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Lamina hybridization in high performance CFRP: effect on impact

behavior and non-destructive evaluation

Abstract

The impact behavior of carbon-aramid hybrid composites was evaluated. To
highlight the hybridization effect, comparative analyses were performed with the
basic CFRP laminate having the same lay-up. Tensile and low velocity impact
tests, followed by non-destructive inspections, highlighted that the hybrid
composite showed an increment in specific impact strength up to 50%, with a
relevant increase in the maximum specific impact force. To assess the most
reliable technique to detect the impact damage, non-destructive evaluation was
performed by pulsed thermography, phased array ultrasonic technique, computed
tomography and digital radiography. Phased array ultrasonic technique can be
considered the most appropriate technique.

Keywords: Hybrid composites, low velocity impact, damage assessment, phased
array ultrasonic technique; x-rays techniques; infrared thermography.

1. Introduction

Polymer-matrix composites (PMCs) have assumed an indispensable role in the
automotive industry, due to their main characteristics of high specific strength and
stiffness compared to traditional materials. It has been estimated that the use of polymer
composites reinforced with glass or carbon fibers for the manufacturing of structural
components, reduces the weight of the vehicle by 35 and 60%, respectively [1].
However, in order to better tailor the use of these materials in the various specific
applications, as well as to improve furtherly the automotive performance, the design of
these materials requires increasingly high performance targets, and the so-called
hybridization technique consisting in general into the combination of two or more types

of fibers.



Although recently the hybridization of reinforcements of different kinds in
PMCs has been also used to improve the environmental sustainability, by adding natural
fiber to synthetical fibers [2-8], or to optimize (reduce) the cost of the material by
introducing carbon nanofiber electrospun that can replace conventional CFRP [9], or
again to ensure carbon fibers to improve GFRP along the main loading path [10]; the
improvement of the mechanical performance of composite materials for extreme
applications, especially in competitions, continues to be one of the key drivers of
research into so-called hybrid innovative materials. In the literature there are several
works [11-21] where the hybridization technique, used for the development of high
performance composites reinforced with synthetic fibers, leads to significant increases
in static mechanical properties. In [12,13], Batista et al. have analysed the presence of
geometric discontinuities and the influence of environmental aging on the mechanical
properties of carbon/kevlar and carbon/glass hybrid composites. The authors have
demonstrated that not only the resin type plays a crucial role in the structural integrity of
the analyzed composite, but also the fiber type, since the fiber/matrix interface depends
on their combination.

From the point of view of dynamic mechanical properties, hybridisation has
been applied in [22-25] to obtain increases in impact resistance of carbon fibre
reinforced composites by introducing ductile fibres such as kevlar and glass fibres,
respectively.

In literature, many authors faced the challenge to evaluate the impact damage in
composite materials through the application of non-destructive techniques. Caminero et
al. [26] and Papa et al. [27] used phased array ultrasonic technique to identify damage in
CFRP, 3D printed reinforced composites [26] and hybrid laminates, reinforced with

carbon and glass woven layers [27], respectively. Moradi et Safizadeh [28] proposed



step heating thermography method to investigate debondings in carbon/epoxy patches.
Meola et al. [29] used both phased array ultrasonic technique and infrared thermography
to evaluate damage in CFRP during impact event. Rubio Diaz et al. [30] analyzed
failure mechanisms in aramid composites for ballistic applications by computed
tomography e profilometry. Guo et al. [31] analyzed the effect of hybridization of
carbon/glass fiber reinforced composite rods by digital image correlation technique.
Gaudenzi et al. [32] and Epasto et al. [33,34] analysed the performances of ultrasonic
and infrared techniques for the inspection of composite laminates subjected to impact
damage.

Unlike all these research papers on this topic, the present study focuses on an
extensive non-destructive evaluation (NDE) of impact damage in high performance
hybrid C-KFRP, by considering not only the hybridization effect on mechanical
properties but also the application of different advanced non-destructive techniques
(NDT).

In this experimental study, the effect of hybridisation in composites on static and
impact mechanical properties has been evaluated. In more detail, a hybrid cross-ply
fabric, made of carbon fibre and kevlar, has been introduced on the surface of a CFRP
laminates used to the manufacturing of mechanical component which are mainly subject
to impact loading. Tensile test, 3-point bending test and impact tests have been carried
out in order to assess the effect of hybridisation in such highly performing composites
used for applications characterized by possible impact events (ailerons (Figure 1a),

bumpers (Figure 1b), etc.).

