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With interfacially engineered pseudo-ductile carbon fibre reinforced polymer composites, a higher energy absorption capacity and metal-like stress-strain response can be achieved during failure. Due to incorporated interlayer additives deposited with fused filament fabrication, locally weakened zones can be printed on the surface of
the reinforcing material, which provides better energy absorption capability during the composite laminates’
damage process by the alteration of crack propagation. The reason for this phenomenon is that cracks near the
inter-layered zones require more energy to propagate, which delays the onset of final failure in the form of local
damage. The modified layers are then infiltrated with an amine-cured epoxy by vacuum assisted infusion. The
change in pseudo-ductile behaviour as a function of the interfacial additive content was investigated, along with
the change in mechanical properties.
The stress-strain relationship was determined by various tests, quasi-static and dynamic, from unmodified
composites (0% interlayer used) up to 100% interlayer content (i.e. polymer film) between the matrix and the
reinforcement. We have investigated a method to repair the specimens after the bending tests via melting the
thermoplastic interlayer. The results show that with the use of interlayer material, the critical stress intensity
factor increased, and ductile behaviour improved thanks to the altered crack propagation.

1. Introduction
Composite materials are used in many new applications due to their
favourable mechanical properties, but their spread is still limited.
Although these materials have excellent strength and stiffness, their
ductility is limited [1–3]. Lack of ductility is an especially serious
problem with carbon fibre reinforced composites with a thermoset
matrix.
The ductile behaviour of classical metals does not exist in these
composite systems. In carbon fibre reinforced composites, no plastic
deformation occurs, which would absorb significant energy during
failure. In the classical case, after reaching a critical load, the composite
system shows failure without further deformation with a high energy
release rate [4–6] and catastrophic fracture. This linear characteristic
and the associated brittleness is what drastically diminishes the reliability and further spread of these systems presently. However,
plastic-like deformation can be achieved by modifying the composite
phases in different ways, as a result of which the stress-strain

relationship can be divided into parts—a linear elastic region, followed
by a plastic-like response. This phenomenon is called pseudo-ductility,
since the nonlinear relationship appears not as a result of plastic
deformation but of other phenomena [7–9]. Due to this nonlinear relationship, composites can absorb more energy during failure, with less
energy being released at the final failure.
Modifying the connection between the reinforcing layers provides a
possible solution for the problem. In non-three-dimensional reinforcement, interlaminar toughness and shear strength play a key role in ultimate failure. Even at low-velocity impacts or low load levels, layer
delaminations with matrix microcracks can appear, significantly
reducing the structure’s load capacity. Composites modified by interlayer techniques exhibit more ductile behaviour, providing greater
deformation and energy absorption. A wide range of materials can be
used for the inner layer, from a thin polymer layer to other types of
reinforcements (glass, aramid), thus forming hybrid systems and even
nano-reinforcement is an option to modify interlayer properties.
Arai et al. [10] used carbon nanofabric as an interlayer between
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unidirectional (UD) carbon fabrics. In mode I and mode II fracture tests,
they found that fracture toughness increased compared to the neat
carbon fabric samples. In the first mode tests, they showed that fracture
toughness depends on the surface density of the carbon nanao-fibre
(CNF) layer. Wang et al. [11] used poly-(ethylene co-methyl acrylate)
(EMA) as the thin inner layer. Due to the EMA layers located between
the carbon fibre (CF) layers, the energy release rate (G1c) increased
significantly with decreasing shear strength in Double-Cantilever Beam
(DCB) tests. Mouritz et al. [12] also used a thermoplastic interlayer
additive to test repairability with the use of an interlayer material. They
found that the material bonded the damaged surfaces when the
delaminated surfaces were pressed together, with the appropriate
pressure and at the right temperature above the melting point of the
thermoplastic additive. Zhang et al. [13] investigated the possibility of
an interlayer technique with printed polymethyl methacrylate (PMMA).
On glass fibre-reinforced prepregs, PMMA was applied in various patterns by inkjet printing, which functioned as a microphase. In terms of
mechanism, the ductile behaviour can be attributed to the
crack-stopping of PMMA particles, which are able to deform during the
propagation of cracks, thus absorbing additional energy from the composite. Kostopoulos et al. [14] investigated the improvement provided
by supramolecular polymers on composite materials with Mode II failure
tests. The supramolecular polymer was placed between the carbon fibre
epoxy prepreg layers in a film about 120 μm thick and 20 mm wide. The
maximum load (Pmax) doubled for the hybrid composite, and GIIc
showed a similar increase. X. Hu et al. [15] placed ultra-thin 13 μm thick
short-fibre aramid layers between the carbon layers. The aramid layers
caused an increase in flexural strength. However, gradual failure did not
occur in their studies; the specimens suffered brittle failure after
maximum load. B. Liu et al. [16] used multi-walled carbon nanotubes
and multilayer graphene to improve interlaminar shear strength. The
observed behaviour of the composite was presumably due to more stable
crack propagation. With these interlayer techniques, interlaminar fracture toughness can be enhanced, but thermoplastic interlayers show
better results compared to thermoset and fibrous interlayer materials,
due their higher energy absorption capacity.
Mullin et al. [17,18] investigated coated boron fibres. They created
regions along the length of the fibres, which had varying quality of
interfacial adhesion. Higher and lower interfacial shear strength zones
appeared. Due to the different zones, crack propagation changes, since
in the zones with weaker adhesion, the crack does not spread to the fibres but results in local damage. Such special coating has also been used
by Atkins et al. [19–21], who investigated randomly placed coating
zones. Their coating also formed two separate zones along the length of
the fibres. Using a similar technology like the coating technology, they
achieved a 400% improvement in fracture toughness with a tensile
strength loss of less than 10%. They used a boron fibre reinforced
polymer (BFRP) composite with 80% polyurethane varnish (PUV)
coated boron fibre; they did the same with vacuum-sealing silicone
grease (SVG), but in this case, no such significant improvement was
found.
With interlayer technologies, interlaminar fracture toughness can be
increased in most cases. Also, these technologies increased the energy
absorption capacity during failure. However, global ductile behaviour, a
metal-like stress–strain response with gradual failure did not appear in
all cases, i.e. failure remained brittle. The absorbed energy increased
due to the increased interlaminar fracture toughness. An intermediate
solution could be when connection was not changed between the layers
but between fibres and matrix within a layer. The surface treatment
technologies necessary to achieve this effect are complicated, and
various chemicals used in the process are considered harmful to the
environment.
Our research examines the effect of the beneficial synergic effects of
the two technologies (interlayer and surface treatment). For this, an
interlayer technique was used, with a simultaneously alternated interfacial shear strength along the length of the fibres. This method is based

