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The experimental study aimed to understand the effect of the highly polymerized thermoplastic epoxy
matrix and of the submicron diameter glass fibres content on the impact and compression after impact
(CAI) performance of woven carbon fibre reinforced composites. A thermoset epoxy system was also con-
sidered for the sake of comparison. The comparison highlighted the better impact performance of the

composites with the thermoplastic epoxy matrix of higher weight-average molecular weight (Mw),
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which is further improved by the proper content of micro glass fibres. The enhanced impact damage tol-
erance was also demonstrated observing the damage imparted with surface laser morphology, infrared
thermography and X-ray p-CT.

© 2019 Published by Elsevier Ltd.

1. Introduction

Long and continuous fibre reinforced composite materials have
been used in several industrial applications, having excellent
potential for reducing weight, as well as lifetime maintenance
costs owing to their corrosion and mechanical properties [1].

However, composites are costly and difficult to repair when
exposed to impact damage. Composite structures are more vulner-
able to impact damage than similar metallic ones. They are sensi-
tive to low velocity impact, which could produce diffuse internal
damages, while leaving negligible damage on the impact surface
[2]. Among the sequence of impact damage modes [3], intra-ply
damage (resin cracking and fiber/matrix interfacial debonding)
and inter-ply damage (interlaminar delamination) are dominant
damage modes under a low-energy impact. Fibre breakage is the
dominant failure mode under high-energy impact. The internal
damage after impact could develop under loadings and could cause
severe strength reductions and catastrophic failure. Hence, under-
standing impact mechanical behaviour, energy absorbing capabili-
ties and impact resistance of composites are the major concerns for
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improving the impact damage tolerance and to prevent ultimate
failure of composite structures [1].

Factors affecting the impact resistance and damage tolerance of
composite materials can be divided into primary and secondary
[2,3]. The primary factors, having the most significant effect, are
the characteristics of the resin system and fibre, the fibre/matrix
interface and the reinforcement architecture. The resin
system is the topic of this paper. Secondary factors include:
environmental-related conditions, stacking sequence, fibre
hybridization, repeated impact, etc. [2].

As for the primary factors, on one hand, many studies were con-
ducted to improve the impact resistance with different fibre mate-
rials [4] and changing the reinforcement architecture, e.g. stitching
or 3D fabrics to improve the through the thickness reinforcement
(see [5-7]). On the other hand, the attention was focused on devel-
oping resin systems with improved mechanical properties [8-10].
For more than four decades, thermoset resin (TS) systems were
extensively used for manufacturing composite components due
to their ease manufacturing and improved mechanical/thermal
properties. However, their weaknesses such as brittleness, long
processing cycle, non-recyclability (irreversible exothermic chem-
ical reaction during curing) draw the attention of the composite
industry to use thermoplastic resin (TP) systems [10]. Under
impact loading, thermoplastic matrix systems could provide
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enhanced toughness owing to higher damage onset energy and
ultimate energy than that of thermoset systems [3].

The main advantage of thermoplastic resins (TP) compared to
thermoset (TS) counterpart are: increased toughness, better recy-
clability due to the physical change in the shape upon heating,
and mainly the ability to deliver fast manufacturing processes.
However, available TP resins have higher melt viscosity than TS
ones. Hence, the infusion process with conventional TP resins
could lead to inappropriate impregnation of the yarns.

Recently, a thermoplastic epoxy resin (TP epoxy) was developed
with both advantages of thermoset and thermoplastic resins [11].
It has the good workability of thermoset resins and the formability
and recyclability of thermoplastic systems. In previous studies, this
thermoplastic epoxy was adopted for manufacturing textile carbon
fibre reinforced thermoplastic epoxy composites (CFRTP), and to
study the effect of the weight-average molecular weight (Mw) on
quasi-static and fatigue mechanical performance [12]. The studies
highlighted the better properties of high Mw TP composites with
improved tensile strength and longer tensile-tensile fatigue life.
Moreover, the CFRTP had an enhanced fracture toughness (mode
I and mode II) compared to the TS counterpart, namely a thermoset
epoxy resin reinforced with the same carbon textile (CFRTS). The
improved damage resistance of the composite driven by the prop-
erties of the TP epoxy matrix could suggest a better impact perfor-
mance and a better retention of the mechanical properties after
impact.

Over the past decades, being impact behaviour of composite
materials highly influenced by the matrix, research efforts were
dedicated to improve the toughness of resin systems, mainly ther-
moset ones (see e.g [13,14]). Modified thermosetting matrices for
fibre reinforced composites have evolved greatly over the past
three decades in overcoming the brittle nature of thermosetting
polymers by dispersion of a second phase that normally consists
of nano- or micro- sized fillers (such as nanotubes, fibres, particles,
rubber, etc) (see e.g. [15-19]). Fillers are expected to provide
extrinsic toughening mechanisms [20]| and, as consequence, to
positively affect the mechanical response of fibre reinforced com-
posites [21]. In particular, employing submicron diameter fibres
improved the fracture characteristics of matrices and composites,
acting as a reinforcing phase at the nano/micro-scale [22].

The present study aims to assess the impact tolerance of the
highly polymerized thermoplastic epoxy carbon textile composite
compared to the TS counterpart. Moreover, the effects of hybrid
epoxy systems, modified with submicron diameter glass fibres,
on the impact performance was studied.

Drop weight impact tests were performed on composites with
the two resin systems, assuming an impact energy of 30]. The
impact damage extension was observed by laser microscope mor-
phology and thermal measurements, as well as, X-ray micro-
Computed Tomography (p-CT). The residual mechanical strength
after impact was measured by compression after impact test (CAI).