[Figure 1 near here]



Extensive NDE has been carried out with advanced techniques: pulsed
thermography (PT), phased array ultrasonic technique (PAUT), computed tomography
(CT) and digital radiography (DR), in order to assess the most reliable, easy-to-apply,
and time-saving technique for quantifying the impact damage. Considering that the
impact event can happen during the operating phase of the components, particular
attention was put in the on-site applicability of the proposed techniques, as well as the
capability to resolve the different damage mechanisms. This last aspect was considered
in order to compare the different techniques and to find a relationship between the

impact energy and the mechanical damage.

2. Materials and methods

2.1  Laminate composite manufacturing

The considered hybrid C-KFRP composite material is widely used for sport
automotive applications. It is generally manufactured by hand lay-up with subsequent
vacuum bag and autoclave curing processes with Tmax=125 °C and Pmax=5 bar for about
two hours, by using pre-pregs laminae supplied by Delta-Preg S.p.a., in accordance with
a defined stacking sequences reported in Errore. L'origine riferimento non é stata
trovata.. In more detail, this C-KRFP is constituted by a surface lamina reinforced by a
twill type hybrid fabric (GA210T, specific weight of 210 g/m?) consisting of alternating
yarns in carbon and kevlar fibers, superimposed to two laminae reinforced by twill type
carbon fabrics (C630T, specific weight of 630 g/m?). The homogeneous basic CFRP
laminate, properly analyzed to highlight the hybridization effects, is constituted by three
laminae reinforced by the same twill type carbon fabric C630T, with the lay-up reported

in Errore. L'origine riferimento non é stata trovata..



[Table 1 near here]

An optimized cure process has been applied to both laminates (by respecting
appropriate pressure and temperature cycles) to obtain a finished material with a very
low percentage of micro voids, ensuring the best mechanical properties. Both laminates
panels so obtained (having dimension of 250x250 mm) have been cut by using a
circular saw in order to achieve the different specimens necessary to performs the
tensile, 3-point bending and low-velocity impact tests, in accordance to the relative

standard.

2.2 Mechanical testing

Static tensile and three-point bending tests were carried out by using of a servo-
hydraulic testing machine type MTS 810, instrumented by an MTS extensometer having
a gauge length of 25 mm.

In accordance with ASTM D3039 standard [35], the tensile tests have been
performed in displacement control with a speed of 1 mm/min; five rectangular

specimens, measuring 25x250 mm, have been tested for each sample (see Figure 13a).

[Figure 2 near here]

The same displacement control procedure has been used for the three-point bending
tests, but with a speed of 2 mm/min. Specimens sizes have been produced in accordance
with ASTM D7264 [36]: width equal to 12.5 mm and fixed length in accordance with
support-span/thickness ratio of 16, increased by 20% (see Figure 13b). Five test
specimens for each type of composite analyzed in this work, were tested by three-point

bending.



The analyzed composite laminates have been also tested at low-velocity impact
by performing drop tests in accordance with ISO 6603-2 standard [37]. The impact tests
have been carried out by using the Ceast Fractovis Plus test machine instrumented by
an anti-rebound system that does not allow the occurrence of multiple impacts. The
impactor has a hemispherical tip with a nominal diameter of 20 mm. During the impact
test, the impactor transfers the kinetic energy of the drop mass through the impact
contact to the test specimen of size 60x60 mm, the specimens have been simply
supported on a rigid metallic ring having an internal diameter of 40 mm (see Figure
13c). Impact tests have been carried out at impact energy levels E; varying from 20 to
35 J with steps of 5 J, by using 3 specimens per each energy level. Additional impact
tests at 10 and 15 J were performed for the hybrid specimens, in order to obtain a
complete characterization of damage also at low loads. The results of such tests are
reported in the following section devoted to the non-destructive damage evaluation and
have been useful to build the impact energy vs. impact damage charts. In accordance
with the final application of these composite laminates, both types of material
considered have been exposed to the impact in the face formed by the first 0/90 lamina.
During the impact test, the test machine allows the acquisition (with frequency of 2
MHz) of the impact force F; transferred from the impactor to the test specimen, as well

as of the displacement s of the impactor and the impact velocity vi.

2.3 Non-destructive damage evaluation

Non-destructive evaluation of the damage due to impact has been performed by
using X-ray computed tomography (CT) with a 250 pum focal spot size; voltage and
current were set to 190 kV and 1 mA, respectively. A Cu beam filter having a thickness
of 1 mm was put between the tube and the specimen. For the reconstruction, a voxel

resolution of 45 pm x 45 um x 45 um was chosen, with a pixel resolution in tomogram



of 2048 x 2048. The dataset was processes by VGStudio Max 2.0 (Volume Graphics
GmbH, Heidelberg, Germany) and the rendering tools used for 3D reconstructions were
sum along X-rays and maximum projection. CT allowed to analyze in detail the
extension and the type of damage of the C-KFRP specimens, under low-velocity impact
loading. The tomograms corresponding to the maximum indentation, due to the impact,
were analyzed as well.

