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Abstract

In this work, the behavior of carbon fiber reinforced polymer composites (CFRPs)
interleaved with electrospun veils under low velocity impact (LVI) conditions and
extreme environmental temperatures was investigated. 2/2 twill carbon fiber/epoxy
laminates were subjected to LVI at three energy levels (10, 20, and 30 J), and three
temperatures (—50°C, room temperature, and 100°C). Two interleaved configura-
tions were explored (six veils placed symmetrically with respect to the middle plane
of the laminate and with respect to the external layers of the laminate). Particularly
at room temperature and up to 20 J, nanofibrous interlayers effectively reduced
localized deformation (by about 13.0%) and delamination (by about 12.2%) when
positioned in the outer ply interleaved configuration compared to the reference
laminate. At 100°C, this effect is maintained at 10 J, preventing an increase in the
delaminated area. At —50°C and 10 J, the promotion of delamination prevented
back surface fiber failure. Regarding post-impact flexural properties, the presence
of nanoveils ensured superior mechanical properties compared to the correspond-
ing reference laminate impacted at the same conditions, demonstrating their effi-
cacy in enhancing the damage tolerance of the overall laminate.

Highlights

« Electrospun veils were interleaved in 20 layers of 2/2 twill carbon/epoxy laminate.

« Three configurations were tested under LVI at 10 J, 20 J, 30 J, and —50°C,
RT, and 100°C.

« Observed damage modes include delamination, indentation, and back sur-
face fiber cracks.

« Veils symmetrically placed in external layers limit delamination at 20 J (RT)
and 10 J (100°C).

« Electrospun veils enhanced CFRP bending and residual post-impact proper-
ties at RT and 100°C.
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1 | INTRODUCTION

Carbon fiber reinforced polymer composites (CFRP)
represent a class of materials attractive for several
applications’ thanks to their outstanding mechanical prop-
erties, including stiffness and strength, all within a product
of low density.” The research community dedicated to
optimize CFRP structures and their manufacturing, is
addressing a primary challenge associated with these
materials, that is, delamination resistance, because of their
layered structure and limited out-of-plane performance®*
especially under low velocity impact (LVI) conditions
when barely visible damages (BVD) are induced.””” One of
the strategies currently under investigation involves incor-
porating thermoplastic polymer nanofibers as toughening
agents in the interlaminar region to enhance the compos-
ite's toughness without adding weight or increasing
laminate thickness.® Since 2001, there has been a growing
interest in the use of nanoveils produced through electro-
spinning thanks to Dzenis and Reneker who patented the
production of polybenzimidazole electrospun fibers as
reinforcing veils placed between graphite/epoxy prepreg
laminae.” Their work showcased the effectiveness of this
approach, employing a versatile and controllable method.
In the context of insoluble interleaves, polyamide is an
example.'® Several studies in the literature explored the
assessment of CFRP interleaved with such type of electro-
spun veils under various test conditions, for example,
tensile,"" three-point bending,'>'* Mode I interlaminar
fracture toughness,'*° Mode II interlaminar fracture
toughness,'>'"**2°27 short-beam shear."?

As regards LVI conditions, there is limited literature
available on this subject, with only a few papers addres-
sing the evaluation of damage tolerance in CFRP at vari-
ous impact energy levels considering the positioning of
electrospun veils. Akangah et al. conducted research eval-
uating the incorporation of electrospun Nylon-66 nanofab-
ric between two consecutive layers of carbon fiber prepreg
and epoxy resin arranged in a quasi-isotropic sequence
[0/45/90/—45],s. Their study demonstrated the effective-
ness of such veils in reducing damage growth (as matrix
cracks and delamination) up to an impact energy level of
1.8 I.1> Moreover, Palazzetti et al.>® and Sarasini et al.®
investigated the advantages of strategically placing electro-
spun nanofibers only in areas where the highest delamina-
tion occurs in neat CFRP. In the first study,”® the
introduction of three veils at the lowest interface or four
veils placed symmetrically to the middle plane of the lami-
nate, that is, ten layers of carbon fiber prepreg and epoxy
resin in a unidirectional stacking sequence, resulted in a
reduction of the delaminated area extent up to an impact
energy level of 12J. This highlighted the self-stiffening
and self-repair effect provided by the nanofibrous

interlayers. In the second study,”® a different stacking
sequence was tested, that is, unidirectional carbon/epoxy
prepreg stacked in a cross-ply configuration [0/90],s. Inter-
leaving four electrospun veils symmetrically with respect
to the middle plane of the laminate allowed the extent of
delaminated area to be reduced. This was attributed to the
veils acting as bridges between consecutive layers thus
exerting a positive toughening effect and contributing to
additional energy dissipation mechanisms.

