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Abstract

This paper aims to investigate the ability of ultrasonic and electronic speckle pattern interferometry to analyse the
low-velocity impact internal damage mechanisms on basalt composite laminates and to provide information on the shape
and the extent of the delamination in non-destructive way.

Basalt/epoxy composites with different thicknesses have been realised and characterised by mechanical tests to
investigate both fibre-dominated (tensile and flexural behaviour) and matrix-dominated properties (interlaminar shear
strength). Specimens were impacted at penetration and at increasing energy values, to explore the damage onset and
propagation. The results showed that the damage was concentrated under the impactor—material contact point and that
the composite with intermediate thickness had the best balance between the different kinds of impact damages: delam-
ination and indentation. Further, a good agreement was found between the overall data obtained by the two non-

destructive techniques, confirming the capability of both techniques to examine the composite impact damage.
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Introduction

Recently, basalt fibre laminates have been extensively
investigated for potential applications in civil, naval
and automotive fields.! The main reason has to be
found in the increasing interest in the environment
that has promoted the use of natural fibres as reinforce-
ment in polymer matrices.” The use of basalt fibres is
supported by the large availability and the manufactur-
ing process similar to that of glass fibres, but without
the need of any precursor nor additive, thus leading to a
global reduction of the environmental impact.

Basalt fibres exhibit excellent sound insulation prop-
erties, excellent heat resistance, good chemical resist-
ance and low water absorption that, coupled with
mechanical properties comparable to those of glass
fibres, make these fibres attractive to potentially replace
the latter in industrial fields like aerospace, automotive,
transportation and shipbuilding."* In spite of basalt
fibres availability, their use as reinforcement in polymer

matrices is a relatively new application that could offer
very interesting and environmental perspectives,*®
also because the size of the fibre diameters, usually
higher than 6pum, does not induce risk of toxicity,
according to European law (97/69/Ce and 1907/20006).
Further, in the field of composite materials, basalt
fibres have already shown some potential regarding
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energy absorption, as detailed in Lopresto et al.®> and
Sarasini et al.'” In Lopresto et al.,’ low-velocity impact
tests were performed at about 100J to perforate the
composite specimens, and the results showed a higher
energy absorption capability for basalt in comparison
to glass fibre-reinforced composites. Over the years,
several studies on the low-velocity impact response of
basalt laminates have been proposed, even considering
their use in hybrid structures.'®'> However, a detailed
analysis of the influence of the laminate thickness on
the onset and the development of impact damage still
deserves attention,'® as this parameter is known to sig-
nificantly affect the maximum force, the energy at max-
imum force and penetration energy. Evaluation and
quantification of impact damage extension are critical,
as during an impact event delamination is observed to
be a significant failure mode, which can severely com-
promise the post-impact mechanical performance of the
composite structure. Ultrasonic C-scan is commonly
used to detect defects induced during fabrication and
damage resulting from in-service conditions,'* but
other less conventional inspection methods based on
holography have been proposed over the years and
demonstrated great potential in revealing delamin-
ations in composites.ls’”’ These techniques, based on
the ability of holographic interferometry to measure
out-of-plane displacements with high sensitivity, show
several advantages, including their non-contact nature,
thus making it possible to carry out full-field analyses
on the surface of components with complex geometry.
Among these, a method based on speckle interferom-
etry, the electronic speckle pattern interferometry
(ESPI),'” has been already applied for damage detec-
tion in composite laminates with the advantage of
showing fringe patterns in real time, thus speeding up
the testing procedure, even if issues related to its low
signal-to-noise ratio have been raised in the past.'®
Recently, this technique proved to be useful for inves-
tigating impact damage induced in basalt/flax hybrid
composites,'’ while a direct comparison with a stand-
ard Ultrasonic C-scan technique has never been pro-
posed for basalt laminates.

