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The newly developed hybridization approach for thermoplastic composites, based on the gradation of
the interlaminar interface strength (IGIS design), was used to prepare polypropylene/glass fibre com-
posites by properly alternating layers of reinforcing fabric with compatibilized and not compatibilized
polymeric films. Maleated polypropylene was used to improve the matrix/fibre interface strength. The
flexural and low-velocity impact characterizations showed that the use of the coupling agent improved
the quasi-static flexural properties through the strengthening of the matrix/fibre interface, but consid-
erably lowered the low velocity impact resistance of the laminate. The use of the IGIS design, which
grades the interface strength through the laminate thickness, enabled the fabrication of composites with
a favourable combination of flexural properties and impact resistance and proved to be effective in better
preserving the integrity of the fibres. The damage after impact has been assessed by means of micro-
computed tomography, which elucidated the improving effect of the matrix hybridization on the
impact resistance, and acoustic emission analysis, which allowed the identification of the mechanisms
responsible for impact energy absorption. The role played by the matrix hybridization sequence was
pointed out along with the effective role of IGIS design in the overall mechanical performance of

laminates.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Thermoplastic composites (TPC) have gained increasing interest
in various industrial fields (civil engineering, transportations,
automotive industry, aeronautics to name a few) mainly due to a
favourable combination of properties, including high stiffness to
weight ratio, high damage tolerance, good chemical stability, low
moisture absorption, high energy absorption capability, recycla-
bility and rapid manufacturing with respect to thermosetting based
composites [1,2] Although initially the application of TPCs was
restricted to semi-structural components (for example front-end
panels, spare wheel wells and door panels), fully structural appli-
cations are emerging such as crash boxes [3].

Among all thermoplastic composites, systems based on poly-
propylene (PP) and glass fibres have been widely investigated
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E-mail address: luigi.sorrentino@cnr.it (L. Sorrentino).
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because both constituents and the resulting laminates have a very
high performance/cost ratio and high specific properties [4—6].
Polypropylene is one of the most extensively used polymers in
industrial applications due to its high chemical and wear resistance,
easy processability, low cost and excellent specific mechanical
properties. In the same fashion, glass fibres are characterized by a
low cost, high tensile strength, high chemical resistance and insu-
lating properties. The main drawbacks of glass fibres are the low
elastic modulus (lower than carbon fibres), low fatigue resistance
and a challenging adhesion with PP due to the very different po-
larity of the two species (polar molecular structure in the glass and
non-polar in the polypropylene).

Since the static structural properties of a laminate are largely
influenced by the interface strength between fibres and matrix,
various strategies have been developed to improve the interfacial
adhesion between PP and glass fibres. Successful results have been
achieved by treating the surface of fibres to enhance the compati-
bility with non-polar species [7] and by improving the polarity of
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the matrix by means of a suitable coupling agent [8]. Russo et al. [9]
investigated the effect of the addition of a common coupling agent
(polypropylene grafted with maleic anhydride, PP-g-MA) on the
mechanical behaviour of laminates based on different grades of
polypropylene and found that its use strongly increases the flexural
strength of the composites.

Usually, composites based on very stiff fibres are characterized
by low toughness and low impact absorbing capabilities. Such
impact behaviour depends on many factors such as fibre type,
reinforcement configuration, interface properties, laminate thick-
ness, preform architecture and sequence lay-up. An appropriate
optimization of these parameters increases the damage resistance
and damage tolerance of laminates but only limited improvements
can be obtained unless different methodologies are used. In this
regard, the fibre hybridization approach, which mixes stiff with
tough fibres in the same lamina or in different laminae to form
interply or intraply laminates, respectively, has proved to be a very
effective way to balance stiffness and toughness and improve the
impact energy absorbing capability of composite laminate systems
[10—14]. A drawback of the reinforcement hybridization is that the
use of different fibres can make more complex the design of the
laminate since further parameters should be considered. In
particular, the different fibres have distinct thermal expansion co-
efficients, moisture absorption, matrix/fibre interface strengths,
diameters (and hence impregnation conditions).

Recently a new approach (named IGIS from Interlaminar Graded
Interface Strength) has been proposed that works on the hybridi-
zation of the matrix instead of the reinforcement [9,15—18]. This
approach does not affect the reinforcement and does not increase
the design parameters nor requires changes to the processing
technology. It exploits the technology used for thermoplastic
composites to hybridize the matrix instead of the reinforcement by
alternating layers of compatibilized or not-compatibilized polymer
with reinforcing fabrics. The analysis of the low velocity impact
behaviour of IGIS composites based on PP and glass fibre fabrics has
shown that a strong interface strength reduces the energy ab-
sorption capabilities of the laminate while the proper positioning of
polymeric layers with a low fibre/matrix interface strength strongly
improves the low velocity impact damage tolerance while keeping
high the static mechanical response [15].

