation cannot be present into thermoset com-
posites, which exhibit brittle fracture with low elastic
limits even when subjected to no penetrative impact
loads. The behaviour of composite changed when
the thickness decreased up to 3mm. Consequently,
the impact response was altered. The deformation
on the top surface was much more concentrated

around the impact point for the specimens with a
thickness of 5 and 3mm. The damage propagation
was along the warp and weft directions, as evident
on the back face, contrarily to what happens for
FRP laminates where the damage propagates along
the weaker 45� direction.61

The experimental results were further elaborated
evaluating a series of parameters in order to study
the impact behaviour of the laminates. In particular,
the peak values of the contact force, the maximum

Figure 7. Plate specimens after the impact tests with energy level 2. On the top, the specimen with a thickness of 7 mm, in the

middle, the specimen with a thickness of 5 mm, on the bottom, the specimen with a thickness of 3 mm. On the left hand view of the

surface of the specimen in contact with the dart, on the right hand back view of the specimen.
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deflection of the specimen, the stiffness of the speci-
men and the energy absorbed by the specimen were
calculated. The values of these parameters are sum-
marized in Table 2. The stiffness was evaluated as the
slope of the first linear part of the load-displacement
curve. The maximum deflection of the specimen
corresponds to the maximum stroke of the dart
(Figure 2). In Table 2, it is possible to observe as
the value of the absorbed energy is higher than the
value of the impact energy for some of the specimens
with a thickness of 7mm. However, as discussed by
the authors in Boria et al.59 some of the experimental
tests with these specimens were affected by a slip phe-
nomenon between the specimen and the clamping
device during the impact. The absorbed energy is eval-
uated integrating the curve of the force applied by
the dart vs the displacement of the dart. The displace-
ment of the dart is evaluated integrating two times the
acceleration of the dart, which is obtained dividing
the signal of the force by the impact mass.
Therefore, the slip effect caused an overestimation
of the displacement of the dart. Consequently, the
absorbed energy was overestimated and it seemed to
be higher than the impact energy.

The maximum load as a function of the absorbed
energy is shown for all the considered configurations
in Figure 8. The maximum load tended to increase
almost linearly with the growth of the absorbed
energy in all the considered cases. The growth of
the load tended to an asymptotic value approach-
ing to the perforation condition. Indeed, the data
were better fitted with a polynomial relation than
with a linear one. In particular, an increment of the
impact energy (from a level to the following one)
tended to almost doubling the maximum load. This
aspect was not evident for the specimens with a
thickness of 3 mm where the level 1 of energy was
very close to the perforation condition. As

expected, the same trend can be also observed in
Figure 9, where the maximum load is reported as a
function of the impact velocity. Concluding, the thick-
ness of the laminate and the impact velocity influenced
the impact behaviour of the PURE thermoplastic with
an increase in term of the maximum load up to a
threshold value, where perforation condition was
reached.

The influence of the impact velocity on the
absorbed energy is shown in Figure 10. The elabor-
ation of the results put in evidence a square depend-
ency between the absorbed energy and the velocity as
expected. The experimental data of the stiffness as a
function of the impact velocity were arranged in a
discordant way. A linear growth was evident for the
thinner specimens, whereas an opposite trend was
noticed for the specimens with the highest thickness,
as shown in Figure 11. Moreover, it was clear that the
bending stiffness increased as the thickness and
number of layers increased, as for the FRP lamin-
ates.61 The growth of the stiffness varying the thick-
ness was much more pronounced for the lower energy
levels. The value of the stiffness tended to stabilize
around the value of 800 N/mm for the maximum
value of the impact energy. Unlike the thermosetting
composites, the slope of the interpolating line of the
maximum values of the force-displacement curves was
not a material constant: it seemed to depend on the
impact energy. Figure 12 shows the maximum values
of the force as a function of the bending stiffness for
all the impact energies. The data were well fitted with
a linear relationship of growth as for the FRP com-
posites,61 for the specimens with a thickness of 3 and
5mm. Opposite behaviour was observed for the spe-
cimen with the thickness of 7mm. The data were
again fitted with a linear relation but the slope was
negative. This was probably due to sliding problems
on the grab device.
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The experimental results revealed that the
response of the thermoplastic laminates to low-
velocity impact was very sensitive to the thickness
and to the level of the impact energy, as observed
for the FRP laminates.61,67

Conclusions

This work highlighted the main impact properties of a
new type of material. In particular, the paper deals
with the experimental investigation of the behaviour
of a fully thermoplastic composite when subjected to
LVIs. The material analysed was a composite laminate
obtained overlaying 0–90� plain weaves. It was made of
a matrix and a reinforcement both of PP material and
obtained with the patented PURE technology. For this
reason, the material is commercially known as PURE
thermoplastic. A series of drop dart impact tests were
carried out on laminates made of this material.
Specimens with three different thicknesses were inves-
tigated. Moreover, four different energies of impact
were considered, to study the capability of energy
absorption of the material. The literature review car-
ried out put in evidence a lack of results about com-
posites with both the matrix and the reinforcement
made of thermoplastic, when subjected to impact load-
ing. In this work, the PURE thermoplastic showed a
different behaviour, in conditions of impact at low vel-
ocity, compared to the materials presented in the lit-
erature. The experimental results highlighted the
influence of the thickness of the laminate on the
impact behaviour. With the considered low thickness,
a perforation of the specimens was observed, whereas a
ductile behaviour and extended plasticity without a
crack tip was obtained with the considered high thick-
ness. The influence of the thickness on the deformation
behaviour was also confirmed examining the stiffness
of the specimens during the impact. The value of the
stiffness of the specimens showed a reduction during

the impact process. This trend was due to a compaction
mechanism of the different layers of the material. At
the same time, the compaction mechanism avoided the
fracture of the specimen, which showed a ductile
behaviour. This behaviour was very different compared
to that obtained with the thermoset composites, widely
demonstrated in the literature, which are usually char-
acterized by a brittle behaviour during the impact pro-
cess. Further difference, in comparison to the
composites studied in the literature, was found exam-
ining the maximum value of the contact force between
the dart and the specimen. With the PURE thermo-
plastic, with the high levels of the considered energy of
impact, the value of the force was lower than at the low
levels of the considered energy of impact. The speci-
mens were perforated by the dart in the first case but
not in the second one. Consequently, the PURE
thermoplastic showed high sensitivity to the impact
energy level, considering the conditions studied in
this work. The impact damage was more extensive in
the thin laminates than in the thick ones. The damage
in the thin laminates was distributed through the whole
thickness, whereas the damage in the thick plate was
detected only in the upper layers of the laminate. The
initiation and the growth of the delamination was
much more evident for the specimens with the high
thickness, whereas for the specimen with the low thick-
ness, the matrix crack, the fibre fracture and the fibre
pull-out were the main damage mechanisms.
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