2. Composites components and manufacturing
2.1. Matrices, reinforcement and micro fibres

Thermoplastic epoxy resin (DENATITE XNR 6850A) and the
accelerator (XNH 6850B) were supplied by Nagase ChemteX Cor-
poration, Japan [11]. The intrinsic properties of thermoplastic
epoxy resin and accelerator are listed in Table 1 (according to the
producer [11]) and T is approximately 100 °C.

For the sake of comparison, thermoset epoxy resin (JER828, Mit-
subishi Chemical Corporation) and amine (JER113, Mitsubishi
Chemical Corporation) were used as resin and curing agent,
respectively.

Table 1
Properties of thermoplastic epoxy resin and accelerator.

DENATITE XNR6850A  accelerator XNH6850B
Chemical Formulated epoxy Aromatic phosphoric acid
classification resin ester
Aspect White paste White powder
Viscosity at 25 °C 220Pas Solid
Specific Gravity at 1.17 1.10

25°C

Plain weave carbon fibre fabric (Mitsubishi Rayon TR3110MS)
was used as reinforcement (yarn TR30S 3L, linear density 1.79 g/
cm?, pick and end counts 12.5 per inch, areal weight 200 g/m?,
according to the producer). The textile reinforcement was selected
for the high fibres and matrix adhesion surface, leading to a consid-
erable influence of the matrix on the mechanical behaviour of the
composites.

Submicron diameter glass fibres had cross-section radius of
0.25 um and average length of 150 pm, supplied by Nippon Muki
Corporation, Japan.

2.2. Manufacturing of prepreg

Plain weave CFRTP prepreg preparation had the following steps.
The resin, ‘XNR 6850A’, was heated by using an electric oven at
120 °C. When the temperature of the resin reached 105 °C, the
accelerator ‘XNH 6850B’ was added to the resin with stirring. Then
micro glass fibres of the considered weight content (0.1% and 0.3%
in weight of resin) was mixed in the thermoplastic epoxy system
by a homogenizer, 5000 rpm for 10 min. The plain weave carbon
fabric was impregnated with the thermoplastic epoxy resin by
hand lay-up. The Mw of prepreg was finally controlled by a prede-
termined time and temperature sequence [23], namely for some
ranges of Mw (k means thousand): 15k < Mw <40k, 30 min at
100 °C; 45k < Mw < 65k, 30 min at 150 °C; Mw > 70k, >60 min at
150 °C.

2.3. Manufacturing of laminates

CFRTP prepregs, obtained by impregnation with the thermo-
plastic epoxy resin in the state of oligomer, were dried at 50 °C
for 12 h, and then stacked to create CFRTP laminates with 14 lay-
ers. The curing was in a hot-press moulding at 175 °C and 6 MPa.
The CFRTP laminates had fibre volume fraction and thickness of
approximately 40% and 4.01+0.25 mm (average and standard
deviation of 42 measurements), respectively.

The same plain weave carbon fibre fabric was used as reinforce-
ment of the thermoset resin. The CFRTS plates with 14 layers were
laminated by hand lay-up impregnation. The mould was cured in a
hot press at 80 °C for 1 h and then at 150 °C for 3 h. The CFRTS lam-
inates had approximately 40% fibre volume fraction and thickness
of 4.02+0.19mm (average and standard deviation of 15
measurements).

Preliminary studies [12,24] highlighted the effect of the weight-
average molecular weight (Mw) on mechanical properties of the
same carbon textile composite, showing the better properties for
Mw higher then 50k-60k (k means thousand). Therefore, in the
present study, two or three molecular weights (lower, close to
and higher than the transition level) of the thermoplastic epoxy
system were selected to assess the effect on the impact perfor-
mance compared to the thermoset counterpart. The micro glass
fibres contents (percentage of the resin weight) and the weight-
average molecular weights (Mw) of the thermoplastic epoxy
matrix are listed in the synopsis of the adopted composite materi-
als in Table 2.
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Table 2
Micro glass fibres content and weight-average molecular weight (Mw) of thermo-
plastic epoxy composite materials (‘k’ means thousand).

Micro glass fibres content [%] Weight-average molecular weight

(Mw)
0 41k 68k
0.1 32k 48k 88k
03 29k 48k 74k

The identification of each material, in the following, contains
three sets for the thermoplastic epoxy composites, namely: TP-
(Mw)-(glass fibres content %). While for the thermoset epoxy com-
posites, the ID has two sets: TS-(glass fibres content %). IDs without
the glass fibres content indicate unmodified matrices.

3. Experimental program and features

The experimental campaign concerned some preliminary tests
and the impact related activities. Preliminary measurements were
limited to mode II interlaminar fracture toughness, being an
important damage mode during impact, and IZOD impact test for
initial understanding on the effect of Mw and of micro glass fibres
modification of matrix. The limited quantity of the materials did
not allow to perform all considered measurements for all combina-
tions of matrices, Mw and glass fibres contents. This did not affect
the meaning and understandings of the study.

3.1. Preliminary measurements

3.1.1. Weight-average molecular weight

The weight-average molecular weight of the thermoplastic
epoxy matrix was measured for each batch by the gel permeation
chromatography (GPC) adopting a CLASS-LC10 (Shimadzu Corpora-
tion) and a GPC column (Styragel HR4E, Styragel HR5E: waters).
Tetrahydrofuran (THF) was used as solvent. The calibration curves
were drawn based on the retention time and the Mw of standard
polystyrene.