The tested CFRP specimens were subjected to digital radiographic inspection
(DR). The radiographic evaluation was performed with a Bosello SRE m@x system.
The radiographic machine is equipped with X-ray tube having a maximum voltage of
320 kV and a focal spot size of 400 um. The detector is a flat panel with a resolution of
1024 x 1024 pixels. The system is equipped with a manipulator having an automatic 4-
axes movement control system. The radiographic images were obtained by setting the
X-ray source at a voltage of 45 kV and a current of 0.6 mA. Radiographies were
processed with inbuilt Imaging Processing software from Bosello High Technology (IP
BHT Plus image processor), and a median EN filter was applied to improve the signal-
to-noise ratio in the radiographic images.

Phased array ultrasonic technique (PAUT) inspection was used to analyze the
damage of both the analyzed composites. In detail, PAUT was performed by using
Olympus Focus PX 16/128 acquisition unit with FocusPC software and a 64 elements
linear near-wall probe at 3.5 MHz (3.5 L64-NW1, 64 mm aperture, 1 mm pitch, 7 mm
elevation) equipped with a wedge SNW1-0 L-IHC and with a Versa MOUSE encoder.
Longitudinal waves velocity was calculated, which was equal to 2769 m/s for the CFRP
and 2615 m/s for the C-KFRP. The impact damage was analyzed by using both S-scan

and C-scan.



Pulsed (flash) Thermography (PT) analyses were carried using a Flir Systems
X8400sc thermal camera having thermal sensitivity of 20 mK @ 30°C, with a sub-
windowing of 640x512 pixels. The Infrared (IR) thermal camera is equipped with Focal
Plane Array (FPA) cooled InSh detector. The frame rate was set to 150 fps. The
thermograms were post-processed with Flir ResearcherIR Max software by using image
subtraction operations. The thermal camera was placed on a tripod at a distance of 0.25
m from the sample; the instant field of view (IFOV = 67 microrad) was calculated for
the mounted IR lens, having focal length 24 mm. The flash was placed near the camera.

All the techniques allowed the measurements of maximum damage size (dmax)

for the investigated specimens subjected to impact tests.

3. Results and discussion

3.1  Static mechanical properties

3.1.1 Tensile test

In Figure 14, the tensile curves of both the analyzed composite laminates, are

depicted in detail.

[Figure 3 near here]

From the Figure 14 it is seen how the substitution of the surface carbon lamina
with the carbon-kevlar lamina leads to an appreciable reduction of the tensile strength
(about -30%): approximately equal to 700 MPa and 480 MPa for the carbon-fibre
reinforced composite and the hybrid composite, respectively. As expected also in terms
of stiffness, the hybridization leads to a reduction of the Young’s Modulus, from about

39 GPa for the CFRP laminate to about 33 GPa for the hybrid C-KFRP laminate (about



-15%). As expected too, the hybrid laminate exhibits a progressive damaging associated
to the different mechanical behavior of carbon and aramid fibers, with a consequent
nonlinear trend of the second part of tensile curve. This progressive damage (aramid
fibers fail after carbon fibers) explains also the reduction of the tensile strength. In the
basic CFRP laminate, in fact, the damage is concentrated at the failure load which is

reacted with a linear elastic behavior (brittle failure).

3.1.2 Tree-point bending test

Three-point bending tests have been carried out on the analyzed composites in
order to assess also the influence of the hybridization on the bending strength of the
CFRP laminate. Figure 15 shows the bending curves relative to the two laminates,
considering the two different load conditions corresponding to the load applied into the
(0/90) first lamina and the load applied to the ultimate (£45) lamina. Such two different
bending configurations have been considered in order to examine in detail the expected
different behavior of the non-symmetrical laminates considered (actually, used in car

manufacturing).

[Figure 4 near here]

In more detail, Figure 15a shows how the basic CFRP laminate exhibits better
performance when, as expected, 0° fibers are subjected to tensile load, with a bending
strength increment respect to the opposite configuration of about +15% (from about 480
MPa to about 550 MPa); in other words, although this configuration with the lamina
(0/90) subject to the extensive compressive loading is that used in practice by the car
manufactures for component subjected to impact loading, it is that which leads to the

lower static bending strength. Similar results are obtained from Figure 15b for the



hybrid laminate: the configuration with hybrid lamina subjected to the tensile load leads
to the higher strength (the 0° carbon fiber are subjected to tensile load) whereas the
actual service configuration selected by the manufactured in which the hybrid lamina is
subjected to the compressive load leads to the lower strength (appreciable reduction of
about -18%) but at the same time to more progressive damage mechanism with higher
failure strain and, most important, higher failure energy. Taking into account that to
improve the impact strength it is necessary to reduce the maximum force and to increase
the maximum failure strain and consequently the maximum energy to failure, such
result corroborate that hybridization of the surface lamina (0/90) is the best way to
obtain impact strength improvements.