on fused filament fabrication (FFF) printing, where a thermoplastic
material was printed on the surface of the fabrics, which is able to
change the connection between the fibres and the matrix [22], as well as
the interlayer properties. In the present research, the effect of the concentration of this interlayer material was investigated on the mechanical
properties of the composites.
2. Materials
IPOX ER 1010 (IPOX Chemicals Kft., Budapest, Hungary) DGEBAbased epoxy resin (EP) with IPOX MH 3111 curing agent was used.
According to the producer’s recommendation, we used a mixing weight
ratio of 100:75. The EP was cured at 90 ◦ C. Fibre reinforcement was
PX35FBUD0300 (Zoltek Zrt., Nyergesújfalu, Hungary) stitch-bonded
unidirectional carbon fabric (309 g/m2 surface weight), consisting of
Panex35 50k roving. For the interlayer, which was printed on the surface of the unidirectional carbon weave, we used eMorph175N05
(Shenzhen Esun Industrial Co. Ltd., Shenzhen, China) poly (ϵ-caprolactone) (PCL) filament. We chose PCL because it is soluble in the matrix,
thus it does not create a new phase [23,24]. Filament diameter was 1.75
mm (melting temperature, Tm = 60 ◦ C, print temperature: 180 ◦ C).
3. Manufacturing of the composite laminates
The interfacial grid patterns as an interlayer were manufactured by
fused filament fabrication (FFF), PCL was used as a surface modifier to
create a weakened bond between the epoxy matrix and the reinforcement [22]. The basic geometry of the applied pattern is shown in Fig. 1
with the dimensions in Table 1. Surface filling (SF) content shows the
amount of PCL used as an interlayer. SF is calculated with Eq. (1),
SF =

APCL
⋅100 [%]
A

(1)

where APCL is the area covered by the interlayer modifier PCL in mm2,
and A is the area covered (80 × 90 mm). A 100% SF means that the 80
mm × 90 mm area was completely covered with the PCL additive. This
grid was chosen based on our previous experimental results [22,25]. The
increased surface fill rate was achieved by increasing the thickness of
each zone. The height of the grids was 0.2 mm. In addition to the diagonal pattern, we also investigated another biaxial pattern. The biaxial
pattern makes it more likely that a multi-directional crack will
encounter a modified interface zone. As a result, the amount of fibre
fracture can be reduced. Instead of fibre fractures, more local delamination zones may occur, which can result in a more pseudo-ductile
failure process. We did FFF printing with a Craftbot Plus 3D printer.
Following surface grid printing (Fig. 2), preforms were prepared for