All the mentioned investigations were conducted only
at room temperature. It is widely recognized that tempera-
ture, in conjunction with the impact energy level, can sig-
nificantly influence the damage propagation mechanisms
due to the difference in thermal expansion coefficients
between carbon fiber and resin, leading to the generation
of thermal stresses.'® For example, in aircraft applications,
the external surface of an aircraft is subjected to varying
temperatures during take-off and landing, reaching low
temperatures of approximately —58°C>° and high tempera-
tures of around 70°C.'° Therefore, assessing the perfor-
mance of carbon/epoxy laminates under such extreme
temperatures is essential to offer a more comprehensive
understanding of the state-of-the-art in this field.

In CFRP, the effect of low-velocity events at high tem-
peratures has been investigated by Suvarna et al.*! who
conducted tests on a laminate consisting of sixteen layers
of carbon fiber epoxy with [0/90/90/0],s layup at a velocity
of 2 m/s, corresponding to an impact energy of 4.3 J, up to
90°C. This study revealed a decrease in delaminated area
extent as the temperature increased and a higher post-
impact residual strength. This phenomenon was attributed
to the blunting crack effect of the matrix, which appears to
be more deformable approaching its glass transition tem-
perature. Additionally, Korbelin et al.,’ in laminates with
a [45/0/—45/90],5 configuration tested at impact energy
levels ranging from 8 to 21J and temperatures between
20 and 80°C, highlighted a more significant occurrence of
fiber breakage at the impacted side at elevated tempera-
tures, attributed to the high compressive load.

The low-temperature environments promote delami-
nation and significant damage such as perforation, as
observed by Papa et al.** under impact conditions of 10 J
and — 25°C in a laminate with seven layers of carbon fab-
ric with a [0/90] stacking sequence. The CFRP perfor-
mance under such conditions is strongly influenced by the
embrittlement of the epoxy resin and interlaminar thermal
stresses, which are intensified by laminate architectures
like cross-ply and quasi-isotropic layouts up to —150°C.**

Concerning CFRP interleaved with electrospun polyam-
ide nanofibers, no studies on their impact behavior as a
function of the operating temperature are available. Only
Saeedifar et al.*’ conducted Mode II interlaminar fracture
toughness tests on 24 layers of unidirectional carbon/epoxy
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prepregs. The study demonstrated that the presence of the
nano-layer contributed to promoting Gy compared to the
virgin laminate. This enhancement remained consistent up
to 100°C, which was close to the adopted curing tempera-
ture. Beyond this temperature, a decrease in Gy for the
nano-modified specimens was observed. This reduction was
attributed to the severe plastic deformation of nanofibers,
although the modified specimens continued to exhibit
higher values than those of the virgin laminate.

The objective of this work is to provide a comprehen-
sive analysis of the response of CFRP interleaved with
electrospun veils under LVI conditions and extreme oper-
ating temperatures. For the first time, 20 layers of 2/2 twill
carbon fiber/epoxy prepreg laminate were tested consider-
ing two different interleaved configurations, three different
impact energy levels (10, 20, and 30 J) and three tempera-
tures (—50°C, room temperature and 100°C). The results
of the interleaved configurations were examined in terms
of force-displacement curves, energy absorption along with
the assessment of damage evolution (delaminated area,
dent depth), and compared with the performances of the
virgin laminate. Four-point bending tests were also
conducted to evaluate the post-impact residual flexural
properties of the laminates and fracture surface analysis
through scanning electron microscopy (SEM) was carried
out to detail the effect of electrospun veils.

2 | EXPERIMENTAL

2.1 | Materials and composite
manufacturing

A 2/2 twill carbon/epoxy prepreg (XPREG®XC130, 210 g/
m?, Easy Composites, UK) was used for the fabrication of
the composite laminates. The composites were inter-
leaved using commercially available electrospun veils
provided by Revolution Fibers (Xantu.Layr®) with an
areal density of 4.5 g/m>* After laminating 20 layers of
carbon fiber prepreg, the specimens were manufactured
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by vacuum bagging and autoclave forming (1 h at 120°C
and 7 bar). The glass transition temperature of the epoxy
resin after the curing cycle is expected to be around
120°C according to the technical datasheet. Three config-
urations were considered (Figure 1): the virgin laminate
(named C) and two interleaved laminates where six veils
were used and placed symmetrically with respect to the
middle plane of the laminate (named CN6C) and sym-
metrically with respect to the external layers of the lami-
nate (named CN6E).

2.2 | Composites characterization
Low-velocity impact tests (ISO 6603-2) were performed
using a CEAST/Instron 9340 drop-weight impact testing
machine equipped with a hemispherical tip (12.7 mm
diameter). The kinetic impact energy was adjusted by
varying the release height of the weight (3.055 kg)
and specimens were clamped between two steel plates
with a circular unsupported area (40 mm as diameter).
All tests were performed in triplicate at three energy
levels (10, 20, and 30 J) and three temperature conditions
(—=50°C, room temperature and 100°C). The specimens
(150 x 100 mm) were pre-conditioned for 1 h in the ther-
mostatic chamber at test temperature.