3.1.2. End notched flexure (ENF), mode II inter-lamina fracture
toughness

The laminate, prepared for ENF test, had 20 layers of plain
weave carbon fabric. Five specimens for each considered Mw
(length 140 mm, width 25 mm, thickness 5.5 mm) were subjected
to quasi-static three-point bending loading, according to the stan-
dard [25]. Four and two Mws were adopted for the unmodified and
0.3% micro glass fibre modified thermoplastic epoxy composite,
respectively. The length of pre-crack was 50 mm. Kapton film of
approximately 30 um thick (Kapton, Du Pont-Toray Corporation)
was inserted between 10th and 11th ply of the laminate. The Mode
I inter-lamina fracture toughness was determined at 0.5 mm/min
of cross-head speed, and calculated according to [25].

3.1.3. Izod impact strength

Izod impact tests were conducted using an impact pendulum
(Yonekura seisaku-sho, Co., Ltd., A1040). Specimens were prepared
with 14 layers of plain weave carbon fabric and had length 80 mm
and width 10 mm. Unmodified matrix and 0.1%, 0.3% micro glass
fibres modified thermoplastic epoxy were considered, with the
Mw listed in Table 2 (for 0.1%, only the two higher Mws). The Izod
impact test was according to the standard [26]. The impact was for
ten unnotched specimens of each material.

3.2. Impact tests

Drop weight impact test was according to [27], with a hemi-
spherical striker tip of 20 mm diameter. The adopted impact device

was CEAST FractoVis 6789. For the sake of comparison, an impact
energy of 30] was selected, setting the impactor mass of
6.153 kg and impactor drop height of 0.497 m. The specimen
(100 x 60 mm?) was clamped by a system with an inner hole
diameter of 40 mm, and impacted at the centre. The recorded
impactor velocity at the initial contact was 3.122 m/s (low-
velocity impact event [3]). The rebound catcher system was
enabled to stop the impactor during its second descent. At least
three specimens for each material were used for impact test.

3.3. Compression tests

Compression strength, before and after impact, was measured
according to [28], by a Shimadzu universal material testing
machine (load cell 50 kN), cross head speed of 1 mm/min.

Three specimens for each material, Mw, and micro glass fibres
content were used for compression after impact, while two speci-
mens for compression strength before impact due to the reduced
quantity of available materials.

3.4. Devices for damage assessment

To assess the damage imparted during impact, the morphology
of the impacted surface was detected by a shape measurement
laser microscope KEYENCE VK-X210. Measurements were adopted
to get the dent depth.

Moreover, an infrared thermo camera TESTO 890 (accuracy
0.01 °C) was used to monitor the evolution of the temperature on
the specimen impacted surface opposite to the heating source.
The distance between the camera’s lens and the specimen surface
was approximately 1 m. The heating source was applied for 5s
using an infrared lamp (electric power of 2.5 kW) positioned at
about 20 cm from the specimen. Images of the impacted surface
(resolution 640 x 480 pixels) were continuously recorded for
12 s, with a frequency of 20 Hz, from the beginning of the heating.
They provided the heterogeneous diffusion (conduction) of the
thermal front into the material as results of the impact damage.
The specimen was set in a 4 cm thick frame of expanded polystyr-
ene during heating and temperature recording, to limit as much as
possible the boundary effects.

The internal damage after impact was also visualized by X-ray
W-CT using a SkyScan 1172 system, with images of 1000 x 1000
pixels and pixel size of 26.8 pum.

4. Results of the preliminary tests

Preliminary measurements were dedicated to the mode II inter-
lamina fracture toughness and Izod impact to get a first insight on
the effect of Mw and of modification of the thermoplastic matrix
by micro glass fibres. The tests selection was motivated being
mode II delamination one of the main damage mode during
impact, and to get the range of impact strength by easy to perform
unmonitored Izod impact.

4.1. Mode II inter-lamina fracture toughness

The effect at the layers interface of the Mw and 0.3% micro glass
fibre content was estimated measuring the mode II inter-lamina
fracture toughness of the laminate. The unmodified thermoplastic
epoxy composite showed, as reported in [12], almost linear
increase of the mode II inter-lamina fracture toughness with the
Mw (Fig. 1), which is consequence of the better adhesion of the car-
bon fibre and highly polymerized thermoplastic epoxy matrix [12].
The unmodified thermoset reinforced composite had fracture
toughness comparable to the thermoplastic one of 60k Mw, almost
half than the value for the higher considered Mw of 108k.
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Fig. 1. Mode II inter-lamina fracture toughness of unmodified (TP) and modified
0.3% micro glass fibres (TP-0.3%) thermoplastic composite, and unmodified ther-
moset epoxy composite (TS). ‘k’ means thousand and error bars indicate standard
deviation.

The modification of the thermoplastic resin with the micro glass
fibres generated an improvement of the fracture toughness (Fig. 1)
with a considerable increase for Mw in the transition range of
about 60k [12]. This could be motivated by the presence of the
micro glass fibres, which develops toughening mechanisms such
as crack bridging and/or crack-pinning [20].

4.2. Izod impact strength

The enhancement of the Izod impact strength increasing the
Mw of the thermoplastic epoxy is shown in Fig. 2, both for unmod-
ified and modified resin system. For the sake of comparison, as
reported in [24], the impact strength of the unmodified thermoset
resin composite had an average value of 108 kj/m?. The micro glass
fibre in the thermoplastic epoxy got an increment of the impact
strength in the range 10-20%. Increasing the micro glass fibre con-
tent from 0.1% to 0.3% did not get a variation of the impact strength
(Fig. 2).