Fig. 1. Interfacial grid patterns on unidirectional carbon fibre (UDCF) weave as
interlayer and local adhesion modifier.
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(Fig. 3) could be examined. Interlaminar fracture toughness values were
examined while the PCL ratio was varied. Test speed was 5 mm/min, the
distance between the supports was 120 mm. Specimen length, width and
thickness were 163 mm, 25.4 mm and 2.5 mm, respectively. Artificial
delamination length was 45 mm.
One side of the specimens was painted after fabrication, also lines
were painted with 2 mm spacing from the artificial defect on the side of
the specimen to monitor crack propagation over time. The test was
recorded with a Canon 800D digital camera. Based on the video, the
propagation of the crack was evaluated in time.
As the ENF bending force-deflection curves (Fig. 4) indicate, the
presence of PCL in the specimens reduces the first force peak. The most
significant decrease occurred in the sample with the lowest PCL ratio
(12.5%). As the SF ratio was increased, the force also increased after the
initial drop and approached the neat sample’s value. The force peaks
appeared with increasing deflection as the PCL ratio increased. The increase in deflection can be attributed to the presence of the PCL, where
the crack propagation rate slows down (slower than in the reference
sample) when the crack encounters the locally modified printed zone. At
low SF ratios, well-separable force peaks occurred. However, in samples
with a higher PCL ratio, a plateau forms, and crack propagation is
gradual. The plateau also indicates gradual failure, with the crack
spreading more evenly than in the case of the neat samples. This gradual
damage progression also appears in the photos taken during failure
(Fig. 4 b; c; d). In the case of the neat reference sample, the GIIc values
appeared at the maximal load and immediately after reaching this point,
failure appeared with sudden crack propagation. In the moment before
failure, there was no visible crack on the side of the specimen but in the
moment after GIIc was reached, failure appeared with a sudden crack
front spread. In case of the modified samples (SF = 50; 100%; Fig. 4. c;
d), after GIIc was reached, crack propagation did not show a sudden
spread without a resistance—there was gradual, stable propagation. The
improvement in crack propagation can be observed in Fig. 4 cII and dII,
where the crack front still spread after the GIIc value was reached.
During the test, we investigated the critical stress–intensity factor
(GIIc) of the composite specimens. The II index refers to the mode of
failure; Eq. (2) was used [26].

Table 1
Design of the interfacial grid patterns.
Surface
filling (SF)
[%]

Diagonal
x1 (Line
thickness) mm

y1
(Distance)
mm

x2 (Line
thickness) mm

y2
(Distance)
mm

12.5
25.0
37.5
50.0
62.5
75.0
87.5
100.0

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

8.0
6.9
5.7
4.6
3.4
2.3
1.1
0.0

Biaxial

Fig. 2. 3D printing of the interfacial patterns onto the surface of the UDCF; a)
Biaxial grid, SF = 87.5%; b) Biaxial grid SF = 50%.

vacuum infusion with a hydraulic press. A Collin Teach-Line Platen Press
200E was used with a surface pressure of 4.5 MPa for 1 min and a
temperature of 80 ◦ C. The parameters were chosen so that the dimensions of the pattern are not changed; the goal was to cover the fibres
with PCL and control the thickness of the composite specimens (with the
pressed grids, the PCL also covers the whole circumference of the CF
instead of covering only the top of it). Afterwards, the composite laminates were manufactured via vacuum infusion. A sheet glass mould was
used for vacuum infusion with peel plies on both sides to ease removal
from the poly(ethylene terephthalate) (PET) film that covered the
mould. Above the peel plies, a resin guide net was placed, which spread
the resin. A vacuum bag was built over the laminate to provide uniform
pressure and high fibre content. A vacuum of 0.8 bar was applied for 3 h
in a drying oven at 90 ◦ C. In the case of samples with interlaminar
patterns, five patterned layers and one neat layer were laid up so that the
patterns were present in all the interlayers. Under these conditions, PCL
is only partly dissolved in the EP and there was no PCL spread on the
surface of the CF, as confirmed in our previous paper [22] The specimens were cut from the laminates with a Mutronic Diadisc diamond disc
saw according to the standard specifications.