The impact behaviour strongly influences the potential appli-
cation fields of laminated structures hence it is fundamental to
understand how the composite structure responds to the applica-
tion of impulsive and intense loads. In recent years, X-ray micro-
computed tomography (micro-CT) has emerged as a non-
destructive 3D visualization technique for material characteriza-
tion [19]. It is based on measurement of the attenuation of X-ray
photons. When incident photons pass through an object, their
attenuation will depend on the physical density of the object.
Contrast arises because different phases (and defects) have
different levels of X-ray attenuation [20]. The studied object is
rotated through 360° while a series of high-resolution digital ra-
diographs (projections) are acquired. Then, the recorded data are
processed and converted into a stack of slices to reconstruct the 3D
volume. This technique can be applied to a variety of problems in
materials research as reviewed by Stock [21]. In the field of com-
posite research, it is particularly adapted for studying the internal
damage, including delamination and microcracking [22]. For
example, micro-CT technique has been used for analysing failure
mechanisms in 3D woven composites [19,23] or for studying
damage evolution in open hole carbon fibre-reinforced laminates
[24,25]. Concerning the characterization of impact damage, fewer
studies have been reported and they all concerned thermoset
composites. The impact damage due to a gas-gun-fired projectile in
carbon/epoxy laminates has been analysed by Symons [26] and

Penumadu et al. [27]. The impact damage due to a laser shock in
basalt-carbon/epoxy composites has been studied by Ferrante et al.
[28]. Dunkers et al. studied the drop-weight impact damage in
glass/epoxy composites [29], Fidan et al. in glass-aramid/polyester
laminates [30], and Nash et al. in carbon/benzoxazine composites
with a thermoplastic toughening interlayer [31].

After low-velocity impacts, an area of interest is the effect of
damage on the mechanical properties of laminated composite
structures, thus assessing what is generally known as damage
tolerance. Post-impact strength measurements are usually carried
out in compression and this represents also the only one stan-
dardized method (ASTM D7137), irrespective of the matrix type,
being thermosetting or thermoplastic in nature [32—34].
Compression is critical for impact-damaged specimens because
under this type of loading the strength reductions are the most
severe [35—38]. In this study four point bending tests have been
used as a post-impact evaluation tool, which were monitored by
acoustic emission (AE) in an attempt to identify and discriminate
the failure modes of the different configurations. AE is capable of
detecting the dynamic processes associated to the degradation of
structural integrity and therefore can be used to monitor in situ a
structure during loading. AE has been applied on all classes of
materials and a lot of specific mechanisms responsible for AE have
been identified. In particular, in composite materials mechanisms
such as fibre failure, debonding at fibre/matrix interface, plastic
deformation and matrix cracks, delamination, friction between fi-
bres and matrix have been detected. AE proved to be effective in
detecting and discriminating these damage mechanisms in a vari-
ety of testing conditions, ranging from quasi-static [39—42], dy-
namic (fatigue) [43,44] and post-impact ones [28,45,46].

In this contribution, the impact damages induced on IGIS lam-
inates after a low velocity impact have been analysed by means of
microtomography and the damage tolerance of IGIS structures has
been assessed by flexural tests monitored by acoustic emission
technique.

2. Experimental
2.1. Materials

The polypropylene used was the MA712 grade supplied by
Unipetrol — Czech Republic (MFI = 12 g/10 min; referred to as “N”).
Polypropylene grafted with maleic anhydride, commercialized
under the trade name Polybond 3200 (MFI = 115 g/10 min, 1 wt%
maleic anhydride; from Chemtura, Philadelphia - PA, USA) was
used at 2.0% by weight as coupling agent to improve the fibre/
matrix interface. Compatibilized matrix has been referred to as “C”.
Finally, a plain weave type glass woven fabric (E-glass fibres having
density of 2.54 g/cm?, functionalized by amino silane groups) with
a specific mass of 204 g/m? has been used as reinforcing fabric.

2.2. Sample preparation

Films of neat or compatibilized polypropylene having a thick-
ness equal to 35—40 pum were prepared by using a film blowing
extrusion line model Teach-Line E 20 T from Collin GmbH (Ebers-
berg, Germany). Composite laminates were produced by using the
film stacking technique by means of a compression moulding ma-
chine (model P300P, Collin GmbH, Ebersberg, Germany). Twenty
layers of polypropylene films and twenty of glass woven fabric
were alternatively stacked according to the specific stacking
sequence (Table 1) as schematized in Ref. [17] and heated according
to opportune temperature and pressure profiles by using a labo-
ratory press [9]. Samples consisting of 20 balanced fabric layers 0/
90, symmetrically arranged with respect to the middle plane of the
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Table 1

Coding of IGIS laminates and sequence of PP layers used to produce
the composite (N = not compatibilized PP layer;
C = compatibilized PP layer; H = IGIS hybridized matrix sequence).