Side view of the failure modes of the impacted specimens are
shown in Fig. 3. Diffuse through the thickness delamination and
long cracks in the specimen length direction are visible for the
lower Mw of the unmodified thermoplastic composite (TP-41k).
Increasing the Mw and the content of micro glass fibres, the failure
was characterized by few and short delamination (Fig. 3, higher
Mw). The reduced delamination of TP higher Mw composite (TP-
68k), comparing to lower Mw (TP-41k) and TS counterpart, was
clearly visible by SEM observations (Fig. 4). It is clearly connected
to the enhancement of the mode Il inter-lamina fracture toughness
highlighted in Fig. 1. As mentioned in [12], the deformation of the
TP resin system with high Mw improved the ‘ductility’ of the
matrix allowing for a better redistribution of the stress field ahead
of the crack tip and an improvement of the fracture toughness. The
latter is enhanced with the micro glass fibres, which offered bridg-
ing action, delaying crack propagation.

5. Results and comparison of impact

Impact tests were conducted assuming an impact energy of 30 J.
It did not lead to perforation, for all considered materials, but

200
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Fig. 2. Izod impact strength of unmodified (TP) and modified 0.1%, 0.3% micro glass
fibres (TP-0.1%, TP-0.3%) thermoplastic composite. ‘K’ means thousand and error
bars indicate standard deviation.

allowed initiation and development of different damage modes
and the measurement of the residual compression strength. The
effect of the thermoplastic epoxy Mw and micro glass fibres con-
tent, as well as the epoxy resin system (thermoplastic and ther-
moset), on the impact performance was assessed considering
different measurements during the impact test (e.g. force, energy
and deflection, namely displacement of the spherical impactor).
The damage imparted was compared by the morphology of the
impacted surface and by the heterogeneous distribution of the
heating propagation. To quantitatively compare the extension of
the damage surface, a preliminary estimation method is detailed
assuming the temperature recordings. Moreover, internal damage
was visualized by X-ray p-CT.

5.1. Impact performance

The force and energy evolution during impact of unmodified
thermoplastic and thermoset epoxy reinforced composites shows
considerable differences (see Fig. 5a). The TP composites of both
Mw had different shapes of the force versus time curve since the
first discontinuity of the slope (F;). The TS and the TP of lower
Mw (41k) had almost similar damage initiation (matrix crack)
force level (F;), with drop of the force for the former, probably
due to larger number of cracks, and a variation of slope with
increasing force for the latter, meaning a more gradual initiation
and development of the damage in the matrix. Comparing TS to
the unmodified TP of higher Mw (68Kk), the latter had variation of
slope (initiation of matrix crack) for considerably higher load level.

The shift in time of the maximum energy of the TS compared to
TP composites (Fig. 5a) could represent a different evolution and a
wider extension of the damage.

The post peak of TS had several drops of the force, indicating
more severe damage events occurred (several unstable delamina-
tions), while TP-41k had a gradual descending branch with smaller
drops of the force, with probably less extended cracks and delam-
ination. On the contrary, the TP-68k had a post peak gradually and
continuously descending, which could reflect a more ‘ductile’ and
damage tolerant behaviour of the TP high Mw matrix (Fig. 5a).

The recording of the force vs. deflection (Fig. 5b) revealed a sim-
ilar maximum deflection of the two TP composites, which was
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Fig. 3. Izod impact strength: side view of failure mode.

Fig. 4. 1zod impact strength: SEM observation of the fracture surface.
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Fig. 5. Impact: representative comparison of unmodified TP and TS composites: (a) force and energy vs. time; (b) force vs. deflection.

smaller than the one experienced in the TS. It had a higher deflec-

tion as consequence of the more diffuse damage in the material.
The modification of the TP epoxy with 0.1% content of micro

glass fibres did not have a considerable effect on the impact

response (Fig. 6). The lower Mw (32k) had quite similar response
to the TS, in term of matrix damage initiation and post peak drops
of the force. The main variations are due to the increase of the Mw
(48k and 88k), which changed the damage initiation force level, the
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Fig. 6. Impact: representative comparison of 0.1% micro glass fibres modified TP composites: (a) force and energy vs. time; (b) force vs. deflection.

maximum force, and the descending branch with increasing ‘duc-
tile’ behaviour for the Mw of 88k. Similar observations are for
the maximum deflection, which decrease increasing the Mw. It
predicts a less impact damage tolerance for low Mw TP composites
modified with the 0.1% micro glass fibres.

Increasing the content of micro glass fibres up to 0.3% (Fig. 7)
lead to almost similar impact response for medium and high
Mw. The micro fibres had a positive effect on the lower Mw com-
posite (29Kk), getting similar, to the higher Mw, damage initiation
force and damage evolution phase, post peak branch of force vs.
time, while it had slightly higher absorbed energy resulting in dif-
ferent damage level (see X-ray p-CT).

The effect of micro glass fibres content on low and high Mw is
summarized in Figs. 8 and 9, respectively. As for low Mw (Fig. 8),
the matrix modification slightly increased the matrix damage ini-
tiation. The 0.1% content worsened the post peak with abrupt
reductions of load, comparing to the unmodified material (TP-
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Deflection [mm)]

(b)

32k-0.1, Fig.8a), and higher maximum deflection (Fig. 8b). The
0.3% content compensated the lower fracture toughness of the
low TP Mw composite, leading to a similar impact behaviour com-
pared to the unmodified material, both in term of post peak and
deflection (Fig. 8), although the latter had a higher absorbed energy
and probably a more extended damage pattern.