The through-the-thickness damaged area was deter-
mined as a sum of the damaged area in each layer by
ultrasonic tests through Omni Scan MX2 equipment with
a sound speed of 3020 m/s (3.5 MHz as phased array
probe, 64 elements, pitch 1 mm, active aperture 64 mm,
elevation 7 mm, water immersion with 25 mm water
wedge). Non-contact laser profilometer (Talyscan
150, Taylor Hobson) was used to measure the dent depth
after impact tests at a scanning speed of 8500 pm/s.

Bending properties were evaluated through four-point
bending tests according to ASTM D 6272 on specimens
measuring 150 x 40 x 4 mm, using a Zwick/Roell Z010
universal testing machine. The width was adapted to
include the damage induced by low velocity impacts. Tests

C CNéC CN6E

Prepreg ply

FIGURE 1

>
—>
o

—>
—>
—>

Electrospun veil

Schematic view of the tested configurations (the electrospun veils were placed at the position marked by the arrow).
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FIGURE 2
(D) Damage Degree and (E) structural integrity index.

were conducted in displacement control (2.5 mm/min
cross-head speed) on both non-impacted and impacted
specimens, with the impacted side facing the compression
load. The support span was 120 mm while the distance
between the loading noses was set at 60 mm.

Composite fracture morphology was detailed via SEM
using a Tescan MIRA3. Prior to examination, all speci-
mens underwent sputter coating with gold.

3 | RESULTS AND DISCUSSION

3.1 | LVIresults and post-impact
properties of non-interleaved laminates

In Figure 2, the outcomes of impact tests conducted on
control CFRP specimens as a function of impact energy
and operating temperatures are reported. The results are
illustrated through force-versus-displacement curves in
Figure 2A-C while Figure 2D shows the calculated dam-
age degree (ratio of the absorbed energy to the impact
energy). Furthermore, in Figure 2E, the structural integ-
rity index, evaluated as difference between PDu (ulti-
mate displacement) and PDm (displacement at the peak
force), is showcased.

The closed curves in Figure 2A-C indicate that perfo-
ration did not occur up to an impact energy of 30 J at all

Displacement (mm)

Displacement (mm)

E) &y = s0°c
E) o5 o
5] 4 100°C ]
=] :
g A
o ;
N
, :
0o &
1‘0 Z‘O 3‘0

Impact Energy (J)

Effect of temperature during LVI test on C laminate: Force versus displacement trends at (A) 10 J, (B) 20 J and (C) 30 J,

tested temperatures, as evidenced by the rebound of the
impactor. Moreover, the impact curves clearly highlight
that the laminates exhibited a distinct response for differ-
ent combinations of impact energy and operating tempera-
ture. Despite the subtle differences in damage degree
(Figure 2D), the load drops observed during the loading
phase in the force versus displacement trends imply poten-
tial differences in the produced damage and the energy
dissipation mechanisms involved.

As a preliminary confirmation of this observation, the
structural integrity index (Figure 2E) was examined and
the results reveal that at the lowest temperature, the mate-
rial experiences a significant loss of integrity. To under-
stand the behavior of C laminates during impact events
at various temperatures, it is important to note that: (i) it
is expected a transition from a more brittle response of
the laminate at low temperatures (—50°C)****® to a
more compliant one at high temperatures (100°C) due to
the progressive approach of matrix glass transition
temperature®*>*’; (ii) in addition, when subjected to low
temperatures, the fiber-matrix interface becomes much
weaker*' and this contributes to increased stress concentra-
tion and residual stresses, resulting in a decrease in quasi-
static mechanical performance.*?

In particular, the first consideration helps explain the
findings obtained from the impact at 10J (Figure 2A,
Table 1), as evidenced by the increase in peak force and
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TABLE 1 Summary of LVI data and post-impact delaminated area and dent depth values at the different temperature and energy

conditions.
Onset of Maximum Delaminated
Sample damage (kN) Peak force (kN) displacement (mm) area (mm?) Dent depth (pm)
Impact energy 10 J
C_-50°C 5.85 +0.24 7.37 + 0.66 2.15 + 0.08 486.39 + 6.84 112.10 + 4.24
C_RT 4.84 +0.21 7.24 +0.11 2.18 + 0.03 603.83 + 92.25 184.53 + 3.70
C_100°C 3.58 + 0.08 6.74 + 0.52 2.36 + 0.02 761.27 + 98.70 235.85 + 24.25
Impact energy 20 J
C_-50°C 5.97 + 0.32 7.77 + 0.43 3.93 + 0.01 652.41 + 88.04 765.76 + 18.00
C_RT 5.14 = 0.10 8.16 + 0.31 3.80 + 0.12 721.80 + 92.63 771.63 + 16.03
C_100°C 3.63 + 0.10 8.88 + 0.48 3.74 + 0.19 1100.20 + 38.37 610.83 + 65.60
Impact energy 30 J
C_-50°C 5.89 + 0.36 7.37 +0.32 7.20 + 0.46 963.43 + 34.31 -
C_RT 5.10 £ 0.08 7.85 + 0.37 6.03 + 0.14 826.88 + 80.91 1815.67 + 38.50
C_100°C 4.14 +0.12 9.08 + 0.36 5.85+0.19 1504.04 + 86.28 1351.51 + 67.09

FIGURE 3 C-scans of C laminates
impacted at different energy and
temperature levels.