In this framework, basalt fibre-reinforced epoxy
laminates were realised by stacking plain woven fabrics
that were impregnated by vacuum resin infusion. The
basalt/epoxy composites have been characterised by
quasi-static mechanical tests to investigate tensile and flex-
ural behaviour and interlaminar shear strength (ILSS) as
a function of laminate thickness. Also, low-velocity
impact tests have been carried out at increasing energy
values up to penetration, to investigate the damage onset
and propagation. Two different non-destructive tech-
niques (NDTs), Ultrasonic C-scan and ESPI, were used
to estimate the internal damage and to offer valid alter-
native methods for the non-visible damage assessment.

Experimental
Materials

Basalt fibre-reinforced plastic square laminates,
400 mm x 400 mm, were realised by resin vacuum infu-
sion technology’ using basalt plain woven fabrics,
200 g/m” (Basaltex NV) and an epoxy infusion system
by Gurit (Prime 20LV). Fabric layers of 16, 22 and 30
were stacked between one-sided rigid mould and a
formable vacuum bag material to obtain different
target thicknesses, ranging from 2.50 to 5.00 mm, inves-
tigate the effect of this parameter on the quasi-static
and impulsive properties. The fibres were impregnated
by injecting the resin from an input channel. Vacuum at
0.85 bar was applied through multiple vents in order to
remove the air from the fibre preform and to drive the
fibre impregnation by resin. A resin distribution net
medium was placed onto the reinforcement to promote
the resin flow allowing the complete wet-out of the pre-
form and eliminating voids and dry spots. After infu-
sion, the panels were cured for 16h at 50°C.

Testing techniques

Density and constituent content tests. Density and constitu-
ent content tests have been performed according to the
ASTM D792 and ASTM D3171 standards, respect-
ively. In particular, the ASTM D792 involves weighing
a one-piece specimen of 1-50g in the air and then in
demineralised water, the ratio between the weight of the
sample in air and the difference between the weight in
air and water gives the density of the sample. On the
other hand, the fibre weight content of manufactured
composites has been evaluated by burning the compos-
ite samples and weighing the remaining residue. By the
knowledge of composites density, the fibre volume frac-
tion has been calculated by the following relationship
(equation (1))

Mf oc
VI_M*IOO*E (1)

where M; is the initial mass of the sample, M¢is the final
mass of the sample after burning, pc is the sample dens-
ity and pris the density of the reinforcement. Similarly,
the matrix volume fraction can be calculated by equa-
tion (2)

:(Mi—Mf)*ﬁ

Vi
" Mi pom

2)

where pm is the matrix density.

Morphological analysis (SEM). The morphology of the
fracture surface of the investigated composites was
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studied by using a Quanta 200 FEG (FEI Company,
Eindhoven, the Netherland) scanning electron micro-
scope (SEM). Before the investigation, samples were
sputter coated with a boron palladium film (Emitech
K575X).

Quasi-static mechanical properties of composite laminates.

The specimens for the mechanical characterisation
were cut from the realised composite plates. Quasi-
static tensile tests on prismatic samples were performed
according to ASTM D 3039, using an electromechan-
ical testing machine Instron 5584, equipped with a
load cell of 150kN. Five specimens were tested with
the following dimensions 200 mm x 25mm x 2.5mm
(L x W x t). The strain of the specimens was measured
by an extensometer with sensor arms, using a gauge
length of 80 mm. Tensile tests were carried out in dis-
placement control at a crosshead speed of 2 mm/min.
Four-point bending tests were performed on five pris-
matic samples (130mm x 15mm x 2.5mm) by ASTM
D 6272, by using an electromechanical testing machine
Zwick/Roell Z010, equipped with a 10kN load cell.
A span-to-depth ratio of 32:1 and a crosshead speed
of 2.5mm/min were used. The ILSS was evaluated by
ASTM D 2344 by using the short beam shear (SBS)
method, where the interlaminar shear is indirectly gen-
erated through three-point bending. In this test, the
determination of ILSS is based on Bernoulli-Euler
beam theory and for a beam of rectangular cross-
section loaded in three-point bending, the maximum
interlaminar shear stress occurs at the mid-thickness
of the beam between the centre and end supports and
is calculated to be (equation (3))

3P,
ILSS =—— 3
S8 4wt 3)

where P,, is the maximum load and w and ¢ are the
width and the thickness of the beam, respectively.
A span-to-thickness ratio of 4 was used, as recom-
mended by the ASTM standard, while samples were
compliant with the following dimensions: length =6 x t
and width=2xt. Tests on at least five samples
were performed in displacement control at a crosshead
speed of 1 mm/min using an electromechanical testing
machine Zwick/Roell Z010, equipped with a 10kN
load cell.