The 0.1% content of micro glass fibres in the higher Mw TP com-
posite (TP-88k-0.1, Fig. 9) deteriorated the impact behaviour with
a lower maximum force, a higher deflection and irregular drops of
the load in the post peak, indications of less ‘ductility’ and less
damage tolerance compared to the unmodified material. The 0.3%
content slightly modify the macroscopic impact behaviour of the
TP composite (TP-74k-0.3, Fig. 9), having similar evolution of force,
energy and deflection.

An overview of the effect of matrix (TP and TS) with the same
0.3% content of micro glass fibres is detailed in Fig. 10. It is clear
the enhanced impact performance of the TP reinforced carbon

12000
] —— TP-29k-03
i —— TP-48k-0.3
9000 TP-74k-0.3
PN o)
3 6000
g i
LL< —
3000 /
ol s
v [ T T T T 1T
0 2 4 6 8
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(b)

Fig. 7. Impact: representative comparison of 0.3% micro glass fibres modified TP composites: (a) force and energy vs. time; (b) force vs. deflection.
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Fig. 8. Impact: representative comparison of lower Mw unmodified, and 0.1%, 0.3% micro glass fibres modified TP composites: (a) force and energy vs. time; (b) force vs.

deflection.
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Fig. 9. Impact: representative comparison of higher Mw unmodified, and 0.1%, 0.3% micro glass fibres modified TP composites: (a) force and energy vs. time; (b) force vs.

deflection.

composite for both Mw. TP composites had higher load for matrix
damage initiation, smooth and more ‘ductile’ post peak, mainly for
the higher Mw (TP-74k-0.3), with lower absorbed energy and
smaller maximum deflection (Fig. 10b).

Considering the complete set of recorded diagrams, an overview
and comparison of the impact performance of the considered com-
posites is detailed assuming the main parameters (Fig. 11),
namely: force at first slope variation (damage initiation) (F;) and
maximum peak force (Fpax); elastic energy (Eejastic) and absorbed
energy (Eaipsorbed); Maximum deflection. The load level F; had
almost same value for both unmodified TS and TP composites irre-
spective of the Mw, meaning similar damage initiation load level.
The micro glass fibres modification did not change the latter level
for the TS composite, while F; increased increasing the Mw for the
modified TP composites. As observed above, the 0.1% content did

not improve the low Mw matrix properties, showing the lower
level for damage initiation (TP-32k-0.1, Fig. 11a). A higher Mw
and/or 0.3% of micro glass fibres allowed an enhanced tolerance
of the damage initiation, with load levels higher than the unrein-
forced materials counterpart. As for the maximum force of the TS
composites, it was not modified by the micro glass fibres. Differ-
ently, the F.x of the TP composites decreased with increasing
the Mw for both unmodified and micro glass fibres modified mate-
rials. It had a reduction of 11% from 48k to 68k for the unmodified
TP, of 24% from 32k to 88k for 0.1% modified TP, and of 7% from 29k
to 74k for 0.3% modified TP. This reduction had generally as conse-
quence a modification of the post peak behaviour with more ‘duc-
tile’ behaviour of the higher Mw TP composites (see e.g. Figs. 5-7).

The micro glass fibres modification of the TS matrix created a
slight increase of the absorbed energy of the composites, meaning
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Fig. 10. Impact: representative comparison of 0.3% micro glass fibres modified TP and TS composites: (a) force and energy vs. time; (b) force vs. deflection.

more energy dedicated to the damage development (Fig. 11b).
Except the 0.1% content of micro glass fibres, the TP composites
had level of absorbed energy lower than the TS counterparts.
Moreover, a reduced absorbed energy was for the higher Mw.
The latter had higher level of elastic energy as consequence of
the relative lower energy dedicated to the damage propagation
(Fig. 11b). It still highlighted the better impact damage tolerance
of the high Mw TP composites, unmodified and 0.3% modified
matrices.

The maximum deflection (Fig.11c) under the low velocity
impact provided similar information, as it is connected to the
absorbed energy, and as consequence to the imparted damage.
The deflection is generally lower for the unmodified and 0.3% mod-
ified TP composites than the TS materials (Fig.11c). It was
expected having lower level of absorbed energy. It was not for
the 0.1% modified TP composites, for which, as stated above, the
content of micro glass fibres did not help to improve the fracture
toughness of the TP matrix, mainly for low Mw.

5.2. After impact laser surface morphology

The laser measurement of the impacted surface provided an ini-
tial insight of the imparted damage. The density and distribution of
the cracks showed a larger damage area with wider cracks for the
TS composites both for unmodified and modified resin (see
Fig. 12d,e). The TP composites had different morphology according
to the Mw and micro fibres contents. Fig. 12 details only the higher
Mw materials having the better impact performance. On one hand,
the higher Mw TP composite with 0.1% content of micro glass
fibres had wider and longer cracks (TP-88k-0.1, Fig. 12b) as TS
counterpart. It is connected to the higher level of absorbed energy
and deflection (Fig. 11). On the other hand, the unmodified and
0.3% modified higher Mw TP composites had relatively lower den-
sity of damage (Fig. 12a and c). Moreover, the 0.3% modified TP
composite showed also the shortest cracks length (see TP-74k-
0.3, Fig.12c), which highlights the better impact tolerance, as
reflected by the residual maximum deflection (dent depth,
Fig. 13). The dent depth could be a predictive mark of the residual
mechanical features of the composite. All 0.1% modified compos-
ites had the highest dent depth, as expected from the morphology
in Fig. 12b. The resin modification did not reduce the residual

deformation of the TS composite (increased of 20%), while a reduc-
tion was recorded for the TP counterpart increasing the Mw (re-
duction of 13% from 48k to 74k Mw). The main advantage of the
0.3% modification of the TP resin was observed for the Mw > 48Kk.
The latter had 34% smaller dent depth than the lower Mw (29k),
and generally the lowest of the considered composites (Fig. 13),
which still confirm the better damage tolerance with reduced
residual deformation of the TP composite modified with 0.3% of
micro glass fibres.