GIIc =

9Pc δc a2
kJ
[ ]
2b(2L3 + 3a3 ) m2

(2)

where Pc [N] is the maximum force, δc [mm] is the deflection measured
at the maximum force, a [mm] is the length of the crack, b [mm] is the
width of the test piece, and L [mm] is the distance between the supports.
In the first step, the critical stress-intensity factor of the composites was
investigated up to the first maximum stress peak. If the first force peak
could not be defined unambiguously, a line equal to 95 [%] of the
curve’s initial slope was recorded, and then the stress intensity factor
was calculated with the stress value at the intersection of the line and the
recorded curve.
The point pairs (Fig. 5) indicate that as the PCL ratio increased, the
value of the first stress intensity factor also increased with similar results
for each type of grid-patterned specimen (Fig. 5). An increase of 50%
compared to the reference values was also achieved for composites with
a high PCL ratio. This increase can be explained with the force–deflection diagrams, since the first peaks appeared at higher deformation values, while the maximum force did not decrease significantly.
It is worth comparing not only the GIIc values, representing only one
point of crack propagation, but also the full strain energy release rate–crack length increases over time to get a deeper understanding of the
full failure process, especially after GIIc. The R-curves were obtained
from averaging the curves of each specimen of the same PCL content
(Fig. 6).
In the case of the reference specimens, final failure occurred as a
rigid form, meaning that after reaching the GIIc value, the specimen
failed without any more crack propagation. With the PCL interlayer,

4. Experimental
4.1. Mode II end-notched flexure test
During the manufacturing of end-notched flexure (ENF) specimens,
an artificial defect was placed between the predetermined layers (with
the help of a foil, resulting in artificial layer separation between the 3rd
and 4th layer of the 6-layer composite), thus mode II failure mode
3
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Fig. 3. ENF specimens; a) Preparation of the ENF specimens with various PCL contents for vacuum infusion; b) schematic structure; c) specimen with its dimensions.

Fig. 4. a) Specific ENF test bending force–deflection response; Crack propagation at different surface filling contents, where the I index shows the moment at GIIc, the
II index shows the halfway time between GIIc and final failure, and the III index shows the moment after failure with a twice magnified view from the crack
propagation front; b) Reference specimen; c) 50% sf content; d) 100% sf content.
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Fig. 7. Specific 3 point bending stress-deformation response.

Fig. 5. GIIc values at the mode II end-notched flexure test at different surface
filling contents of the interlayer material.

Fig. 8. Flexural moduli at different surface filling ratios.
Fig. 6. Average R-curves for composites containing an interlayer additive.

possibly because at 75%, too much PCL was already present at the
interface, making the impregnation of the reinforcing structure more
difficult for the epoxy matrix. In this case, the PCL functioned as a matrix
material locally. The weaker modulus is also due to the weaker adhesion
between the PCL and the carbon fibres (CF). However, the adhesion
modifier in the lower surface fill (SF) range has no significant effect on
the flexural elastic modulus (ANOVA p = 95%, n = 48).
However, there is a downward trend of the maximum strength values
(σm) even at lower fill levels, but a significant decrease occurs at 50%
surface fill (95% probability based on ANOVA). Reference specimens
failed without further significant deformation at maximum load (Fig. 9).
The deformation values at maximum stress (εm) have gradually
decreased due to the phenomenon mentioned above, which also appears
in the modulus values. The behaviour of the composites at fracture also
differs significantly with increasing surface fill. The breaking stress
values decreased (σb), and more significant deformation allowed the
composites to absorb more energy.
In specific absorbed energy values (Fig. 10) (SAE, the area under the
curve, calculated with Riemann-approximation sum), the amount of
energy absorbed was reduced when a specific surface fill was reached,
since the maximum stress significantly decreased. The energy absorbed
was evaluated up to the limit of bending. The absorbed energy still
increased compared to the neat specimens; however, a significant
decrease was observed when 50% surface filling was reached. The
mechanism of increased energy absorption can be traced to the altered
interfacial properties, caused by the interlayer grids. The energy
required for crack propagation in the vicinity of PCL grid patterns is
increased.
The DI can be calculated from the energy absorbed during the test.
The absorbed energy correlates with the area under the flexural curves.
It has two main parts; the crack initiation energy (ECI), which shows the
amount of energy absorbed until maximal stress, and the other part
beyond that is the crack propagation energy (ECP). By adding the two
parts, total absorbed energy (ET) can be obtained. The ductility index
can be calculated from Eq (3) [27].