The following Table 1 shows synthetically the bending mechanical properties of

the analyzed laminates.

[Table 2 near here]

From Table 1 it is seen how the two laminates exhibits similar bending modulus
of about 21/23 GPa, i.e. the hybridization do not lead to significant stiffness variations.
Also, the bending strength values are very close for the different laminates depending
mainly on the test configuration, i.e. on the sign of the stress acting on the 0° carbon
fibers. It passes from about 480 MPa to about 560 MPa switching from one
configuration to another.

The failure energy instead increases considerable by hybridization, specially by
considering the actual service configuration with 0/90 hybrid lamina at the loaded

surface.



3.2 Impact properties

For each material and for each impact energy level, Figure 1 shows the
corresponding plots of the impact load-time curve Fi(t) and of the impact load-
displacement curve Fi(s).

[Figure 5 near here]

Such curves allow an immediate detection of the main characteristic parameters
that define the behavior of the material under low-velocity impact loading, such as the
actual duration of the impact phenomenon as well as the peak force or maximum impact
force FM4X that can be detected from both the curves. In particular, the curve Fi(s)
allows to evaluate the energy Ea absorbed by the specimen, corresponding to the closed
integral of the curve; it is constituted in practice by the energy Eae (area underlying to
the linear segment of the curve) absorbed during the elastic phase, and the energy Eap
(area underlying to the successive non-linear segment of the curve) dissipated through
elasto-plastic damaging processes of the specimen. In addition, in the absence of full
penetration the curves Fi(s) (see again Figure 1b and 5d), permit also to detect the so
called elastic return energy expressed by the area underlying the curve segment that
represents the contemporary monotonous reduction of both displacement and load.
Obviously, it is in practice the energy returned to the impactor, given by the difference
of the impacting energy and the energy absorbed by the specimen.

According to the experimental evidence, such impact curves reported in Figure
1, allow to observe the complete penetration of the hybrid C-KFRP laminate that occurs
for an impact energy of about 30 J, whereas such a critical energy increases to about 35
J (about +17%) for the more thick and weight CFRP laminate. Also, the maximum force

of the thicker CFRP laminate is higher than that of the hybrid C-KFRP (about +10%).



In order to compare the two laminates having different thickness and specific
weight the relieved impact forces have been divided to the corresponding actual

thickness and specific weight obtaining the specific Fi(s)* curves shown in Figure 2.

[Figure 6 near here]

From Figure 2a it is possible to observe how the hybridization lead to an
increment of the specific energy to complete penetration of about +15% (from 10.6 to
11.7 kImm?/g) and a slight superior increment of the maximum force of about 18%.

From Figure 2b it is seen instead how for an impact energy of 30 J (maximum
energy supported by the hybrid composite) the hybrid composite exhibits an increment
of the specific energy of about 34% (from 8.75 to 11.75 kimm?/g)

In addition, in order to corroborate that the impact strength increases if the
hybrid lamina coincide with the superficial one subjected to the impact, the relationship
between impacting surface (the hybrid one or the opposite one reinforced only by
carbon fibers) the two different impact tests have been performed on the hybrid
composite by varying the face exposed to the impactor. Specifically, the sample called
C-KFRP(c) has been positioned with the +45 twill carbon lamina exposed to direct
contact with the impactor. As an example, the impact curves for the impact energy level
of 30 J are reported in the following Figure 3 that clearly shows how the peak value of
the force increases of about +25%. Also, the application of the impact load on the
hybrid face permits to maximize the hybridization effects with a significant increase of
about +60% of the energy Eae absorbed during the elastic phase (without any residual

damage of the material). As expected, negligible is indeed the differences in term of



total energy absorption, being the material the same in the two different loading

conditions.

[Figure 7 near here]

In Table 2 the main specific impact parameters as peak force F4** E," and

Eae are reported.

[Table 3 near here]

From Table 2 it is corroborated how at a fixed impact energy level, the peak
force decreases by passing from CFRP to the C-KFRP, whereas the total absorbed
energy increases from about +47% to about 34% moving from 20 J to 30 J. Considering
instead the condition of complete penetration the specific total energy absorbed by the
hybrid composite is higher than that of the basic CFRP of about +11% whereas the
specific elastic absorbed energy increases of about +43% (from 3000 to 4285 J mm? g
Y. In other word, the hybrid laminate has a higher capacity to absorb energy in the
elastic field, i.e. without any residual damage of the material, and then of the component

subjected to the impact loading.