5.3. After impact thermography

Infrared thermography was adopted to assess the correlation of
the damage imparted and the temperature evolution of the
impacted surface. To eliminate the influence of environment inter-
ference and sensitivity of apparatus on thermal measurements
([29]), the temperature distribution at time 0.1 sec from the begin-
ning of heating (supposed for 5 sec) was subtracted to that of each
image at any recording time. It gives the variation of temperature
(AT) with respect to the beginning of heating. The here detailed
and compared variation of temperature maps of the impacted sur-
face are supposed after 10 sec since the beginning of the heating,
namely 5 sec after the heating ending.

Although the specimen was set in a 4cm thick frame of
expanded polystyrene, the heating diffusion at the boundary cre-
ated an inhomogeneous distribution with a reduction of AT at
the boundary of about 0.5 °C compared to the centre part of the
specimen, as visible for a material before impact in Fig. 14a.

The heat flux had a heterogeneous propagation due to the dif-
ference of thermal conductivity between the undamaged and dam-
age material (Fig. 14b). The discontinuities created by the imparted
cracks in the damaged area slow the heat flux, while it is faster in
the undamaged material. As consequence, the damaged area
showed a lower temperature compared to the undamaged portion
(Fig. 14b).

Thermographs of all TS composites clearly distinguish the dam-
age and undamaged portion of the specimens, showing the
expected damaged circular area as imparted by the spherical
impactor (Fig. 15¢ and d). Similar was recorded for the low Mw
TP composites (see e.g. Fig. 14b for TP-32k-0.1). The different dam-
age mode of the high Mw TP composites resulted in a completely
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Fig. 11. Impact: comparison of: (a) force at first change of force-displacement initial slope (F;), and maximum force (Fnax); (b) elastic and absorbed energy; (c) maximum

deflection. Average and standard deviation (error bars) of three tests.

different temperature distribution, as compared to TS and low Mw
TP composites. The lower density and size of cracks (see Fig. 12a
and ¢, X-Ray pu-CT) in the materials with high Mw TP did not gen-
erate a considerable variation of the through the thickness thermal
conductivity of the damage portion, leading to an almost uniform
distribution of the AT on the impacted surface (Fig. 15a and b),
considering the mentioned boundary effect. The ‘plastic’ deforma-
tion of the high Mw TP epoxy, observed in [12], reduced thought
the thickness and in-plane cracks propagation. This effect was
enhanced with the 0.3% content of micro glass fibres with a further
crack bridging effect. Therefore, the different damage mode of the
high Mw TP composites (see X-ray p-CT), mainly thought the
thickness, did not allow a distinction of the damage and undam-
aged material by the thermograph recording. It confirms the better
damage tolerance of the high Mw TP composites, compared to the
TS counterpart, resulting in a reduction of the cracks propagation,

which did not lead to a considerable variation of the through the
thickness macro thermal conductivity.

5.4. Preliminary size estimation of damaged area

The thermography of impacted specimens was adopted to have
a preliminary quantitative estimation of the extension of the dam-
age surface after impact. The estimation is based on the distribu-
tion of the temperature AT(x,y) (see e.g. Fig. 16a) connected to
the damage and undamaged material, as consequence of the sup-
posed variation of the thermal conductivity of the damage zone.
The technique to distinguish the latter was adapted from the one
detailed in [30]. It is based on the definition of a threshold temper-
ature ATs leading to a good binary representation of the heated
area (580 x 350 pixels, picture portion outside the specimen was
removed). All pixel temperatures below this threshold belong to
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Fig. 12. After impact laser profilometer. Impacted surface profile: higher Mw (a) TP unmodified, (b) TP 0.1% and (c) TP 0.3% modified composites; (d) TS unmodified and (e) TS

0.3% modified composites.

the damaged area, whereas all values above the threshold belong
to the undamaged area of the specimen. This leads to the binariza-
tion by the definition of the matrix of the damage M, (x,y), as:

1if AT(x,y) < ATs damaded

1
0 if AT(x,y) > ATs undamaded @

M,(x) = {

The estimation of the threshold temperature starts with the his-
togram of actual temperature values of the considered thermo-
gram (Fig. 16b). The temperatures of the pixels were distributed
into classes of 0.1 °C, over the whole temperature range of the ther-
mogram. The histogram displays the temperature with maximum
frequency AT ,ax-freq and its frequency hy,qx. The width at half of this
peak (h;qx/2) is considered to determine the left temperature bor-
der as the threshold temperature (adapted from [30]):

ATs = AT (h'““> )
2 left

Finally, the visualization of the matrix of the damage (Eq. (1))
clearly distinguish the damaged area (Fig. 16¢c), which well corre-
sponds to the temperature variation of the impacted area.

The size of the damaged area Ap could be easily calculated by
counting the number of pixels with a value of 1:

Ao = 3 M,(x.9) 3)

Boundary effects could lead to lower temperature close to the
specimen border (see top right of Fig. 16¢). This could be erro-
neously considered as damage by the above procedure. To exclude
those undamaged regions, the calculation of damage area is
restricted to a subdomain (see yellow rectangle in Fig. 16c).