Sample Polymeric Layer Sequence
NEAT 20N

COMP 20C

HNC 10N/10 C

HCN 10C/10N

HNCN 5N/10C/5N

HCNC 5C/10N/5C

HX 2 C/5N/6C/5N/2C

laminate ([(0/90)10]s configuration), were produced with a target
thickness of 3.30 mm and a glass fibre content of 45% by volume.
The volume percentages of fibre and matrix were evaluated ac-
cording to the ASTM D 3171 and ASTM D792, respectively.

2.3. Characterization techniques

Optical analyses were performed in reflection mode by using a
microscope (Z16 APO from Leica GmBH, Germany) to observe the
damage modes after the four point bending test. The observed
surface of samples was preliminarily treated with a wet fine
sandpaper and then polished with a very fine polishing paste. Fibre
wetting was investigated by analysing fractured surfaces with a
field emission scanning electron microscope (model QUANTA-
200FEG from FEI — Eindhoven, The Nederlands). The examined
surfaces were preliminarily coated with a thin layer of a gold-
palladium alloy prior to SEM analysis.

Four-point bending tests have been performed on three speci-
mens (170 mm x 60 mm) for each configuration in accordance with
ASTM D 6272. This unusual width has been chosen in order to be
sure of accommodating the whole impact damaged area, thus
minimizing the edge effects. The distance between the loading
noses (the load span) was one half of the support span (80 mm). A
cross-head speed of 2.5 mm/min was used. Specimens have been
tested in bending either after their production (non-impacted
samples) or after the low-velocity impact tests (6 J and 27 ] sample
series) to measure their residual flexural strength. Mechanical tests
have been performed on a Zwick/Roell Z010 (Ulm, Germany) uni-
versal testing machine equipped with a 10 kN load cell.

Low velocity impact tests were conducted using an instru-
mented drop-weight impact testing machine (model Fractovis Plus
from CEAST — Italy) equipped with a hemispherical tip (diameter
12.7 mm). All tests were performed putting the sample on a
stainless steel annular ring (internal diameter 40 mm, outer
diameter 60 mm). Two impact energy values were used, namely 6 ]
and 27 ]. The first impact energy value was chosen in order to
simulate the damage induced during service or maintenance on the
composite structure. This type of damage is usually barely visible
and can occur during service life, maintenance or mounting of the
part. The second impact energy value was chosen after some pre-
liminary perforation tests as the energy corresponding to the load
peak of the COMP laminate. This allowed the direct comparison of
the damage induced in a IGIS laminate under impact conditions
capable of seriously damaging the fully compatibilized laminate
(COMP). A minimum of 4 samples for each composition, measuring
80 mm x 80 mm and cut from the prepared laminates, were tested
and their mean values and variance were calculated.

Microtomographic image acquisition has been performed using
an UltraTom CT scanner manufactured by RX Solutions (France).
The system consists in a Hamamatsu micro focus sealed X-ray tube
operating at 20—150 kV/0—500 pA, within a maximum power of

75 W. A precision object manipulator has been used for positioning
and rotating the sample during the acquisition of tomographic data.
X-rays generated by the source diverge (cone beam) thus providing
the possibility to magnify the sample by playing with the sample
position with respect to the generator and/or the detector, both also
movable to cover a large range of magnifications. A 16 pm resolu-
tion has been used for the acquisitions in this work, with an
accelerating voltage of 70 kV and a beam current of 428 pA. The flat
panel detector, consisting in an X-ray Csl scintillator screen settled
on an amorphous silicon layer, has 1920 x 1536 pixels with a pixel
size of 127 um. The X-ray shadow projections are digitized with
65536 brightness gradations (16 bits) and recorded in TIFF format.
The image acquisition time was about 2 h per specimen. For 3D
reconstruction, X-ray images were acquired from 1440 rotation
views over 360° of rotation (0.25° rotation step). The reconstruc-
tion was performed using an algorithm based on the filtered back-
projection procedure for Feldkamp cone beam geometry.

Pre- and post-impact flexural tests have been monitored by
acoustic emission until the occurrence of the final fracture using an
AMSY-5 AE system by Vallen Systeme GmbH (Icking, Germany). The
AE acquisition settings used throughout this experimental work are
as follows: threshold = 35 dB, Rearm Time (RT) = 0.4 ms, Duration
Discrimination Time (DDT) = 0.2 ms and total gain = 34 dB. This
threshold level has been defined from a 30 min track record of the
background noise, with the AE setup configuration actually used,
and has been set 6 dB above the maximum level of the recorded
spurious signal from the electronic system. Two broad-band
(100—1500 kHz, Fujicera 1045 S) PZT AE sensors have been used.
The sensors have been placed on the surface of the specimens at
both ends to allow linear localization, with silicone grease as
coupling agent.

3. Results and discussion
3.1. Physical properties of laminates

Laminates showed physical properties close to the target values
(Table 2). Their thickness was within the +10% of the target value,
the lowest and highest thickness being exhibited by the COMP and
the NEAT samples, respectively. The fibre volume content was
within +10% of the target value. Composite cross-sections were
checked to detect the presence of voids within fibre bundles or in
the matrix. From several acquisitions no voids were detected and all
bundles appeared to be well impregnated by the matrix. Tests were
also performed to measure the percentage of voids with digestion
methodology and results were all below the required 2% limit of
acceptance.