Plotting the values of specific energy absorbed, shown in Table 2, by means of a

bar graph (see
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Figure 4), it is more easy to notice how for a fixed impact energy the specific
energy absorbed by the C-KFRP is always appreciably superior to that absorbed by the
CFRP with increment that vary from about 40% to about 30% when the impact energy

pass from 20 to 30 J.

[Figure 8 near here]

Finally, in terms of specific strength, it can be said that hybridization of only the
surface lamina on a CFRP composite laminate consisting of 3 laminae, leads to

substantial benefits.

3.3 Non-destructive assessment of impact damage.

From the visual inspection of the specimens after the impact tests, the
progressive increasing damage can be highlighted as the impact energy reaches

complete perforation. Figure 5 shows the damaged surfaces, both front and back sides,



that occurs in both laminates subjected to impact loading with impact energy level that
leads to complete penetration (30 J and 35 J for C-KFRP and CFRP, respectively). The
front side shown in figure was exposed to the contact with the striker during the impact

event.

[Figure 9 near here]

Analyzing the front view of each damaged surface shown in Figure 5, the
circular imprint left by the striker can be easily detected. The back surfaces show
instead different types of damage, based also on the face exposed to the impact. In more
detail, the C-KFRP(c) hybrid composite impacted on the carbon side shows a larger
damaged area characterized by diamond-shaped fracture in the back face. Hybrid
laminate C-KFRP(c) if compared to the C-KFRP laminate impacted on the hybrid side,
it shows a circular fracture made of several radial cracks with delaminations mixed with
fibers breakage. From such mechanical response it can be deduced how the damage to
the surface in the lower face of the specimen is influenced by the type of lamina which
is subjected to the impact event.

A deeper visual inspection of the mechanical damage in hybrid laminates
subjected to impact energy far from perforation, highlights that the damage is different
if the impact occurs from the side of the hybrid lamina rather than from the side of
carbon one. As an example, the optical microscopies at a magnification of 7.5X of the
impacted area for an energy of 15 J are shown in Figure 6a and b. As expected, the
extent of the impact damage is more limited for the hybrid side and the damage involves
both kevlar and carbon fibers. There is a tensile failure along the two orthogonal

directions. For the specimen subjected to impact from the side of the carbon lamina,



being the is latter at an orientation of + 45 °, the damage follows the direction of the
fibers, with breaking due to tensile load (Figure 6b).

For energies close to total perforation (25 J), the detected damage consists in
significant fracture due to tensile load in the 0/90 directions for aramidic fibers (Figure
6¢); the carbon fibers are instead mainly subjected to intra-laminar failure in the
direction parallel to the fiber itself (Figure 6d). The carbon lamina has the same
modalities detected for impact energy equal to 15 J, with evident fracture of the matrix
(the images were acquired with a polarizing lens to highlight the fractured parts of the
matrix). Furthermore, the fracture of the fibers appears very brittle (with clear
interruption of the single filaments) for the carbon fibers, if compared to the aramid

ones, which shows mechanical damage distributed in a wider area.

[Figure 10 near here]

The NDE allowed a quantification of the impact effects through the
measurement of the extension of the damaged area and the assessment of the actual
failure modes.

In Figure 7, 3D reconstruction by CT, PAUT C-scans and PT thermograms are
reported for impact damaged C-KFRP specimens at 15 J (a), impact damaged C-KFRP
specimens at 20 J (b), impact damaged C-KFRP specimens at 25 J (¢), impact damaged
C-KFRP(c) specimens at 15 J (d) and impact damaged C-KFRP(c) specimens at 25 J
(e). As above mentioned, the specimens identified as C-KFRP(c) were subjected to
impact test on the side of carbon lamina, which is the lamina on the opposite side for C-
KFRP specimens. All the images are referred to the side in which the impact event

occurred (front view).



[Figure 11 near here]

Analyzing the results obtained by the different techniques, for the specimens
subjected to increasing impact energy (15, 20 and 25 J) from the side of the
carbon/kevlar hybrid lamina, it is evident that the damage revealed through such
techniques is more extensive than that observed by visual analysis. This is a typical
behavior of laminates, which require volumetric inspection techniques to quantify the
damage due to impact loading in a reliable way. The extension of the damaged area
increases as the impact energy increases (Figure 7a, b and c) and the damage entity
becomes more severe.