50°C

RT

100°C

the decrease in maximum displacement with decreasing
temperature. Even if the results from LVI tests did not
show significant differences in terms of absorbed energy,
there was a noticeable variation in the type and extent of
damage. Upon preliminary visual inspection (Figure S1),
an initial extent of fiber fracture was observed at the

r!lo.smk lo 7 s e T sz 35
10J 20 ) 30J

back side of the laminate impacted at the lowest tempera-
ture (—50°C; white arrow in Figure S1). This observation
is further supported by more pronounced load drops
(after reaching the onset of damage force value reported
in Table 1) during the loading phase in the curves in
Figure 2A.*
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This occurs because, at —50°C, the stiffer matrix con-
tributes to higher stress concentrations in the impacted
area thus making the material less prone to deformation
and leading to through-the-thickness damage. This
hypothesis is further confirmed by the C-scan analysis
shown in Figure 3. Although the delaminated area is rel-
atively smaller compared to the results obtained at room
temperature and 100°C, it is notable that delamination
predominantly affects the layers near the impact point
(as indicated by the red-colored area). Moreover, the
appearance of the back crack on —50°C impacted sam-
ples highlights an onset of damage caused mainly by the
approach of laminates elastic limit in bending which is
responsible for fibers failure in tension. Additionally,
interlaminar thermal stresses arise due to the constrained
ply transverse contraction.>*

These effects are less pronounced at room tempera-
ture: the improvement in CFRP properties and better
interfacial fiber-matrix adhesion*"** help to reduce stress
concentration, preventing fiber failure in tension on the
back face. On the other hand, at 100°C, such fluctuations
are smoothed out, and the damage becomes visible in com-
pression, characterized by a superior indentation as indi-
cated in Table 1. These findings align with results collected
from experiments conducted on glass fiber/epoxy laminates
subjected to comparable operating conditions,***” as well as
on carbon fiber/epoxy laminates with cross-ply stacking
sequences exposed to temperatures as low as —25°C with
impact energies of 7.5 J* and 10 J.** In these experiments,
it was observed that the reduction in operating temperature
had a significant impact on the extent of damage.

C-scan results in Figure 3, along with the data of dela-
minated area extent provided in Table 1, reveal a superior
delaminated area during the impact at 100°C and its grad-
ual reduction with decreasing impact temperature. Again,
even if the extent of delaminated area for 100°C impacted
samples is higher than room temperature and — 50°C
ones, it is necessary to highlight that the delamination at
the highest temperature concentrates mostly in the upper
half of the specimen, thus disclosing a higher damping
capability of the material which allows to prevent the
through the thickness damage. In particular, the progres-
sive decrease in laminate stiffness makes it more compli-
ant towards the deformation imposed by the impactor
and allows to increase the volume of the specimen which
reacts to the impact.

In summary, the impact damage in all cases consists
of a combination of shear and transverse ply cracks lead-
ing to delamination and back surface fiber cracking.***
However, while back surface fiber cracking is the pri-
mary consuming energy damage mechanism at low tem-
perature (—50°C), delamination becomes predominant at
higher temperatures due to the progressive approach of

matrix glass transition temperature which makes the
laminate more compliant towards bending deformation.
In addition, the different thermal expansion characteris-
tics (CTE) of carbon fibers and epoxy resin®**** contribute
to the occurrence of interlaminar shear stresses. The soften-
ing of the matrix at 100°C proves ineffective in transferring
loads to adjacent plies, thus diminishing the reinforcing
effect of the fibers* and consequently reducing the peak
force measured during impacts at 10 J. As the impact energy
increases, lower temperatures significantly compromise
the integrity of the laminates (Figure 2E) while, despite the
larger delaminated area observed at 100°C, the extensive
matrix deformation helps blunting cracks throughout the
thickness,* thereby preserving higher peak force values.