SEM morphological analysis, performed on fractured surfaces of
laminates, is reported in Fig. 1, where the alternation of neat (in
cyan) and compatibilized (in orange) layers qualitatively resembles
the strong (COMP type, orange) and weak (NEAT type, cyan)
interface strength through the laminate section. The composite
prepared with not compatibilized polymeric layers (NEAT micro-
graph in Fig. 1) showed very long protruding fibres, which hinder
the distinction of the different reinforcing layers. The poor fibre/
polymer interface, allowing the slippage of fibres during the lami-
nate deflection, delocalizes the fibres breakage. On the contrary, in
fully compatibilized laminates (COMP micrograph in Fig. 1) fibres
bundles are clearly distinguished: very short fibres protrude from
the fractured surface and often the fracture sharply passes through
the bundle. This is an evidence that, during the laminate failure,
crack propagation through fibres in compatibilized layers is very
fast and straight through the laminate. These opposite behaviours
are visible in IGIS laminates, where characteristic fibres fracture
surfaces of neat and compatibilized layers can be identified and
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Table 2
Physical properties of laminates.

Sample Thickness Density Ve Voids Content
(mm) (g/em?) (%) (%)
NEAT 3.63 +0.04 1.59 + 0.01 421+ 05 0.8 +03
COMP 3.05 +0.03 1.73 £ 0.01 499 + 0.3 03+02
HNC 3.43 +0.03 1.63 + 0.01 452 + 0.6 04 +0.2
HCN 3.12 + 0.02 1.63 + 0.01 453 + 04 04 +02
HNCN 3.14 + 0.02 1.63 = 0.01 475 + 0.7 04 +02
HCNC 3.41 + 0.02 1.67 = 0.01 457 + 04 0.5+02
HX 3.30 + 0.03 1.67 + 0.01 472 + 0.5 0.6 +0.2

associated to the stacking sequence. Exploiting the interface
strength gradation through the thickness, shown in Fig. 1, it induces
unexpected structural behaviours, as shown in the following.

3.2. Flexural properties before low velocity impacts

Mean value and variance of flexural parameters evaluated
before impacts for all configurations are reported in Table 3. Flex-
ural tests always led to the breakage of the upper side of the sample
[17]. The marked damaging of the composite in the upper side
comes from the compressive failure of glass fibres and occurred at a
lower stress in non compatibilized composites with respect to
compatibilized ones. As expected, the presence of the coupling
agent had a positive effect on both flexural modulus and flexural
strength due to the increased capability of transfer loads between

Conventional o_oooo—o

matrix and fibres. In this regard, the authors specifically investi-
gated in a previous work the effect of the coupling agent content on
static and impact properties of matrices and glass fibre reinforced
composites and found that a limited increase of both flexural
modulus and strength occurred with a maleated PP content higher
than 2% by weight [ 16]. Although part of the improvement could be
related to the slightly higher amount of reinforcing fibres, the
COMP laminate clearly showed improved performances with
respect to the NEAT one (Table 3). In particular the flexural strength
resulted to be strongly increased in presence of the coupling agent
because of the enhanced load transfer between the matrix and the
woven fabric through the interface [9,15].

IGIS composites showed flexural properties in between those
exhibited by COMP and NEAT systems. Since the total amount of
compatibilized and not compatibilized layers was the same in all
configurations, the position and sequence with respect to the
middle plane was responsible for the different stiffness and
strength of the laminate. Samples with asymmetric matrix stacking
(half neat and half compatibilized sections in HNC and HCN sam-
ples) showed very different results depending on the side on which
the load was applied. Taking into account that the upper half of
HCN and bottom half of HNC samples are constituted by layers of
compatibilized polypropylene, the compressive failure of the upper
side in HNC occurred earlier with respect to HCN, resulting in a
lower flexural strength. The flexural modulus and the flexural
strength of HCN were comparable to those exhibited by the COMP
laminate. Enhancing the flexural strength (higher interface
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Fig. 1. SEM micrographs of fractured samples showing the different fibre wetting through the laminate thickness in standard and IGIS composites. The two colours qualitatively
show the sequence of neat and compatibilized layers [ 17]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3

Summary of flexural properties for all investigated thermoplastic-based composites.