The above procedure is not suitable when the imparted damage
does not create a variation of the through the thickness thermal
conductivity, resulting in an almost uniform distribution of the
temperature over the specimen surface, as was recorded for the
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7 higher Mw of the TP composites (see e.g. Fig. 15a and b). It leads to
TP . TP-0.1 . TP-0.3 Z TS a narrow distribution in the histogram of the pixels’ temperatures
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Fig. 13. After impact laser profilometer: dent depth. Average of two measurements.

and a small number of them below the threshold temperature,
which generally are in an undamaged region close to the specimen
border, see e.g. estimation in Fig. 17 for the specimen TP-74k-0.3 of
Fig. 15b.

This procedure provided the estimation of the damaged area
detailed in Fig. 18, only for the thermograms of the impacted spec-
imens with a heterogeneous distribution of the surface tempera-
ture, due to the damage pattern. The ratio of damage area Ap/Aror
(being At the total surface of the specimen) did not have consid-
erable variation for the TS composites, although the micro glass
fibres modifications. It was in the range 10-12%. The unmodified
low Mw (41k) TP composites had a similar extension of the dam-
aged area, approximately 13%, which considerable decreased, of
about 38%, for similar Mw (48k) and 0.1 content of micro glass
fibres. While, TP with the lower Mw (29k) and 0.3% of glass fibres
had a ratio of damaged area of about 6.5% with a reduction with
respect to the unmodified counterpart TP composite of about
50%. This still highlights the contribution of the micro glass fibres
in improving the impact damage tolerance of low Mw TP compos-
ites, with compensation of their low fracture toughness (Fig. 1).

However, it must be underlined that it is a preliminary proce-
dure which needs improvements and mainly a more physical crite-
rion to select the threshold temperature (Eq. (2)), for a general
applicability. It is topic of ongoing study.

5.5. After impact X-ray u-CT observations

A portion of 80 x 20 mm?, centred on the impacted area, was
taken from some specimens (namely: TP-29k-0.3, TP-48k-0.1, TP-
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Fig. 14. Representative pre (a) and after (b) impact thermograms (TP-32k-0.1): (left) AT distribution on the impacted surface; (right) AT along lines X and Y.
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Fig. 17. Preliminary estimation of the damaged area for specimen TP-74k-0.3 (Fig. 15b). (a) Histogram of the frequency of pixels’ AT and setting of the threshold ATs; (b) map

of the damaged area matrix Mp. No damage detected.

48k-0.3, and TS, TS-0.3), by a diamond saw blade, and then placed
in the X-ray p-CT device. A volume, including the impacted area of
size 20 mm x 20 mm x thickness, was scanned (see Fig. 19), get-
ting images of size 1000 x 1000 pixels and resolution of 26.8 pm/
pixel.

The above mentioned mechanical and thermal observations had
a counterpart in the damage imparted as observed by the X-ray -
CT. Typical impact damage mechanisms were observed in the con-
sidered composites (Figs. 20-24), namely [3,4]: matrix cracking,
fibre-matrix debonding and interlaminar delamination, transverse

bending cracks by tensile flexural stresses, fibre failure under ten-
sion and fibre buckling failure under compression. The TS (Fig. 20)
composite highlighted a wide distribution of delamination and of
transverse cracks passing through the thickness from top to bot-
tom. It had also extensive fibre failure in the tensile region, cover-
ing more than half thickness, and compressive fibre failure in the
remaining portion of the thickness. The 0.3% content of micro glass
fibres in TS composite (Fig. 21) allowed a reduction of delamina-
tion, transverse cracks and fibre failure in the compressive region,
while similar to TS damage distribution in the tensile portion. As
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Fig. 18. Preliminary estimation of the damaged area: ratio of damaged area (Ap/
Aror). Average and standard deviation (error bar) of three specimens (two for TS).

for the TS composite, the impact of TS-0.3 generated transverse
cracks covering the complete thickness (Fig. 21). The damage pat-
tern observed in the TP of low Mw was very similar to the TS coun-
terpart. In particular, as for the impact properties, the TP-29k with
0.3% of micro glass fibres (Fig. 22) had similar to TS-0.3 distribution
of delamination and of fibre failure by tensile and compressive
stresses, leading to transverse cracks covering the complete thick-
ness. It shows that the impact damage distribution of the low Mw
TP composite, with a reduced fracture toughness, can be improved
for some extents by the micro glass fibres, as for the TS composite.

The effect of increasing the Mw with the minimum considered
content of micro glass fibre is visible on the damage pattern of
composite TP-48k-0.1 (Fig. 23). The coupling of higher Mw and
micro fibres reduced the extension of interlaminar delamination
and the fibres failure in the compressive zone, comparing to TS
and low Mw TP. Although, the failure of fibres in the centre of
the impacted area visible over the complete thickness.

inspection

20 mm

60 mm p >

Increasing the content of micro glass fibres (0.3%) improves the
‘ductile’ behaviour of the high Mw TP composite, as detailed above.
The composite with 48k Mw TP (Fig. 24) had fewer transverse
cracks and interlaminar delamination, as consequence of the better
deformability and stress distribution of the matrix. This effect was
enhanced by the content of micro fibres, which delayed the cracks
propagation, leading to an improve damage tolerance at the lami-
nae level and as consequence to fewer broken fibres and shorter
transverse crack paths through the thickness (Fig. 24). The latter
justifies the different thermal response of the high Mw TP compos-
ite, observed in Section 5.3, with an almost uniform through the
thickness heat transfer leading to a more uniform distribution of
temperature in the material, which did not allow to thermally dis-
tinguish the damage and undamaged portion of the impacted
surface.