stable crack propagation appeared; the specimens did not fail at the first
crack initiation, and the strain energy release rate shows an increasing
trend. The GIIc values appear after a non-linear flattening of the curve,
which can also be traced back to the non-linear nature of the force–deformation curves around the maximal load. Due to the higher
interlayer content, the energy values also increased; more energy is
needed for the propagation of cracks, and a stable form of propagation
appears.
From the artificial delamination, the crack propagated towards the
PCL-treated zones. In the PCL-coated zones, the crack propagation rate
slowed down, and the force–time curve showed a small reduction in
force values. The curve indicates that the presence of PCL prevents the
sudden failure of specimens, resulting in local damage only. This is a
more favourable form of failure in technical applications than brittle
failure. The composite can withstand a significant amount of stress and
deform even after reaching a maximum stress value.
4.2. Three-point bending test
For the three-point bending tests, a Zwick Z020 computer-controlled
universal tester was used. The tests were performed according to EN ISO
14125 at a speed of 5 mm/min with a support distance of 80 mm. In the
case of the PCL grids, the pattern was printed on each UDCF layer. The
flexural curves show a flattening tendency with increasing interlayer
content, from which a gradual failure can be inferred. This tendency
appeared in the case of the specimens with both patterns. In the reference samples, when the maximum stress was reached, no significant
additional deformation resistance was observed. The curves indicate
that the samples with the modified interlayers absorb more energy and
have improved ductility. Above 50% SF in both grids, the total failure of
the specimens did not occur before the limit of bending (10% of the
support span) (Fig. 7).
There is no decrease in modulus at the lower filling rate (Fig. 8)
(according to the ANOVA test with a probability level of 95%), but after
75% filling, modulus is significantly reduced. This effect appeared
5
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Fig. 9. Results of the 3-point bending test at different surface filling ratios (●-Maximal values, ◆-breaking values); a) Stress values; b) Deformation values.

damaged areas acting as a repairing agent. At the cracked areas, the PCL
would act as a new resin by filling the gaps caused by the damage
created during the three-point bending test. The repair process was
carried out with the same Teach-Line Platen Press 200E with a pressure
of 4.5 MPa for 1 min and a temperature of 100 ◦ C. After the repair
process, the specimens partially regained their integrity, and we performed the bending tests again. The reference samples could not be
repaired due to the lack of PCL.
In the first bending tests, the specimens suffered complete failure.
The regained values of each specimen represent the repair efficiency of
the specimens. In the case of regained stress values, the efficiency
increased with PCL content. This was because the melted additive filled
the occurred cracks with greater efficiency at higher PCL contents.
Regained SAE also increases with PCL content (Fig. 12) (Eq. (4)).

Fig. 10. Results of the 3-point bending test at different surface filling ratios
(●-SAE; ▴-DI).

DI =

ECP
ET

(3)

The ductility index (Fig. 10) increases with increasing surface fill.
There are signs of tougher behaviour than the initial brittle behaviour.
Achieving 75% filling does not significantly reduce ductility. Saturation
can be observed in the ductility index values. The saturation appearance
can be traced to the presence of excessive amounts of PCL. After the 75%
fill, the modified zones were too close to each other, and no further
improvement was observed. in the DI. In essence, the cracks were almost
continuously passing through modified zones.
4.3. Repairability of bent specimens
Fig. 12. Regained values at different surface filling ratios from the initial 3
point bending test via the repair.

The PCL grids could repair the damaged or even collapsed composite
specimens when melted. When melted (Fig. 11), the PCL could fill the

Fig. 11. The process of repairing the broken samples after the 3-point bending test; a) Initial state; b) damaged specimen; c) repair with heat and pressure; d)
repaired specimen.
6
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Repaired value
[%]
Regained value = 100⋅
Original value

(4)

At the regained SAE values (Fig. 12), the specimens also reached
similar characteristics compared to the regained stress trends. In
connection with the initial bending tests, we stated that at around 75%
of PCL content, the specimens soften due to the high PCL content. That
was the reason for the more thermoplastic matrix-like
stress–deformation relationship. In the case of repair, this was beneficial since the higher amount of PCL fills the cracks with higher efficiency. With a higher SF, it was easier to get the original values back, as
they were lower. We obtained similar results with modulus (Fig. 12).
Fig. 14. Charpy-impact test stress values at different PCL contents.