Non-impacted

Impact Energy: 6 ]

Impact Energy: 27 ]

Specimen Flexural strength Flexural modulus Flexural strength Flexural modulus Flexural strength Flexural modulus
(MPa) (GPa) (MPa) (GPa) (MPa) (GPa)

NEAT 115.88 + 3.38 16.49 + 0.85 103.27 + 3.36 14.92 + 0.24 86.33 + 3.37 13.27 + 039
COMP 192.11 + 7.42 20.92 + 0.32 178.09 + 5.20 20.04 + 0.84 154.09 + 1.63 17.14 + 0.19
HNC 116.47 + 1.32 17.08 + 1.28 110.00 + 4.15 16.67 + 0.17 92.26 + 2.89 12.3 £ 0.63

HCN 17542 + 2.24 20.51 + 0.69 167.18 + 3.58 19.08 + 0.36 150.32 + 1.92 18.13 £ 0.51
HNCN 145.65 + 3.56 19.23 + 0.87 138.51 + 2.49 17.58 + 0.49 112.33 + 2.09 12.62 + 042
HCNC 164.74 + 2.86 16.87 + 0.29 134.17 + 2.73 15.78 + 0.53 12131 +2.28 15.18 + 0.34

HX 134.48 + 3.08 15.79 = 0.47 117.63 + 3.06 15.25 +0.12 107.8 + 2.67 13.36 +£ 0.29
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Table 4

Average value and variance of the main impact parameters evaluated from impact tests performed at 6 J.

Sample Peak Load Peak Displacement Absorbed Energy Recovered Energy Residual Displacement
(N) (mm) ) )] (mm)
NEAT 3732 +92 28 +0.2 34 +0.1 26+0.1 0.6 + 0.1
COMP 4045 + 65 27 +0.1 3.0+0.1 3.0+0.1 0.5+ 0.1
HNC 3854 + 68 2.7 +0.1 3.2+0.1 2.8 +0.1 0.5+ 0.1
HCN 3732 + 57 28 +0.1 33+0.1 2.7+0.1 0.5+ 0.1
HNCN 3923 + 62 2.7 +0.1 31+0.1 29+0.1 0.5+ 0.1
HCNC 3871+ 72 27 +0.1 32+0.1 28+0.1 0.5+0.1
HX 3836 + 97 2.7 +£02 33 +0.1 2.7 +0.1 0.5+ 0.1

strength) on the upper half of the composite and permitting fibre
slipping (lower interface strength) in the lower half allowed a
higher strain of the laminate before failure. Laminates with a
symmetric interface strength were also prepared (HNCN, HCNC,
HX). The HX configuration, with a complex sequence of interface
strengths exhibited the lowest flexural modulus among all IGIS
composites, and one of the lowest flexural strengths that resulted
significantly lower than COMP and HCN composites.

3.3. Low-velocity impact tests and MicroCT analyses

The low velocity impact characterization of NEAT and COMP
laminates showed an opposite behaviour with respect to the static
four point bending test. At low impact energy E; = 6 ] (Table 4)
COMP laminate showed a higher peak load (4045 N) and a higher
recovered energy (3.0 J) with respect to NEAT laminate (3732 N and
2.6 ], respectively) in accordance with the higher stiffness of the
composite structure (Fig. 2A and Fig. 3A). The recovered energy
represents the amount of energy elastically stored by the composite
structure and then returned after the peak load. It is calculated as
the difference between the impact energy and the total energy
absorbed during the impact event, thus higher recovered energy
means lower irreversible mechanical phenomena. Since the impact
energy was the same for all samples, higher values of the recovered
energy are a direct evidence of lower damages induced in the
composite structure through dissipating phenomena like matrix
cracking, fibre slipping and delaminations. The compatibilized
laminate dissipated 50% of the impact energy versus the 57% of the
NEAT laminate meaning that it incurred in lower damaging. In fact,
as previously reported the very strong interface between compa-
tibilized polymer and glass fibres hinders typical dissipative pull-
out phenomena because they cannot move from their position [16].

IGIS laminates showed intermediate results in the same impact
conditions, with the HNCN laminate showing the best result among
them. In fact, it exhibited the load peak at 3923 N and a recovered
energy of 2.9 ], only 3% lower than that of the COMP configuration.
The highest displacement at peak load, which is the maximum
deflection of the laminate during the impact event, was exhibited
by the NEAT laminate. Almost all IGIS configurations behaved as the
COMP composite in terms of peak and residual displacements,
showing comparable external damages.

The comparison of MicroCT sections of the impacted region
shows that the indentation of the laminates is small after impacting
at E; = 6 ] and there is no evidence of broken fibres or damages
through the thickness (Fig. 4). The NEAT laminate showed a slightly
higher indentation after the impact.