Regarding the specimens that were exceptionally subjected to the impact on the
side of the carbon lamina (Figure 7d and e), the damaged area has a diamond shape,
with the faces parallel to the orientation of the fibers at + 45°, which are firstly involved
in the impact damage mechanisms (as reported in Errore. L'origine riferimento non e
stata trovata.). Thus, the damaged area is strictly dependent on the arrangement of the
fibers lying on the face where the impact occurs.

Even though, at the same impact energy, the diameter of the damage can have
similar values, the extension of the damage is greater for the specimen that has been
subjected to the impact on the side of the carbon lamina, which gives rise to a cross-
shaped fracture mode. Such behavior is due to the inability of carbon layer to withstand
flexural strains, as its bending modulus is slightly higher than hybrid lamina one (Table
1). It is important to observe how all the considered non-destructive techniques
supported the above reported considerations. However, the PAUT-C Scan seems the

technique that shows the better sensitivity giving more detailed damage maps.



For a more accurate in-depth damage analysis, in Figure 8 the tomograms of the
middle section and the corresponding S-scan for the C-KFRP specimens (hybrid lamina
on the side of the impact event) tested at 15 J (a), 20 J (b) and 25 J (c) are reported. In
Figure 8 (d) and (e) shown instead both tomograms and S-scans of the C-KFRP(c)

specimens (impacted on the side of carbon lamina) at 15 J (d) and 25 J (e).

[Figure 12 near here]

From the analysis of the tomograms and S-scans, shown in Figure 8 and referred
to the section at the maximum indentation depth, it is evident that the internal damage
mechanisms are common for the two types of load configuration: extensive
delaminations are detected, whose extension grows as the impact energy increases, as
well as fracture of the laminae and of the matrix. Significant interlaminar fractures in
the specimens subjected to impact from the side of the carbon lamina appears to be
present both at 15 J and at 25 J. The same behavior is also observed for the specimens
correctly impacted on the hybrid side, with the difference that in this case the
contribution of the hybrid lamina is more evident and the internal damage have an
appreciable minor extension along to the section axis. This behavior is evidenced also
by the higher out of plane displacement of the specimens. The study of the collapse
mode highlights that the fracture of both matrix and fiber - mainly the aramid one -
contributes significantly to the energy absorption. Indeed, by analyzing the results of the
impact tests shown in Figure 1b, the significant load dropping that occurs at about 4 mm
in depth for non-perforated specimens, can be attributed to the damage shown by the CT
reconstructions and C-scans (blue color) shown in Figure 7. Considering that such

damage is concentrated in some parts of the impacted area, the sections in Figure 8



confirm that it is due to the large delaminations experienced by the damaged specimens
(highlighted by blue ellipse).

In Figure 9, DR images, PAUT C-scans and PT thermograms are shown for
impact damaged CFRP specimens at 20 J (a), at 25 J (b), at 30 J (c) and at 35 J (d). All
the images are referred to the front view of the specimens, which is the face subjected to
the impact test in the actual service loading.

The comparison between of the DR images with that obtained by the CT for the
CFRP laminate shows how DR have lower sensitivity to the surface damage. Better
sensitivity is instead shown by the PAUT-C scan: the shape of the damaged area of
CFRP laminate is similar to C-KFRP one. This behavior is mainly due to the same
stacking sequence. In particular, C-scans reveal that the damage is equally distributed in
the perimeter of the damaged area. Such behavior can explain the rapid load loss, after
the peak, shown in the impact curves in Figure 1b and d. Intermediate results have

produced by the PT thermograms.

[Figure 13 near here]

In Figure 10, PAUT S-scans of the CFRP specimens are shown and are referred
to the section of the specimens where higher indentation depth and out-of-plan
displacement were evaluated. Thus, the global residual deformation of the specimen due
to bending can be evaluated. Carbon fiber laminates have higher stiffness, which leads
to more severe damage due to shear occurring during the impact event. On the other
side, higher modulus allows CFRP laminates to withstand high stresses, but the impact
event has a lower time duration (Figure 1a and c) if compared to C-KFRP laminates.

The results of such behavior of CFRP specimens deal to smaller extension of the



damaged area, to deeper indentation and less displacement than C-KFRP ones. Such

results are consistent with literature [38].

[Figure 14 near here]

As shown in visual inspection analyses (Figure 5), the low velocity impact event
in CFRP laminates causes a barely visible damage, which can be easily detected by all
the non-destructive techniques proposed in this research. Nevertheless, only PAUT was
capable to reveal that the detected delaminations were sub-superficial (Figure 10) and
were mainly due to the very limited out-of-plane displacements ability of carbon
laminae, if compared to the K-CFRP specimens (Figure 8).