On the contrary, the observed trend in terms of delam-
ination extension with temperature in this study differs
from what has been noted in previous papers.>"**** How-
ever, this discrepancy can be attributed to the fact that in
those works LVI test involves impact energy levels below
10J or temperatures up to —20°C, conditions where
delamination may prevail as the dominant damage mode
compared to back surface cracking. As the impact energy
level increases, there is a notable reduction in the damage
tolerance of the laminate, accompanied by an increase in
the loss of structural integrity (Figure 2E) at all investi-
gated temperatures. The measured peak force shows a pro-
gressive increase at higher impact energy levels, especially
at 20 J. However, at room temperature and —50°C, a slight
decrease in peak force compared to 20 J is recorded, attrib-
uted to the reduction in laminate resistance to impacts at

TABLE 2
and after the impact.

Summary of flexural properties of C laminates before

Flexural
modulus (GPa)

Flexural

Sample strength (MPa)

Non impacted

C 710.63 + 23.53 55.49 +0.87
Impact energy 10 J

C_-50°C 367.69 + 31.33 49.63 + 2.12

C_RT 436.42 + 21.99 53.36 + 0.26

C_100°C 419.05 + 29.11 54.07 + 1.63
Impact energy 20 J

C_-50°C 350.86 + 16.25 48.52 + 1.29

C_RT 385.73 + 20.01 50.01 + 0.59

C_100°C 309.64 + 7.28 49.79 £ 1.79
Impact energy 30 J

C_—-50°C 320.36 + 15.28 43.80 + 1.85

C_RT 255.84 + 21.43 40.07 + 2.96

C_100°C 263.26 + 26.00 41.31 + 3.96
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FIGURE 4 Normalized residual flexural strength (A) and (B) modulus after the impact of C laminates as a function of impact energy

and temperature.

FIGURE 5

30 J. This is further supported by high localized deforma-
tion, as indicated by the significant dent depth values mea-
sured in these specimens (Table 1), with a notable extent
of matrix and fiber breakage as observed in Figure S2.
Indeed, the increased permanent indentation is strictly
correlated to fibers breakage as significant penetration

Fracture surfaces after flexural tests of C laminates impacted at different temperatures.

phenomena start to intervene thus determining a signifi-
cant loss in laminate structural integrity.

What is noteworthy is the correlation between the
increase in impact energy levels (and impact velocity from
2.55 to 4.43 m/s) and the extent of the delaminated area at
all investigated temperatures, with the involvement of the
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20J and (G, H, 1) 30 J.

bottom layer of the laminate particularly evident at the low-
est temperature (Figure 3). At 100°C, it can be inferred that
delamination affects only progressively the layers through-
the-thickness for increasing impact energies, starting from
the upper surface due to the previously discussed “delayed”
impact. On the contrary, at room temperature and —50°C,
the gradual increase in matrix brittleness leads to a decrease
in the extent of delaminated area but distributes it through
the whole thickness of the laminate as confirmed by the
delamination on both compression (indicated by the red-

colored area) and tension (indicated by

area) sides. This phenomenon is driven by both stiffness
mismatching and the displacement of broken and unbro-
ken fibers. These observations are similar to the findings
where comparable trends were
noted in both the extent of delaminated area and the value
of indentation depth already from impact energy levels in
the range 2.5J-7.5]. This is probably due to the small

reported by Sergi et al.,**

the blue-colored
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Effect of temperature on force vs. displacement trends during LVI tests on interleaved laminates at (A, B, C) 10 J, (D, E, F)

specimens’ thickness (2 mm) compared to that of laminates
examined in the current study. Liu et al.*
that at lower temperatures (as —25°C), the embrittlement
of the epoxy matrix leads to increased damage to both the
matrix and the carbon fibers that appears circular in shape
when viewed from the top or bottom, because of the hemi-
spherical shape of the impactor. However, when tempera-
tures rise (around 50°C), the resin softens, resulting in less
breakage of the carbon weave and reduced overall damage
to the material. Analogous results were found by Icten
et al. in glass/epoxy laminates subjected to low-velocity
impact (LVI) conditions and temperatures ranging from

have observed

Regarding the post-impact properties of the speci-
mens, four-point bending tests were conducted on C
laminates after the impact, and the results, including flex-
ural strength and modulus, were compared with those of
non-impacted laminates. The results are summarized in
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TABLE 3
conditions for interleaved laminates.

PROFESSIONALS  COMPOSITES

Summary of LVI data and post-impact delaminated area and dent depth values at the different temperatures and energy