Impact properties of composite laminates. Impact tests were
carried out by a falling weight machine, Ceast
Fractovis, at complete penetration, to obtain and
study the whole load—displacement curve, which pro-
vides useful information about the response of the
laminates. Then, different increasing energy levels cor-
responding to 25, 50, 75% of the increasing linear part

of the curve were chosen to carry out the so-called
indentation tests, useful to study the damage onset
and evolution. The rectangular specimens, 100 mm x
150mm, cut by a diamond saw from the original
panels, were supported by the clamping device sug-
gested by the ASTM D7137 Standard and were cen-
trally loaded by an instrumented cylindrical impactor
with a hemispherical nose, 19.8 mm in diameter. A total
minimum mass of 3.640kg combined with the drop
heights allowed to obtain the selected impact energies.
After the impact tests, the specimens were observed by
visual inspection to investigate the external damage,
whereas a confocal microscope, Leica DCM3D, was
used to measure the residual indentation depth.

The preceding equipment allows the acquisition of
the tridimensional shape of the surface and dedicated
software can measure the indentation depth. In
Figure 1, an example of the image acquisition is
reported: it is possible to appreciate the high resolution.
The superficial imperfections resulting in roughness do
not affect the measurements.

From the three-dimensional image in Figure 1, it is
possible to cut the section from which the information
about the profile of the same section derives and, in the
case of the impacted specimens, to measure the depth of
the indentation left by the indenter after the dynamic
load.

In Figure 2, the typical profile obtained in corres-
pondence of the cross-section of the indentation is
reported. Once obtained the profile, it is straightfor-
ward to measure the indentation as the maximum
depth with respect to the reference point.

Figure 1. Example of the three-dimensional shape acquisition
of the impacted sample surface.
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Figure 2. Example of profile obtained in correspondence of the cross section of the indentation.

Figure 3. Example of damage detection using ultrasound scans (16 ply-U=10]).

Non-destructive inspection of laminates. The superficial
and internal damage caused by low-velocity impacts
was analysed by two different NDT. Ultrasound scans
were performed with a 5SMHz head (M2M Multi
Pocket system, Phased Array Probe, SMHz Linear
Array, 64 Elements).

The advantages of phased array technology,
compared to conventional ultrasound, derive from the
possibility to use several elements assembled in a sin-
gle transducer to guide, focus and scan the beams.
The orientation of the beams, generally called the
sector scan, can be used to map the components at an
optimum angle. In this way, it is possible to simplify the
inspection of components with complex shapes. The
choice of a low-frequency probe (f=5MHz2) is justified
by a significant decrease in the signal attenuation and a
more efficient measurement.*'*?

The probe is used for the emission and the reception
of the ultrasound waves. The pulse-echo technique®
was used for the acquisition of internal damage data.
The depth of a reflective structure is inferred from the
delay between pulse transmission and echo reception.
The correct plate thickness, using this method on an
undamaged sample, is obtained, and the acquisition
system is calibrated (Figure 3). The propagation vel-
ocity through the material, equal to 2600 mm/s, is cal-
culated by Scarponi.*?

C-scan inspections were applied to provide a plane
view of specimens subjected to ultrasound analysis, and

they were captured using ultrasonic evaluation before
and after impact, providing a baseline for damage and
also allowing for the identification of fabrication flaws.
By appropriately setting the Gate, a more transparent
image of the internal delamination was obtained. The
ultrasonic (US) user can choose from a list of detection
modes. The user can specify the type of detection algo-
rithm to be used to trigger data recording in a time gate,
the. One echo is defined either as a global or local
extremum (maximum or minimum) of the summed
signal consideration.

It is defined by a couple (amplitude, time-of-flight) also
called a peak. In this work, among the different available
detection options, the Echo max abs were used. This
detection mode triggers data recording if the absolute
(positive or negative) maximum peak detected within
the gate width is above the gate threshold. The returned
value is the maximum peak, and it will be recorded.