6. Residual compression strength

The effect of the impact on the mechanical properties of the
composites was estimated by comparing the compression strength
before and after impact. For some composites, a reduced number of
specimens did not allow the compression before impact (see ‘n.a.’
in Fig. 25). Nevertheless, the obtained results are still of interest
and show clear understanding and trend with the available
measurements.

The compression strength of TP composites generally increases
with the Mw, both before and after impact (Fig. 25).

On the contrary, comparing to the unmodified TS composite, the
reduction of strength was of about 50%, insensitive to the modifi-
cation with micro glass fibres. It is linked to the wide distribution
of delamination and of transverse cracks, which was similar with
the 0.3% content of micro glass fibres, as highlighted by X-ray p-
CT in the tensile portion (Fig. 21).

Comparing the TP composites with similar medium Mw (41k
and 48k), the reduction of strength was 28% for the unmodified
matrix, 37% for the 0.1% and 8% for the 0.3% content of micro glass
fibres, respectively. The comparison highlights the considerable
contribution of the micro glass fibres, mainly with the contents
of 0.3%, for the Mw below the transition level (50k-60k, [12]),
which reduce the extension of the damage area (see e.g. TP-48k-
0.1 in Fig. 18, and Fig. 23) and enhance the after impact compres-
sion strength.

For the TP composites of higher Mw, the reduction of strength
was 7% for the unmodified matrix (68k), 29% for the 0.1% (88k)
and 9% for matrix (74k) with 0.3% content of micro glass fibres. It
still indicated the better performance of the TP epoxy composites
when coupling higher Mw and micro glass fibres. It reduced the
extension of interlaminar delamination and the fibres failure, as

20 mm

Fig. 19. Portion of the specimen, centred on the impact area, for X-ray p-CT observations.
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Fig. 21. X-ray p-CT of a specimen TS-0.3.

observed by X-ray p-CT (Fig. 24), leading to the higher retention of
compression strength.

As for the lower Mw, the low fracture toughness of the compos-
ites (Fig. 1) was not enhanced with 0.1% of micro glass fibres (see
TP-32k-0.1), leading to the widest damaged area (Fig. 18) and the
lowest after impact compression strength (Fig. 25). While increas-
ing the glass fibres content up to 0.3% showed an improved impact
damage tolerance of the lower Mw TP composite (see TP-29k-0.3),
which had a smaller damaged area and a decrease of the compres-
sion strength after impact of 37% comparing to the before impact
counterpart.

A general overview of the compression strength after impact
highlights: the best after impact performance of the TP epoxy com-
posites, mainly with the medium and high Mw, compared to the TS
counterpart; the effectiveness of the micro glass fibres of content
0.3% in improving the retention of mechanical properties of the

low Mw TP composites; the ineffectiveness of the micro glass fibre
in the TS epoxy matrix.

7. Conclusions

The experimental study addressed the understanding on the
effect of the highly polymerized thermoplastic epoxy matrix and
of its hybridization with submicron diameter glass fibres on the
impact performance of carbon fibre textile reinforced composite.
A thermoset epoxy system was also considered for the sake of
comparison. The main outcomes of the investigation can be sum-
marized according to the measurement during impact, the after-
impact damage observations and the retention of compressive
strength.

Overall, the better impact performance was demonstrated for
the high Mw TP composites, unmodified and 0.3% modified matri-
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Fig. 23. X-ray p-CT of a specimen TP-48k-0.1.

ces, which had smooth and more ‘ductile’ post peak impact force
behaviour and the lower level of absorbed energy than the TS
counterparts. It was connected to the relative lower energy dedi-
cated to the damage propagation. The damage distribution was
observed on the impacted surface by the laser morphology and
the infrared thermography, as well as inside the material by the
X-ray pU-CT. All observations and measurements confirmed the bet-
ter damage performance of the high Mw TP composites, mainly
when combined with 0.3% of micro glass fibres. They had reduced
residual deformation (dent depth), and an almost uniform distribu-
tion of the surface temperature, completely different than the one
of TS and low Mw TP composites. Those external measurements
had a strong support and explanations observing the damage
inside the composites. The micro glass fibres (0.3%) in the high

Mw TP was responsible of the lower crack density and interlaminar
delamination, leading to an improved damage tolerance with a
reduced number of broken fibres and shorter transverse crack
paths thought the thickness.

As for the retention of compressive strength, the TP epoxy com-
posites had the best after impact performance, mainly with the
medium and high Mw, compared to the TS counterpart. The micro
glass fibres of content 0.3% were ineffective in the TS epoxy matrix,
while considerably enhanced the after-impact reduction of com-
pressive strength of the low Mw TP composites.

Finally, the investigation pointed out the ability of the high Mw
thermoplastic epoxy matrix and of the proper content (0.3%) of
submicron diameter glass fibres to enhance the impact resistance
of the carbon reinforced composites, which, coupled with the
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Fig. 24. X-ray p-CT of a specimen TP-48k-0.3.
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Fig. 25. Compression strength, before and after impact, average and standard
deviation (error bar) of two (before impact) and three (after impact) specimens.

improvement of other mechanical properties ([12]), highlighted
the applicability of the highly polymerized thermoplastic epoxy
for composite materials in several industrial applications.
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