Onset of Peak Maximum Delaminated
Sample damage (kN) force (kN) displacement (mm) area (mm?) Dent depth (pm)
Impact energy 10 J
CN6C_—-50°C 5.18 + 0.46 6.32 + 0.47 241 +0.10 1335.46 + 51.07 161.25 + 1.48
CN6C_RT 4.61 + 0.05 6.72 + 0.21 2.22 +0.04 1042.41 + 23.92 167.86 + 10.72
CN6C_100°C 3.55+0.11 6.56 + 0.08 2.38 + 0.02 1075.30 + 154.30 253.85 + 5.44
CN6E_—-50°C 5.56 + 0.05 7.64 + 0.41 2.22+0.01 590.86 + 61.98 146.05 + 14.07
CN6E_RT 5.07 +£ 0.05 7.47 + 0.05 2.12 + 0.02 508.49 + 29.08 166.30 + 2.55
CN6E_100°C 3.75+0.28 6.81 £ 0.11 2.39 + 0.06 758.81 + 94.25 228.05 + 0.35
Impact energy 20 J
CN6C_—50°C 4.99 + 0.35 7.37 £ 0.66 4.60 + 0.12 1765.49 + 13.98 383.10 + 11.76
CN6C_RT 6.35 + 0.03 7.24 + 0.11 3.75 + 0.04 1001.85 + 72.68 603.57 + 11.12
CN6C_100°C 3.34 +£ 0.04 6.74 + 0.52 4.08 + 0.06 1575.09 + 17.89 770.67 + 25.39
CN6E_—50°C 5.59 + 0.13 7.64 + 0.62 4.12 + 0.04 759.17 + 12.07 598.03 + 22.52
CN6E_RT 5.84 + 0.91 8.18 + 0.15 3.76 + 0.12 633.04 + 61.83 671.97 + 7.86
CN6E_100°C 3.53 + 0.09 8.54 + 0.42 3.90 + 0.03 1482.52 + 89.46 696.30 + 32.06
Impact energy 30 J
CN6C_—-50°C 5.26 +0.21 7.37 + 0.66 9.47 + 0.90 1887.79 + 42.81 -
CN6C_RT 6.35 +0.23 7.24 +0.11 6.38 + 0.16 1478.23 + 18.77 1990.33 + 26.10
CN6C_100°C 395+ 0.13 6.74 + 0.52 6.13 + 0.09 1511.84 + 25.78 1792.66 + 16.35
CN6E_—50°C 5.91 +0.38 7.16 + 0.34 7.18 + 0.37 1569.86 + 9.64 -
CN6E_RT 7.67 + 0.30 7.99 + 0.23 5.51 +£0.10 897.84 + 70.17 1983.66 + 24.39
CN6E_100°C 3.98 £ 0.16 8.80 + 0.37 6.06 + 0.19 1595.96 + 40.42 1812.33 + 27.48

Table 2, and normalized values (with respect to the results
of the non-impacted sample) are reported in Figure 4. In
brief, as anticipated, the occurrence of damages after the
impact event led to a reduction in the bending properties
of all tested laminates. At 10 J, fiber failure notably con-
tributed to a significant decrease in the damage tolerance
of C_—50°C compared to the other laminates impacted at
room temperature and 100°C. With a further increase in
the impact energy level, there was a more substantial
reduction in bending strength for C_RT and C_100°C,
while in C_—50°C, the normalized strength nearly flat-
tened. This difference is attributed to the fact that during
bending tests, failure is primarily governed by the crack
propagation on the surface in compression from the edge
of the sample to the indentation point. In C_RT and
C_100°C, the upper layers experienced superior damage
during LVI tests. Concerning the bending modulus, the
trends are quite similar to those of the bending strength.
However, the modulus was less affected by the impact
event, showing only a slight reduction in normalized
residual modulus. This is because localized damage and
delamination do not have a direct impact on the initial
force/deflection trend.**

Fracture surface analysis (Figure 5) of impacted speci-
mens after bending tests showed clean fiber surfaces with
minimal matrix residue and characteristic hackle marks
typical of fiber-resin adhesive failure (Mode II fracture,
indicated by the white arrow in Figure 5C). The occur-
rence of fiber failure is prominently visible in specimens
impacted at the lowest temperature, as indicated by the
white arrows in Figure 5A,B.

3.2 | LVIresults and post-impact
properties of interleaved laminates

Six electrospun nano-veils were interleaved in C lami-
nates symmetrically with respect to the outer layers
(CN6E) and with respect to the middle plane of the
laminate (CN6C). The specimens were tested according
to the same experimental campaign conducted for C
laminates to ensure a direct comparison of the results.
Force vs. displacement curves are presented in
Figure 6, where it can be observed that the introduction
of the veils did not lead to significant differences in the
impact response of the laminates, and their overall
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FIGURE 8 C-scans of CN6C and CN6E laminates impacted at different energy and temperature levels.

trends remained similar, especially at room temperature
and 100°C.

At room temperature, the CN6E configuration dem-
onstrated greater effectiveness in improving interlami-
nar fracture toughness, as evidenced by the superior
values of the onset damage and peak forces (Table 3) at
all impact energy levels. Specifically, the peak force
was found to be marginally affected, increasing by
approximately 3.66% (—50°C), 3.17% (RT), and 1.04%
(100°C) at 10J, and 1.78% (RT) at 30 J. Additionally,
the onset peak force rose by about 4.75% (10 I), 13.61%
(207), and 50.39% (307J) at room temperature. The
maximum displacement was slightly reduced only at
room temperature.