The signal is more or less attenuated when crossing the
material. This depends on the absorption coefficient of
the latter and the variation in its density due to the pres-
ence of obstacles (air or debris occlusions) and damage to
the matrix and fibre. Depending on the height of overrun
Gate (and therefore on the amplitude of the signal), a
different colour is evidenced on the C-scan. Each delami-
nated area was, then, imported in a cad software where it
was bordered and measured.

ESPI technique allows to measure the out of plane dis-
placements of a specimen after a stress event and, in such



Papa et al.

621

Optical Fiber

Mirror (Reference beam)

/
/1 -
Beam expander

Beam /
splitter //‘ —’.
i

[Objectbeam)
CCD
\ Object
PC

Figure 4. Optical setup of ESPI.

way, enables to identify cracks, strain and flaws on rough
surfaces with high sensitivity in real-time and full-field
modality without contact.>" > The detection of micro-
deformations is obtained illuminating the sample surface
with a visible laser (wavelength of 532nm). A Charge-
Coupled Device/complementary metal-oxide semiconduc-
tor (CCD/CMOS) camera records the deformation under
correlation fringes shape, deformation due to for example
slight warming imposed on the material. A typical scheme
of the system for recording speckle interferometry meas-
urements is illustrated in Figure 4.

The laser beam is split into a reference beam and an
object beam using a beam splitter (BS), which enables
control of the relation between the reference beam and
an object beam. The reference beam is coupled into an
optical fibre reaching a CCD sensor where also the light
scattered from the object is addressed. Before reaching
the object, the object beam passes through an electron-
ically tilted etalon to shift the probing beam laterally in
a parallel direction obtaining four similar images of the
speckle pattern, which are used to perform an average
to reduce the speckle noise. Upon an external perturb-
ation, the object is deformed, and the reflected wave-
front is slightly changed concerning the initial state,
while the reference beam remains unperturbed. Thus,
after the record of a first speckle image without any
perturbation, the CCD camera records a new speckle
pattern, and the subtraction of the two registered speckle
patterns (deformed and non-deformed states) provides
the correlation fringes. The speckle pattern intensity
for the unperturbed state is given by equation (4)

I = Iy + I, + 24/ 11, cos(0) 4)

while for the deformed state is given by equation 5

L =1y+ I + 2/ 1yl cos(6 + ¢) (%)

where I is the intensity scattered from the object, I, is
the reference beam, 0 is the phase angle and ¢ is related

Figure 5. SEM analysis of basalt fibre—reinforced epoxy
composites.

to the displacement. The fringes patterns that represent
the out-of-plane surface displacement are represented
by equation (6)

I, = 2y/IoI[cos 0 — cos(O + ¢)] (6)

The correlation fringes allow obtaining the phase-
contrast maps, from which it is possible to measure the
displacement field quantitatively. The calculation of
phase-contrast map is obtained by using well-known
numerical processing, consisting into demodulation of
the fringe pattern image, which provides a wrapped
phase image, and the subsequent unwrapping step.**

Results and discussion

The density of the basalt/epoxy composites was found
to be equal to 1.87g/cm’, while the measured fibre
volume fractions of the different composites showed
limited differences, resulting in 0.69 for the 16-ply and
22-ply composites and 0.68 for the 30-ply composite,
demonstrating the excellent quality of the adopted
manufacturing technique. In addition, the void percent-
age resulted below 3%.

The SEM has been used to investigate the morph-
ology of the realised basalt composites. Figure 5 shows
a SEM micrograph of a cryofractured surface of the
basalt fibre/epoxy composite. A good impregnation of
the fibres can be observed confirming the capability of
the vacuum infusion process to produce basalt/epoxy
composites with high fibre content. Furthermore, no
evidence of debonding is detected, and despite the
smooth surface of some basalt fibres, they appear to
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Table 1. Quasi-static mechanical properties of basalt fibre—
reinforced epoxy composites.