Figure 11 shows the measurements of the damage extension in the impacted
laminates by using the different techniques. If CT (Figure 11a, C-KFRP laminates) can
be considered the most reliable technique (considered as reference one), it can be
assessed that flash thermography slightly underestimates the damage; whereas
ultrasonic phased array gives a slight overestimation. Considering that the estimation
difference among the techniques is not considerable, for this kind of specimens, the
reliability of the different techniques is in general very high. Anyway, the practical
application of PAUT was more difficult respect to other techniques, due to the high
deformation of the specimens, which causes a not perfect contact with the probe (see
Figure 7b). The damage extension is fitted by exponential laws (Figure 11a, C-KFRP
laminates), which could be useful to estimate the damage length in case of impact in
working conditions or in the design phase.

Considering again the C-KFRP specimens, the results are very different if are

referred to the impact event of the side on the carbon lamina (Figure 11b, labelled as C-



KFRP(c)). CT has highlighted severe delaminations at early impact energy (15 J), due
to the intrinsic stiff behavior of the carbon lamina. Even though the data are limited, if
they are compared to that evaluated in the hybrid lamina, the measurements in Figure
11b can be a useful tool to have an idea of the mechanical performance if this kind of
laminate is put in working conditions on the wrong side. In Figure 11c, the damage
extension measured with DR at 20 J of impact energy is reported but not considered in
data interpolation because clearly unreliable.

For what concerns CFRP specimens (Figure 11c), the x-ray technique used to
measure the extension of the damage was digital radiography, which is obviously easier
to use with a portable equipment if on-site inspections are required to estimate impact
damage. The results can be compared to the CT ones, as the latter are presented in the
form of sum along x-rays (Figure 7); even though is worthy of mentioning that the focal
spot size of the tube is 400 um (for CT was 250 um). As a consequence, low damage
cannot be correctly detected with this technique, due to an underestimation of the
impact damage of about 1/3 respect to PAUT results. The measurements become
reliable approaching an impact energy of 25 J and more. Thus, DR technique gives a
smaller estimation of the damage, if compared to PT and PAUT, which gives the
highest values. Such findings can be explained as follows: in CFRP specimens the most
frequent damage mechanism is referred to extensive sub-surface delamination, which
DR is not capable to reveal in one shot. In this paper, CT results derive by the
superimposition of 1444 projections (can be considered 1444 radiographs) which
obviously can catch all the damage mechanisms occurred in each section of the
specimens. The trend — and the exponential laws — referred to PAUT and PT are very

similar. Thus, it can be assessed that the higher values of damage length measured by



PAUT become more evident for higher impact energies, which cause a deeper damage,

difficult to detect with thermal techniques.

[Figure 15 near here]

A direct comparison among the three different approaches (RX methods, PAUT,
PT) techniques is reported in Figure 12, whose results are referred to the extension of
damage in the specimens impacted at 25 J. It is seen how PAUT gives always higher
values of damage extension, due to the high sensitivity of this technique, which can be
considered the most appropriate for this kind of materials. The lower sensitivity of
pulsed thermography technique, mainly if the damage is very deep, puts in evidence that
the underestimation can become remarkable. On the other side, it is worth mentioning
that pulsed thermography is very fast, contactless, applicable also for complex
geometries and can be considered very useful for giving an immediate idea if impact
damage occurred. Digital radiography can be used coupled to another technique, used
for confirm damage estimation, and computed tomography can be considered the best
technique for this type of material, mainly if the equipment has an adequate focal spot
size. Obviously, is not possible to apply such technique for on-site inspections, and its
principal use is for laboratory / R&D applications. Thus, PAUT is the best compromise
between reliability and time required to obtain quite accurate quantitative results for the

hybrid composite considered in the present study.

[Figure 16 near here]



4, Conclusions

The experimental investigation carried out in this research dealt with the
evaluation of the aramid hybridization effects in CFRP, usually used for manufacturing
parts of racing cars subjected on impact events (ailerons, bumpers, etc.). Static tensile
and bending tests, as well as low velocity impact tests and non-destructive evaluation of
the impact damage were performed in order to assess the effect of hybridization on the
actual mechanical performance and on the damage extension.

Although hybridization lead to a decrease of the tensile strength of about -30%,
along with a reduction of the tensile modulus of about -15%, it leads to a significant
increases of the failure energy in both static bending (+25%) and low-velocity impact
loading (+43%) by considering the specific elastic absorbed energy.