This improvement was not observed for the CN6C
configuration where actually a decrease in these param-
eters was detected compared to the C configuration.
In addition, when considering the results in terms of dis-
placement (Table 3), the presence of the veils symmetri-
cally with respect to the middle plane contributed to a
slightly superior loss of integrity (Figure 7B,D,F). The
interleaved laminates absorbed a comparable amount of
energy to the C configuration, resulting in a similar dam-
age degree (Figure 7A,C,E). However, even in this case,
the resulting damage was different.

The analysis of damages, including delamination
(Table 3, Figure 8), and dent depth (Table 3) points out
the contribution of the electrospun veils. At room temper-
ature and up to 201J, the localized deformation was
reduced by approximately 9.8% (10 J) and 13.0% (20 J) for

TABLE 4
laminates before and after the impact.

Sample

Non impacted

CN6C
CN6E

Impact energy 10 J

CN6C_—50°C
CN6C_RT
CN6C_100°C
CN6E_—50°C
CN6E_RT
CN6E_100°C

Impact energy 20 J

CN6C_—-50°C
CN6C_RT
CN6C_100°C
CN6E_—50°C
CN6E_RT
CN6E_100°C

Impact energy 30 J

CN6C_—50°C
CN6C_RT
CN6C_100°C
CN6E_—50°C
CN6E_RT
CN6E_100°C

Flexural
strength (MPa)

708.17 + 1.89
778.49 + 9.53

437.95 + 24.27
473.99 + 38.25
419.21 + 15.44
465.06 + 11.65
549.20 + 8.54

470.47 + 78.66

308.54 + 4.59

395.16 + 20.18
313.64 +19.20
365.53 + 30.74
425.65 + 11.38
327.99 + 26.34

185.31 + 34.34
296.41 + 25.69
267.96 + 4.83
271.81 £ 2.30
333.82 £ 5.30
267.79 + 15.80

g

S'E|

Summary of flexural properties of interleaved

Flexural
modulus (GPa)

56.57 + 2.88
62.50 + 1.67

58.26 + 0.10
57.17 £ 0.75
55.10 + 0.92
55.55 £ 0.57
59.58 + 1.01
57.93 +2.44

49.52 + 0.57
54.97 + 1.64
48.36 + 0.83
49.96 + 0.41
5219 + 1.37
51.17 £ 1.65

35.99 + 3.83
45.83 + 2.29
44.66 + 2.49
44.69 + 1.30
48.65 + 1.13
4593 + 0.98
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FIGURE 9 Normalized residual flexural (A, B, C) strength and (D, E, F) modulus after impact of the interleaved laminates compared

with the reference C.

CN6E and 9.2% (10 J) and 21.8% (20 J) for CN6C. Only for
CNG6E, a reduction in delaminated area extent of about
15.7% (10 J) and 12.2% (20 J) was measured. This suggests
that in both cases, the veils contribute to additional energy
dissipation mechanisms such as nanofiber pull-out and
straining, as observed in previous works.>>* In Section 3.1,
during the LVI tests at room temperature, the outer layers
were particularly involved in delamination (Figure 3), and
the veils in such a position contributed to minimizing its
propagation while the introduction of the veils in the mid-
dle plane acted as an additional intra-laminar damage
mechanism (green area in Figure 8). At 30 J, the extent of
the damage in laminate C is so significant, indicating an
extreme failure of the matrix and fibers, that the veils,
regardless of their position, lose their effectiveness. Only
in CN6E, the delamination extent is limited, showing an
increase of about 8.6% compared to 78.9% in CN6C.

These effects are amplified during tests at extreme tem-
peratures (—50 and 100°C) due to the embrittlement of the
veils at low temperatures (glass transition temperature
~44-60°C) and to the overcoming of veils glass transition
temperature at high temperature, which is responsible for
significant plastic deformation of the nanofibers®” and con-
tributes to promoting intra-laminar damage in the layers
already more susceptible to this damage (Figures 3 and 8).
At 10 J, the nanofibers at the outer layers help to direct the
energy consumption towards localized deformation, and

delamination, limiting fiber fracture in tension at —50°C.
At 100°C, delamination is slightly reduced compared to C
at the same impact condition. At higher impact energy
levels, the damage event involves the entire laminate with
a significant loss of integrity. However, the reduced extent
of fiber fracture at the lowest temperature (Figure S3) and
the slight increase in delaminated area (Table 3) provided
by the CN6E configuration result in a loss of structural
integrity (Figure 7B,D,F), which is, however, lower than
CNG6C configuration.