Basalt/epoxy
Property laminate
Tensile strength (MPa) 439.33£9.53
Tensile modulus (GPa) 24.32+0.49
Flexural strength (Mpa) 440.14 +=27.90
Flexural modulus (GPa) 26.05+2.44

be fractured on the same plane, thus suggesting an ade-
quate level of interfacial adhesion between basalt fibres
and epoxy matrix.

Quasi-static mechanical properties

The manufactured composites were subjected to a pre-
liminary detailed mechanical characterisation aimed to
address the quality of the laminates by investigating
both fibre-dominated (tensile and flexural behaviour)
and matrix-dominated properties (ILSS via SBS test).
In this way, it is possible to assess the degree and
quality of fibre impregnation along with the fibre/
matrix adhesion strength. Table 1 summarises the ten-
sile and flexural properties of basalt fibre—reinforced
composites.

As a general comment, the laminates exhibited a
limited dispersion in results, thus highlighting a consist-
ent mechanical behaviour due to a reliable manufactur-
ing process. The resulting flexural and tensile properties
compare quite favourably with those of other studies if
one considers the inevitable differences in fibre-stacking
sequence, matrix type and fibre volume fraction.*®%>-¢
During bending tests, basalt composites exhibited a
mixed fracture mode, involving damage on both the
compressed and tensile half sections, thus making neg-
ligible the difference in strength between the flexure and
the tension test, which is a well-known consequence of
the size effect: the decrease of mean strength with
increasing flaw-sensitive volume under stress.

On the other hand, the ILSS is generally considered
a limiting design property for composites as it can be
the result of complex interactions of many parameters,
including fibre/matrix adhesion, constitutive materials
properties, fibre volume fraction and stacking sequence.
In any case, it also represents an essential quantity for
evaluating fabrication quality, especially the consolida-
tion of composites.”” This explains why a significant
number of tests have been developed over the years
for its accurate determination, all being designed to
load the specimen so that it fails in interlaminar shear
and the shear stress at failure is taken as the ILSS. In
this regard, the SBS method is the simplest and,

60 -

| B
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30 |
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10 4 v /
0 ; .

T T T
16 plies 22 plies 30 plies

Interlaminar shear strength (MPa)

Figure 6. ILSS of basalt/epoxy composites measured by short
beam shear (SBS).

therefore, the most used in practice, even if it suffers
from several limitations®® that make this test mostly
suitable for quality control purposes rather than for
design. In the present study, to assess the quality of
the manufactured composites regarding fibre impregna-
tion, the ILSS values have been calculated for three
different laminates characterised by increasing number
of layers and thickness, but with constant overall fibre
volume fraction. The results are shown in Figure 6.

The results exhibit negligible differences as a func-
tion of number of layers and thickness, thus providing
an indirect confirmation of the successful manufactur-
ing process without any filtering effect of fabrics able to
prevent the resin from penetrating through an increas-
ing number of layers. Figure 7 shows typical experi-
mental curves of SBS load vs. deflection for
specimens with 22 and 30 plies. The composites have
non-planar interlaminar regions due to the presence of
woven fabrics and therefore can experience a variety of
different damage modes before interlaminar shear fail-
ure occurs under SBS loading. Most of the specimens
exhibited the curves reported in Figure 7, where
load rises gradually and then drops suddenly showing
a distinct failure load developed in the sample, which is
a behaviour generally ascribed to interlaminar shear
failures.®® It is also worth mentioning the comparison
of these data with the ones available in the literature.*
The measured ILSS values are comparable if not higher
than those obtained by Lopresto et al. (~40 MPa),’
Kuzmin et al. (<50MPa),>> Varley et al. (~50-
53MPa),*® Lee et al. (<50MPa),*' Scalici et al.
(~20MPa)** and many others.>**> Therefore, the
results of the present investigation can be correlated
with the finding that the samples do not show poorly
impregnated zones (dry regions or voids) and that the
fibre/matrix adhesion quality is good.
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Impact properties
The load—displacement curve represents the starting
point to study the impact behaviour of composite
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Figure 7. Typical force vs. displacement curves for short beam
shear specimens with 22 (-) and 30 plies (-).
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Figure 8. Load—displacement curves at penetration: compari-
son between the different thicknesses.