Although the use of IGIS layered configurations allowed to
obtain impact responses comprised between the extremes of con-
ventional laminate configurations at E; = 6 ] (see Table 4), at
E; = 27 ] relevant differences were detected (Table 5). The NEAT
laminate performed better than COMP laminate, exhibiting both
higher peak load (8035 N versus 6631 N, +21%) and recovered
energy (10.1 ] versus 7.5 ], +34%). The impact response of the COMP

laminate showed a jagged shape after the peak load in the Force vs
Displacement curve at E; = 27 ], as a direct consequence of exten-
sive fibre breakage. This was also clearly detected by means of the
micro-computed tomographic analysis that revealed this damage
mode through the laminate thickness (Fig. 5, COMP 27 ] sample).
The majority of reinforcing layers was severely damaged and only
few layers on top remained undamaged. On the contrary, the NEAT
composite (Fig. 5, NEAT 27 ] sample) was clearly able to better
tolerate the impact energy with the occurrence of fibre breakage
only in three backside layers. This result was in direct relationship
with the trend of the Force versus Displacement curve after the
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Fig. 2. Load versus displacement curves from low velocity impact tests as a function of
the stacking sequence: A) Impact energy = 6 J, B) Impact Energy = 27 J.
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Fig. 3. Energy versus Time curves obtained from low velocity impact tests as a func-
tion of the stacking sequence: A) Impact energy = 6 J, B) Impact Energy = 27 J.

peak load (Fig. 2B). The higher displacement at peak load exhibited
by COMP confirmed its lower damage tolerance with respect to the
NEAT composite, as well as the lower capability of the former to
recover elastic energy (Table 5). All IGIS laminates showed load
peaks higher than COMP (with performance gains from 12% to 27%,
and HCNC even better performing than the NEAT laminate). HNC,
HNCN and HX samples showed comparable displacements at peak
load to COMP but higher recovered energies (9.1 ], 8.2 J and 9.3 ]

Fig. 4. Microphotographs from MicroCT scans of NEAT and COMP laminates after the
low energy impact (E; = 6 J).

respectively). HCN and HCNC laminates showed the lowest peak
displacements and the highest recovered energies (+37% for both
configurations with respect to COMP), and their Load versus
Displacement curves did not show significant evidence of fibre
breakage. Furthermore, their displacement at peak load almost
coincided with the maximum displacement, meaning that limited
damaging occurred in the laminate at E; = 27 J. HCN and HCNC
configurations exhibited a sound improvement over the impact
performance of the compatibilized laminate and were able to
preserve the integrity of most of the reinforcing fibres.

The MicroCT mid sections of IGIS samples impacted at E; = 27 ]
are shown in Fig. 5. The topology of the damage is coherent with
the results from the impact curves. Extended damages are present
in the compatibilized laminate (COMP 27 ]). In particular, a large
indentation of the impacted surface and wide and deep fibre
breakage through the laminate thickness from the bottom to
almost the top surface are clearly detectable. On the contrary, the
NEAT laminate showed few damages, almost limited at the bottom
three fabric layers. No clear damaging is visible in the inner part of
the laminate as a result of the slipping of fibres into the matrix. By
means of this mechanism the load is spread through a larger vol-
ume of the composite structure and renders the laminate capable of
absorbing a larger amount of energy with respect to a fully com-
patibilized structure because friction between fibres and matrix is
allowed to occur. Since the fibre/matrix interface is weak, there is
no crack propagation between matrix and fibres and fibre breakage
is retarded, as well as fibres pull-out. All IGIS configurations
exhibited lower damages with respect to COMP laminate. Among
them, HNC and HNCN reported the largest fibre breakage below the
impacted zone, with a damage topology similar to that of COMP but
always limited to the lower half of the laminate thickness. HCN,
HCNC and HX reported very limited fibre breakage, comparable to,
if not lower than, the NEAT configuration.

It is interesting to note the very different impact behaviour
between HNC and HCN. The former configuration has been
impacted on the not compatibilized side. Its bottom half, which
undergoes large tensile and shear strains during the dart penetra-
tion, is made of compatibilized layers. They are stiff and do not have
large strains at break, hence they cannot allow the compliance of
the fabric such as in the upper not compatibilized zone. Conversely,
the presence in HCN of a thick zone of not compatibilized layers in
the bottom half allowed to easily accommodate the tendency of the
fibres to slide in the PP matrix and hindered a fast propagation of
fractures and cracks through matrix and fibres.

The high values of recovered energy coupled with the absence of
fibre breakage indicated that the matrix layering of HCN and HCNC
can withstand much higher impact loads before the composite
failure with respect to the conventional compatibilized laminate
configuration (COMP). This result is related to the possibility of fi-
bres to slip in not compatibilized layers thus dissipating energy
through friction and retarding the occurrence of fibre breakage. The
HCN configuration revealed the best overall performances among
all IGIS designs but its asymmetric configuration can be used only if
a preferential static or impact load direction can be identified. In
case of symmetric loads the HCNC design is the most suitable
layering. The detected impact performance of IGIS laminates
highlighted that the use of the interlaminar gradation of the
interface strength could be a very effective method to improve the
damage resistance of thermoplastic composites without heavily
affecting their static flexural performance.

3.4. Post impact flexural properties

Due to the high sensitivity of composite materials to concen-
trated impacts, dramatic loss in residual strength and in structural
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Average value and variance of main parameters evaluated from impact tests performed at 27 J.