The impact event and the resulting damages have a
significant effect on the residual mechanical properties
of the laminates. In the non-impacted CN6E, the bene-
fits of the veils as a toughening agent are highlighted by
the increased bending strength and modulus. This
improvement is attributed to the position of veils in the
compression-loaded surface where failure begins. In
both configurations, the moduli are higher than the C
laminate, thanks to the enhancement of carbon fiber-
matrix adhesion promoted by the electrospun veils, as illus-
trated in Figure 10A, where carbon fibers are embedded in
the polymer matrix on the interleaved layer. As expected,
the impact event has again a detrimental effect on the flex-
ural strength and moduli (Table 4), showing a similar trend
as normalized values (Figure 9). Nevertheless, the presence
of the veils ensures post-impact flexural properties superior
to the reference laminate, demonstrating their effectiveness
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FIGURE 10

in enhancing the damage tolerance of the laminate. Specifi-
cally, the flexural strength of interleaved configurations
was higher than the C reference, albeit to different extents:
by 19.0% (CN6C, at —50°C), 26.0% (CN6E, at —50°C), and
12.0% (CN6E, at 100°C) after a 10J impact; by 4.18%
(CN6E, at —50°C), 1.29% (CN6C, at 100°C), and 5.93%
(CNBG6E, at 100°C) after a 20 J impact; and by 1.78% (CN6C,
at 100°C) and 1.72% (CNG6E, at 100°C) after a 30 J impact.
Since the bending tests were conducted at room tempera-
ture, it is likely that the electrospun nanofibers, following
the previously promoted delamination, are free to act as a
bridging network.”**>>' This effect is not seen in inter-
leaved laminates when extensive damage, in terms of dent
depth and delamination, becomes predominant, resulting
in worse damage tolerance compared to the reference C,
in particular for CN6E impacted at 30 J and —50°C and
CN6C from an impact energy level of 20J at —50°C.
At such impact conditions, both laminates showed a flex-
ural strength lower than C due to the occurrence of
the highest delaminated area, quantified also in terms of
impact energy factor” equal to 9.72 mJ/mm? lower than
that of C (27 mJ/mm?). This decrease in damage tolerance
was also demonstrated by Jefferson et al. during tensile
after impact tests on glass/epoxy laminates, impacted at
room temperature with energy levels similar to those used
in this study.>

Fracture surfaces after flexural tests of interleaved laminates impacted at different temperatures.

Such evidence clearly highlights the suitability of
electrospun nanoveils as toughening elements at room
and higher temperatures, but makes questionable their
exploitation in cryogenic conditions thus making neces-
sary the evaluation of their feasibility according to the
final application of the laminate.

SEM micrographs of the fracture surfaces of impacted
CN6C and CN6E after bending tests are presented in
Figure 10. In general, the presence of the veils contrib-
uted to strengthening the interfacial adhesion, preventing
interlaminar crack propagation. However, at —50°C, the
embrittlement of the veils is responsible for poor interfa-
cial adhesion between the carbon fiber and the polymer
(arrow in Figure 10B), supporting the earlier discus-
sions on the promotion of delamination at the inter-
leaved layers. The pull-out, debonding, and plastic
deformation of the nanofibers, proposed as additional
energy consuming mechanisms at room temperature,”
are visible in Figure 10C,D.

4 | CONCLUSION

In conclusion, the analysis of the CFRP performances
under extreme temperatures is essential to provide a
more complete description of material properties under
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different in-service conditions. This study aimed to com-
prehensively analyze the performance of 2/2 twill CFRP
composites interleaved with electrospun thermoplastic
veils under low-velocity impact conditions at three
impact energy levels (10, 20, and 30 J) and three tempera-
tures (—50°C, room temperature, and 100°C). The dam-
age tolerance of CFRP laminates during low-velocity
impact events varies significantly with the impact tem-
perature. Different damage modes, including delamina-
tion, indentation, and back surface fiber cracking, are
observed. Back surface fiber cracking and a through the
thickness damage are the typical damage modes at lower
temperatures, whereas more pronounced delamination
in the upper layers of the laminates characterizes the
specimens impacted at higher temperatures.

The influence of veils in laminates varies depending
on the impact energy and temperature: in the CN6C con-
figuration, veils did not reduce delaminated area at all
energy and temperature conditions tested. However, the
CN6E configuration effectively limited delamination
extension at room temperature up to an impact energy
level of 207, thanks to additional energy dissipation
mechanisms such as nanofiber pull-out, debonding, and
plastic deformation at the layers where delamination pre-
vails. Conversely, the same CN6E configuration proved
ineffective in restraining delamination extension for the
extreme temperature conditions, except for the impact
test at 10 J and 100°C where the further extension of the
delaminated area was prevented.

Both interleaved configurations improved the bend-
ing properties of the CFRP laminate and enabled good
residual post-impact properties at both room temperature
and 100°C. However, the substantial damage observed
during the impacts at —50°C led to a significant decrease
in normalized residual flexural properties for CN6C
(from 20 J) and CN6E (at 30 J). This decrease was attrib-
uted to damage concentration on the upper and lower
sides of the laminates, which experience higher compres-
sive and tensile loads during bending, respectively.
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