(@)

laminates. From this curve, it is possible to obtain
useful information about the response of the material
under dynamic loading. Figure 8 reports a comparison
between the load—displacement curves at penetration
for the three different tested thicknesses. As it is clear
and expected, an increase of initial rigidity and max-
imum load is observed as the number of layers
increases. It is worth noting that the first important
load drop occurs in correspondence of the maximum
load, while, in the case of ordinary carbon and glass
fibre laminates, a significant load drop, denoting delam-
ination onset and propagation,'® is observed well
before the maximum load. This result means that the
damage mechanisms are different from those of trad-
itional laminates, where the delamination starts and
propagates than the fibre failure. In this case, signifi-
cant delamination starts together with the fibre failure
and, as shown in Figure 9, seems to be localised under
the material-impactor contact point.

The fractographic analysis, shown in Figure 10,
allows noticing a concentration of the delamination
under the impactor—material contact point between
layers on the opposite side concerning the impacted one.

In Figures 11, 12 and 13, the typical curves obtained
for basalt fibre laminates at increasing energy levels are
reported. Figures clearly show that for the different
energy levels, a closed type curve is always obtained.
The samples are not penetrated/perforated by the
impactor that rebounds and the area enclosed in the
loop of the loading/unloading part of the curve is just
the energy absorbed by deformation of the laminate
and by irreversible damage.

As expected, the maximum impact load,
Foax, increases as the impact energy, U, increases
(Figure 14). Furthermore, the absorbed energy, U,,
increases as impact energy, U, increases (Figure 15)
meaning that the effect of the increasing energies is

(b)

Figure 9. Visual inspections of impacted specimens, 16 layers: (a) penetration and (b) 20].
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(b)

Figure 10. Fractographic analysis at 20 (a) and 30J (b) on |6-layer laminates. Arrows: impacted side.
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Figure 11. Impact curves for |6-, 22-, 30-layer laminates impacted at U =25%: (a) Force, F and (b) absorbed Energy, Ua.
(a) 15000 (B)70
- em 16 50 sn o+ = 1650
——22.50 N 60 | - /
12000 -===30_50 gt ! —3E 50 S
£ 3 50 |
_ 9000 | ol
Z =
* 6000 e
20 |
3000 |
10 |
0
10 9

d [mm)]

d [mm]

Figure 12. Impact curves for 16-, 22-, 30-layer laminates impacted at U =150%: (a) Force, F and (b) absorbed Energy, Ua.

like the increase in rigidity that causes an increase in
internal damage.

In Figure 16, the maximum contact force (F,,.y) is
plotted as a function of the sample thickness (t) for all
examined test samples. An entirely satisfactory correl-
ation between the peak force and sample thickness for
all impact energies was recorded, and the trend is well
described by a power law F=ax' with a coefficient
R=0.99, a=1774N/mm and i=1.27. The exponent,

1, is very close to the 1 of the Hertzian contact law,
denoting the validity of the law in predicting the first
failure load, already verified in the literature,'? confirm-
ing here the coincidence of the first failure load and the
maximum peak.

A large amount of energy is required to penetrate the
laminate with higher thickness, as clearly seen in
Figure 17. This behaviour is supported by the valid-
ation of the Hertz contact law***° as it is possible to
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Figure 13. Impact curves for 16-, 22-, 30-layer laminates impacted at U =75%: (a) Force, F and (b) absorbed Energy, Ua.
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Figure 15. Absorbed energy, U,, vs. impact energy, U.

see in Figure 16. A good correlation between the pene-
tration energy, U, and the product t x V¢ x Dy, where
t is the sample thickness, V' the fibre volume fraction
and D, the penetrator diameter, was observed (see
Figure 17). This power law has been developed to
compare different data on the penetration energy of
composite laminates and accounts for several both
internal and external factors affecting the materials
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Figure 16. Maximum contact force vs. sample thickness for all
investigated test energies.
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Figure 17. Penetration energy vs. the product t x V¢ x D, for
all investigated test thicknesses.