17

Sample Peak Load Peak Displacement Absorbed Energy Recovered Energy Residual Displacement
(N) (mm) ) ) (mm)
NEAT 8035 + 176 58 +03 151+ 0.2 10.1 £ 0.2 14 +£0.1
COMP 6631 + 92 59 +0.1 17.7 £ 0.2 7.5 +02 1.1 £0.1
HNC 7432 + 154 58+03 16.1 £ 0.2 9.1+0.2 1.1+0.1
HCN 7506 + 108 57+02 149 + 0.2 103 + 0.2 1.3 +£0.1
HNCN 7951 + 143 5.8 +0.2 173 +£0.2 82 +02 1.1 £0.1
HCNC 8437 + 164 5.6 +0.2 149 + 0.2 103 + 0.2 1.1 £0.1
HX 8055 + 204 58+03 159 + 0.2 93 +0.2 1.3 +0.1

integrity can occur when loads are applied after an impact event.
Residual strengths in tension, compression, bending and fatigue
will be reduced to varying degrees depending on the dominant
damage mode. In order to obtain a better indication of the damage
tolerance, which indicates a system's ability to perform post-
impact, the normalized flexural strength (or flexural modulus) of
each specimen is evaluated as the ratio of the mean strength (or
flexural modulus) of the impacted specimen to the mean value of
the flexural strength (or flexural modulus) of the undamaged
specimen. Fig. 6A and Fig. 6B show the normalized flexural
modulus and strength, respectively, as a function of increasing
impact energy, whilst in Table 3 the flexural properties of the
laminates measured after impact are reported.

It can be clearly seen that the best performance in terms of both
strength and stiffness is obtained for fully compatibilized com-
posites (COMP), thus highlighting the positive role played by the
coupling agent. As a general comment, all composites suffered from
failures in the compression side that occurred at different stresses
as a function of the interface strength. In this regard, NEAT com-
posites offered the lowest performance due to the absence of sig-
nificant stress transfer at the fibre/matrix interface.

 —

HCNC 27J

The increasing trend of damaging for all laminates caused by
low velocity impacts is matched by the reduction of the flexural
strength and, to a greater extent, of the flexural modulus. Interface
strength gradation proved to be a valuable approach to enhance the
mechanical properties of thermoplastic-based composites, espe-
cially as regards the damage tolerance. The configurations can be
ranked from the higher to the lower flexural strength in the
following order: HCN > COMP, HX > HNC > HNCN > NEAT > HCNC
for the normalized residual strength and HCNC > HCN > HX >
COMP > NEAT > HNC > HNCN for the normalized residual modulus.
As a general conclusion, with increasing impact energy, the best
compromise in terms of both quasi-static properties and damage
tolerance appears to be the HCN configuration. These results can be
linked to the different mechanisms responsible for energy dissi-
pation and the development of damage during subsequent flexural
loading that is known to introduce a complex stress pattern in the
specimen. Therefore the effect of the damage on residual strength is
less easy to analyse and to this purpose the time evolution of
different failure modes was studied through the analysis of acoustic
emission signals.

3 mm

Fig. 5. Microphotographs from MicroCT scans of NEAT and COMP laminates after the impact at E; = 27 J.
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Fig. 6. Normalized residual flexural modulus (A) and strength (B) as a function of impact energy.

3.5. Acoustic emission analysis

AE events amplitude and duration distributions for undamaged
and impacted samples are reported in Fig. 7. Fig. 8 shows a com-
parison of the damage modes found in laminates at the end of
flexural tests. For NEAT composites, all the damage is concentrated
on the compression side and only at 27 ] the failure tends to be
localized and the impact damage seems to prevail over flexural
loading. Looking at results from AE analysis, no signals of high
amplitude (>75 dB) [41,47,48] were detected on neat or impacted
samples, thus highlighting the limited occurrence of further fibre
failures that can be responsible for the low strength offered by such
composites. Most AE signals are in the ranges 35—50 dB and 0—50
us for amplitude and duration, respectively, which are usually
ascribed to matrix cracking. These signals are reasonably located in
the most critical zone that is the compression side of the
specimens.

With increasing impact energy, there is a slight increase in
signals of medium amplitude and duration (second and third in-
tervals). This can be an indication of the absence of extensive
delaminations produced to absorb impact energy. Isolated inter-
facial failures and matrix microcracking linked to failure in
compression side (fibre microbuckling and kink bands) appear to
be the main mechanisms responsible for the absorption of impact
energy. This could explain the relatively low energy absorption at
Ei =27].