Considering the NDE of the damage related to impact loading, the results
obtained by application CT, PAUT, PT and DR techniques, have shown that PAUT
gives a slight overestimation of the damage, but considering that is the best compromise
among sensitivity, time required to obtain reliable results, applicability on composites
and safety issues, it can be considered the most appropriate technique to evaluate impact
damage. It can be surely used in common with other techniques, such as pulsed
thermography, which is very fast and easy to perform, and gives reliable results for thin
composites (generally, it gives a slight underestimation of the damage).

Among x-rays techniques, without any doubt the most appropriate technique for
this kind of specimens and mechanical damage is CT, but its application is limited to
small component or in that cases in which costs aren’t important. DR has revealed to
give appreciable underestimation of the damage, mainly for low impact energies. Its
applicability can be suggested if coupled to other technique and in the cases in which

safety issues related to the use x-rays are also taken into account.
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Table 1. Characteristics of the composite laminates considered.

. Vi tL p
Laminate Lay-up
[%] [mm]  [g/cm’]
C-KFRP [(0/90)c-«/(0/90)c/(£45)c] 49 1.6 1.54

C-K(t) Carbon-kevlar pre-preg GA210T

(twill) 0/90 45

C(t)  Carbon pre-preg C630T (twill) 0/90 50

C(t)  Carbon pre-preg C630T (twill) £45 50

CFRP [(0/90)c/(0/90)c/(+45)c] 50

C(t)  Carbon pre-preg C630T (twill) 0/90 50

C(t)  Carbon pre-preg C630T (twill) 0/90 50

C(t)  Carbon pre-preg C630T (twill) £45 50




Table 1 Flexural properties of the laminates.

Test Bending Bending Eailure Strain Failure
configuration strength Modulus Energy
[MPa] [GPa] [%] [kI/m?]
C-KFRP 0190 485+ 5.6 21+0.8 4+0.1 14.7
C-KFRP145) 580+ 9.4 235+£0.3 2.7+0.6 9.1
CFRP0/90) 480+ 4.4 22.7+£0.2 2.1+0.3 5.7
CFRPx45) 550 £ 6.7 22.1+0.4 24+05 4.3




Table 2 Average values of characteristic specific parameters obtained from impact tests.

Ei Specimen FMAX FMAX =Y Eae”
[3] [KN] [kN/(g/mm?)]  [Jmm?g?] [J mm? g
20 CFRP 5.35 1857 5150 3478
C-KFRP 3.98 1694 7557 3246
CFRP 5.61 1948 6914 3547
25 C-KFRP 4.26 1811 9935 3311
C-KFRP(c) 3.78 1609 9825 2868
CFRP 4.82 1676 8752 2941
30 C-KFRP 4.44 1889 11753 4285
C-KFRP(c) 3.72 1582 11169 2890
35 CFRP 4,93 1713 10624 3004
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Figure Captions

Figure 1. Example of hybrid laminates type C-KFRP used to increase the impact
strength of mechanical components in sport automotive field: (a) aileron ends and (b)

lateral bumper.

Figure 13. (a) Static tensile test specimen, (b) static three-point bending test and (c)

support system for impact test.
Figure 14. Tensile curves of the two composite laminates examined.
Figure 15. Bending characteristic curves of the (a) C-KFRP and (b) CFRP laminates.

Figure 16. Load-time curve Fi(t) and load-displacement curve Fi(s) relative to
composites (a,b) CFRP and (c,d) C-KFRP.

Figure 17. Specific load-displacement curves Fi(s)* relative to composites CFRP and C-

KFRP in the case of (a) complete penetration and in case of (b) impact energy of 30 J.

Figure 18. (a) Load-time curve Fi(t) and (b) load-displacement curve Fi(s) relative to

hybrid composite in both configurations with Ei= 30 J.
Figure 19. Specific absorbed energy values for the two analyzed composite laminates.
Figure 20. Front and back side of the impacted specimens.

Figure 21. Optical microscopies at 7.5 magnitude for hybrid specimens subjected to
impact energy of 15 e 25J: (a) and (c¢) C-KFRP laminate; (b) and (d) C-KFRP(c)

laminate.
Figure 22. Results of NDE for hybrid C-KFRP laminate impacted at different energies.

Figure 23. Tomograms and S-sans of impact damaged specimens at various impact
energy levels: (a), (b) and (c), C-KFRP; (d) and (e), C-KFRP(c).

Figure 24. Results of different NDE techniques for CFRP laminate impacted at different

energies

Figure 25. PAUT S-scans of the impacted cross-section for the CFRP specimens.



Figure 26 Impact damage extension in the different laminates measured by DR, PAUT
and PT.

Figure 27. Comparison among the NDTs for the three different impact events at 25 J in
the C-KFRP and CFRP specimens. RX method used for CFRP specimens is DR; for
both C-KFRP and C-KFRP(c) is CT.