energy-absorbing capacity. It resulted to be very
useful to predict the penetration energy (Up)37*39 and
to establish that the main factors affecting the penetra-
tion energy are the total fibre thickness and the impac-
tor diameter, whereas parameters as the resin type and
content, reinforcement architecture, laminate stacking
sequence, fibre orientations play a secondary role on
the energy-absorption capacity. Thus, the parameter
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Figure 20. US C-scan and ESPI acquisition comparison. 30 plies, 20].

actually influencing the penetration energy was found
to be the product of (t x V¢ x Dy), and the relationship
correlating the penetration energy to (t x V¢ x D) was
found to be a power law*” in which the exponent is a
constant not depending on the particular material con-
sidered. This yielded a powerful tool to compare impact
results obtained under different impact conditions and
should allow the comparison of different materials by a
single parameter. However, the exponent was found to
change when the thickness of the laminates increased
up to a specific value.*

Delamination

The internal damage has been investigated by two dif-
ferent NDTs: the most used US technique*' and the
ESPI. The internal damage secems to be confined
around the impact point as visible in Figures 18, 19
and 20 that, for the same impact energy, U=150%U,,
and all thicknesses compare the damage images
acquired by both US and ESPI techniques. A good
correlation is noted for the damage shape obtained by
the C-scan acquisition and the ESPI one, evidenced by
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Figure 21. ESPI delaminated area, A, versus impact energy, U:
comparison between front and back side; 16 plies.
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Figure 22. ESPI delaminated area, A, versus impact energy, U:
comparison between front and back side; 22 plies.

a dashed red line. Of course, to obtain reliable results
from the US, it was necessary to set the apparatus care-
fully to take into account the absorption coefficient of
the signal, that depends on the fibre and matrix type,
fibre orientation, thickness and composite stacking
sequence. In the case of ESPI, being a full-field optical
technique, no additional measurements were required.

To get information about the impact damage
through the thickness of the laminates and exploit the
characteristics of the speckle analysis, the ESPI tech-
nique was used to analyse both the front side and the
back side of the plates (Figures 21-23). In particular,
Figures 21 and 22 show the delaminated area of the
front and back side as a function of the impact
energy, obtained by ESPI in the case of laminates
made with 16 and 22 plies. It can be noticed that in
the case of lower impact energies the delaminated area
for the composite with 16 plies, estimated on the back-
side, is smaller respect to that on the front one. On the
other hand, for impact energy greater than 40J, the
composite with 22 plies is characterised by similar
values of the front, and back side delaminated areas
denoting that the impact energy has been distributed
through the whole thickness.

Figure 23. ESPI delaminated area, A, versus impact energy, U:
comparison between front and back side; 30 plies.

The data for 30 plies composite are shown in Figure 23.
In such case, the damages on the back side seem to be
nearly constant denoting, as expected, that a thicker com-
posite is more able to absorb the impact damage.

Table 2 reports the average values of the damaged
area, A, that is estimated for all impacted specimens on
the front sides at different impact energies by both
NDTs. The delaminated areas recorded by ultrasonic
analysis appear to be higher than those evaluated by
the ESPI technique for the maximum and minimum
thickness (16 and 30 plies). This result can be explained
taking into account the characteristics of the investi-
gated laminates or rather their low deformability that
makes more difficult the measurements with ESPI espe-
cially on the edge of the impacted area. In general, the
cross-ply composites are characterised not only by fibre
breaking but also by matrix cracking on the impacted
surface that is more difficult to be detected by ESPI
technique, while US technique can detect the visible
impact damage such as matrix cracking and subsurface
delamination.

The measurements with the two different techniques
are better highlighted in Figures 24 to 26, which correl-
ate the delaminated area A and the impact energy, U: a
similar evolution is observed for the results obtained by
the ultrasonic analysis, US, and the innovative ESPI
technique.