Specimens with asymmetric matrix stacking sequence (HCN
and HNC) exhibited different behaviours for both static and dy-
namic loading with HCN outperforming HNC configuration. Up to
Ei = 6] the failure of HCN laminates is still characterized by a failure
in the compression side even though at E; = 27 ] the failure reached
also the tensile side. The better behaviour can be ascribed to the fact
that the compression side is compatibilized and therefore offers a
greater strength. AE analysis revealed an increased number of
signals of amplitude and duration belonging to the second and
third interval that can be ascribed to interface failures with
increasing impact energy, thus moving the overall failure from the
compression to the tensile side. There is also evidence of signals
related to fibre breakages due to the effect of compatibilizing agent.
The better damage tolerance seems to be the result of a delay in
failure of the compression side due to the presence of a stronger
interface adhesion. HNC configuration was found to offer inferior
static and damage tolerance properties compared to HCN layering

sequence due to the presence of a non compatibilized zone in the
critical compression side, where most of damage concentrated,
without a significant transition to the tensile side. This is a clear
indication that the composite was not exploited to a great extent,
thus confirming the lower mechanical properties. Compared to
HCN, there are more signals of higher duration that indicate the
development of extensive delaminations, which are responsible for
the higher absorption of energy for this configuration. COMP lam-
inates exhibited an acceptable damage tolerance and AE signature
was characterized by the presence of signals pointing to extensive
fibre breakages that trigger delaminations diffused in the whole
volume of the specimens. It is also possible to note that the stronger
interface strength allowed an efficient stress transfer that resulted
in a failure not limited to the compressed half section. In fact, the
whole section was involved in the fracture process up to the tensile
face even for not impacted samples.

Laminates with symmetric interface strength highlighted the
positive role played by the compatibilized core (HNCN). In this case
the AE signals up to E; = 6 ] are concentrated in the lower ranges for
both amplitude and duration due to a diffused matrix micro-
cracking. With increasing impact energy, the behaviour resembles
that of the COMP laminates (increasing composite section involved
in the final failure) with a lower occurrence of signals of high
amplitude and duration, thus suggesting an increasing damage
(interface failures and microcracks) in the non-compatibilized
skins. The presence of a non-compatibilized core (HCNC) is
responsible for the lower damage tolerance compared to HNCN
laminates. For HCNC composites, there was an increasing number
of AE signals with increasing impact energy due to the failure of
non-compatibilized core. The significant number of signals detec-
ted as a function of impact energy can be ascribed to diffused
damages that coalesce to become critical for the core that, once
failed, triggers the failure of the tensile side already damaged by
impact loagding. The HX configuration exhibited the highest
number of AE signals among the investigated configurations, thus
highlighting the presence of a diffused damage due to the several
interfaces present in the layering sequence. Damage partition
among internal interfaces enables HX laminates, although less
resistant than HCNC and HNCN, to show a lower degradation of
their strength at higher impact energy also considering the limited
extent of damage induced by impulsive loading. Also in this case
the failure was a mixed compression-tensile mode with a pro-
nounced tensile mode present even at very low energy (E; = 6]) as
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Fig. 8. Damage modes observed in laminates once failed in bending.

observed for HCN composites, but this time likely due to the
combination of the limited but diffused damage available over the
whole composite.

For a general conclusion about the previous results, it may be
inferred that disposing a non-compatibilized core between two
compatibilized skins provides in principle better static strength but

lower damage tolerance to low velocity impacts. For impact en-
ergies approaching penetration, more complex layering sequences,
involving intercalated compatibilized and non-compatibilized
matrix layers, such as in HX laminates, may offer better predict-
ability of impact damage propagation in composites and higher
residual properties.
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4. Conclusions

Hybrid thermoplastic composites based on polypropylene and
glass fibre woven fabrics were prepared according to a new hy-
bridization approach, based on the gradation of the interlaminar
interface strength (IGIS). IGIS laminates were prepared by properly
alternating layers of compatibilized or not compatibilized poly-
propylene films in symmetric or asymmetric sequences, without
affecting the reinforcement configuration.

The presence of the coupling agent increases the capability to
transfer loads from the matrix to the fibres. This results in improved
flexural modulus and, to a higher extent, flexural strength but in
decreased low velocity impact resistance, leading to fibres breakage
and lower recovery of the elastic energy. The reduced interface
strength in not compatibilized composites allows the occurrence of
fibres pull-out phenomena which dissipate a high amount of en-
ergy through sliding mechanisms and friction between fibres and
matrix.

IGIS laminates exhibited static flexural properties comprised
between those of fully neat and fully compatibilized composites.
One configuration (HCN) showed a flexural response quite close to
that of the compatibilized laminate. The low velocity impact
characterization, performed at 6 J and 27 ], demonstrated that
grading the matrix/fibres interface strength can be an effective way
to retain good mechanical properties while allowing significant
increase in the impact damage tolerance. In fact, IGIS configurations
showed very limited damaging of fibres under conditions where
the fully compatibilized composite was almost broken, as clearly
shown by the microCT analysis. Among all configurations the HCN
one exhibited the highest peak load and the highest recovered
energy, outperforming the composites based on compatibilized and
not compatibilized PP.

Acoustic emission monitoring of post-impact flexural tests
offered some insights into the development of damage and
confirmed the favourable balance of static and damage tolerance
properties of the asymmetric matrix stacking sequence (HCN). In
addition, due to the highest number of AE signals among the con-
figurations investigated ascribed to a diffused damage, the inter-
calated stacking sequence proved to be a suitable damage tolerant
material with increasing impact energy.
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