4.4. Charpy impact test
With the dynamic test, the impact resistance of the composite can be
monitored. The impact bending measurements were carried out according to EN ISO 179-2 with a Ceast Resil Impactor Junior instrumented pendulum equipped with a DAS 8000 data acquisition unit. The
test was performed with a flatwise impact by a 15 J energy impact
hammer with an impact velocity of 3.7 m/s with a support distance of
62 mm. During the test, the material’s energy absorption capacity was
tested.
Both the diagonal and biaxial specimens had more prolonged damage compared to the reference sample. The final fracture occurred later.
In the reference sample, no further significant deformation occurred
after the maximum load was reached, and the final failure occurred
almost immediately. However, this changed significantly with
increasing surface fill; it provided additional energy absorbing capacity
after the maximum load.
In both patterns, only a partial fracture appeared after 87.5% filling.
Furthermore, the tests showed that above 50% filling, there was no
complete fracture. The common form of failure was delamination
(Fig. 12 a). The fracture surface was evidently smoother in the reference
samples. In modified samples, the fracture surface was not created in
impacting direction of the hammer. In specimens with a diagonal
pattern and also with the biaxial pattern, the fracture surface formed in
the same direction as the pattern (Fig. 12 b), forming a larger fracture
surface.
Maximum stress during the impact significantly decreased (Fig. 13)
for both patterns with increased surface fill (with 95% probability and n
= 45◦ of freedom). The degree of adhesion significantly decreased with
increasing amounts of PCL, as was confirmed in the previous microdroplet test [22]. Due to a weaker connection, the load transfer between
the matrix and the reinforcement was weakened. This behaviour is
consistent with the results of previous tests. The results of dynamic and
three-point bending tests are also consistent in this respect; after 62.5%
filling, stress significantly decreased.
Specific absorbed energy (Fig. 14), unlike in three-point bending, did
not decrease after initial growth. An almost continuous increase can be
observed. The difference is due to the different load modes. In the case of
static three-point bending, the properties of the interface are more

Fig. 15. Charpy impact test results at different surface filling contents
(●-SAE; ▴-DI).

dominant due to the slower, quasi-static loading, but in the dynamic
tests, the energy absorbed is not significantly reduced, owing to the
impact resistance of the PCL. The area under the curves increases
essentially because of the more extended deformation section, and
because the stress has not significantly decreased (see Fig. 15).
Increasing the surface fill also increased ductility (Fig. 14). There is a
significant (70% at 100% filling) improvement, compared to the initial
brittle behaviour. For dynamic tests, we found a final limit of the DI at
0.75 DI, which also appeared in the bending tests. The maximum
ductility index was determined by the concentration of the interlayer.
5. Conclusions
A combined method—the simultaneous application of an interlayer
and adhesion modification and its effect on pseudo-ductile behaviour
was investigated in this paper. A local adhesion modifier was applied to
the surface of the stitch-bonded unidirectional carbon fabric by FFF
printing. As a result, the properties of the interlayer and crack propagation between the fibre and the matrix changed. To determine the
change in interlayer properties, ENF tests were performed.

Fig. 13. Specimens after the impact; a) delaminated damage; b) formed fracture surface.
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• The ductility increased after the first stress peak was reached. The
GIIc values belonging to the first stress peak also increased, but due to
further deformation, a second peak also appeared in the modified
samples, but not in the reference samples.
• The test results show that interlayer properties changed without a
decrease in shear strength, and failure was gradual. As a result, energy absorption capacity increased.

(NKFIH FK 124352 and NVKP_16-1-2016-0046).
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We also performed quasi-static and dynamic tests to further monitor
ductile behaviour.
• We observed a similar behavioural change in both flexural and
impact studies. Ductility increased with the concentration of the
adhesion modifier, but at higher PCL concentrations, the composite
was significantly softened.
• At lower additive contents (12.5%–50%), strength did not decrease
significantly, but ductility improved.
The presence of the thermoplastic additive made it possible to repair
damaged specimens.
• The damaged specimens were pressed at temperatures above Tg, and
the PCL filled in the inhomogeneities caused by the first bending test.
• Up to 50% of the original modulus was recovered, which opens up
new areas of application for the technology.
The results show that the energy required for crack propagation is
significantly increased when PCL is used. Furthermore, in addition to the
increased energy requirement, gradual damage appeared in the modified specimens, increasing reliability. This behaviour allows the
continued use of carbon fibre composites in areas where overloading
occurs; the structure retains its structural integrity without causing
immediate failure. The use of thermoplastics also allows for repair under
appropriate parameters (temperature, pressure). The repairability allows an option for further use (after certain damages) that can provide a
solution until a deeper repair or even replacement of the component
(albeit the mechanical properties were below the original values) can be
carried out.
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