In particular, the delaminated area increases as the
impact energy increases for all tested thicknesses
(Figures 24-26). However, as the impact energy
increases, a higher indentation depth is evaluated
(Table 2). Then, as the thickness increases, the damage
mechanism changes: the composite sample behaves like
a stiffer material and the absorbed energy is distributed
differently determining the damage and its propagation
through different ways. Reminding that the indentation
depth, 1, is the footprint impress by the impactor on the
impacted surface of the specimen (plastic deform-
ation),”® from Table 2 it is possible to note that the
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Figure 24. Delaminated area, A, vs. impact energy, U: com-
parison between US and ESPI technique; 16 plies.
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Figure 25. Delaminated area, A, vs. impact energy, U: com-
parison between US and ESPI technique; 22 plies.
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Figure 26. Delaminated area, A, vs. impact energy, U: com-
parison between US and ESPI technique; 30 plies.

Table 2. Delaminated area measurements.

composite with 30 plies, being more rigid, absorb the
impact energy by a higher delamination and lower inden-
tation respect to the composite with 22 plies. Further, for
this latter laminate, the results of the two techniques are
in agreement denoting a balance of the absorbed energy
between the indentation and delamination spread.
Finally, it is interesting to note that, for both NDTs,
the correlation of the delaminated area, A, versus the
maximum load, F,,,, is a single linear curve for each
thickness (Figures 27-29) that converges to the same
intercept (Fax value) for zero delamination. This result
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Figure 27. Delaminated area, A, vs. maximum load, F,,:
comparison between US and ESPI technique; 16 plies.
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Figure 28. Delaminated area, A, vs. maximum load, F.,:
comparison between US and ESPI technique; 22 plies.
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u Aus , AESPIZ I Frnax Aus , AESPlz I Frnax Aus , AESPIZ I Frnax
[%]  [mm7] [mm7  [um]  [N] [mm?] [mm7  [pum]  [N] [mm“]  [mm7]  [pm]  [N]
25 84.1 30 86 3737 85 100 146 8000 155 100 64 11800
50 118 66 97 5942 172 160 272 8500 179 141 337 13500
75 304 122 112 7504 250 250 907 10300 320 220 506 15850
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Figure 29. Delaminated area, A, vs. maximum load, F.,:
comparison between US and ESPI technique; 30 plies.

is quite interesting and potentially useful, giving the pos-
sibility to know, for each thickness, the maximum load
which delamination can be measured with both tech-
niques. In particular, these limit values have been
found equal to 2800, 6300 and 8700 N respectively for
16, 22 and 30 plies composites.

Conclusion

Epoxy fibre-reinforced basalt composites have been
realised by vacuum infusion process by stacking 16,
22 and 30 fabric layers to obtain different thicknesses
and to investigate the effect of this parameter on the
mechanical properties and the impact behaviour. The
manufactured composites were characterised by high
and constant fibre volume fraction and good fibre
impregnation as confirmed by the morphological ana-
lysis. This finding was also supported by the results of
the mechanical results that evidenced a limited disper-
sion and negligible differences as a function of number
of layers and thickness. The values of measured ILSS,
tensile and flexural properties compared quite favour-
ably with literature data.

The low-velocity impact tests highlighted a different
behaviour of the basalt composites respect to conven-
tional glass or carbon composites that start to delam-
inate before fibre failure. However, in this case, the
delamination onset and propagation were observed in
correspondence of the maximum load and was mainly
concentrated under the impactor-material contact
point. A large amount of energy was required to pene-
trate the laminate as the thickness increases, and this
behaviour was confirmed by the validation of the Hertz
contact law. Further, from the impact tests, an increase
of initial rigidity and maximum load was observed as
the number of layers increases. Finally, two NDTs, US
and ESPI, were employed to estimate the delaminated
area as a function of the impact energy and confirmed
the results of the impact tests.

The damage shape, obtained by the NDT techniques,
resulted quite similar validating both methods to analyse
the impact damage. A similar correlation of the delami-
nated area A as a function of the impact energy, U was
found and, in the case of the composite with 22 plies, the
results of the two techniques were entirely in agreement
denoting a balance of the absorbed energy between the
indentation and delamination spread. Finally, a linear
relationship was evidenced between the delaminated
area, A and the maximum load, F .., that converges
to the same value for zero delamination. This result is
quite interesting and potentially useful, giving the possi-
bility to know, for each thickness, the maximum load
beyond which delamination can be measured for both
techniques.
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