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The recent developments in pseudo-ductility demonstrated the possibility of making composites safe and suitable
for high-performance applications. Repairing damage in composites is an attractive challenge for the industry, as
it may increase the reliability of composites and reduce the waste generated by components damaged locally. In
this paper, we interleaved polyamide 12 (PA12) films in discontinuous carbon/epoxy — continuous glass/epoxy
hybrid composites to i) increase their interlaminar toughness and make them more damage tolerant, and ii)

repair delamination damage by heating the samples and exploit the re-bonding feature of the thermoplastic
interleaves. The developed repairing method successfully restored the original pseudo-ductile behaviour in the
tested hybrid laminates. We studied the parameters affecting the repairing process to maximise the repairing
efficiency. We present the design process in detail to ease the introduction of reparable pseudo-ductile com-

posites in the industry.

1. Introduction

Fibre-reinforced polymer composites (FRPC) are lightweight and
high-strength materials suitable for high-performance structural appli-
cations. However, composites’ potential is not fully exploited because of
their brittleness and low damage tolerance against delamination, issues
that limit their safety in practical applications. Hybridisation has been
demonstrated to i) provide composites with a safety margin before the
final failure and ii) enable pseudo-ductility, which makes composites
able to mimic the nonlinear stress-strain response of metals. The tech-
nical literature offers a number of design solutions to achieve pseudo-
ductility in carbon/glass—epoxy composites [1-7]. Pseudo-ductile com-
posites made with a discontinuous carbon/epoxy layer (i.e. low-strain
material — LSM) between continuous glass/epoxy layers (high-strain
material — HSM), were studied in [3]. The discontinuous/continuous
architecture is suitable for enabling pseudo-ductility based on the stable
delamination between the discontinuous carbon fibre/epoxy (CF/EP)
platelets and the continuous glass fibre/epoxy (GF/EP) layers.

Delamination seriously compromises the material’s ability to with-
stand loads, but recent studies on self-healing materials showed that
composites can recover from delamination and restore degraded me-
chanical properties by exploiting the effect of a healing agent [8-10].
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Thermoplastic polymers (TPP) are excellent candidates for repairing
delamination and making the repair process repeatable [11,12].
Furthermore, TPP particles, fibres or films can introduce beneficial
toughening effects and make composites more damage tolerant
[13,14,23,24,15-22]. The combination of high temperature and pres-
sure allows TPPs to spread and penetrate cracks in the matrix and
delaminated zones in damaged composite material and eventually re-
bond the separated surfaces. It is common in the literature to refer to
reparable composites using the keyword “self-healing” [25], although it
would imply the materials’ ability to recover autonomously from dam-
age [26]. In practice, especially when TPPs are employed as a reparable
component (sometimes called “healing or repair agent”), materials
require an external stimulus [25], e.g. heat, to trigger and maintain the
repairing process. For this reason, we find the term “reparability” more
appropriate for referring to composites that require external interven-
tion for initiating and completing a repairing process based on phase
transitions of TPP components.

Wang et al. [15] repaired carbon/epoxy composites containing
patches of thermoplastic copolymers. Furthermore, the presence of the
patches promoted toughening effects that resulted in a higher mode I
interlaminar fracture toughness (Gic) for the interleaved material
compared to the control configuration (i.e. without patches). The
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repairing efficiency for G;c was up to 88% in the composites containing
the copolymer poly(ethylene-co-methacrylic acid) (EMAA). Pingkar-
awat et al. [11] mixed 15% ground particles of EMAA within the matrix
of carbon fibre reinforced composite, which formed a phase-separated
blend with uniform EMAA particle distribution. Besides the higher G
in the configuration containing EMAA particles, the repairing efficiency
for Gic was up to 210% after the first repairing cycle, and it remained
above 200% in the successive five repairing cycles compared to the
pristine baseline. The repairing mechanisms promoted by TPPs vary in
function of the interaction between the components. The EMAA/epoxy
system can produce volatilities that generated bubbles in the TPP phase
[27,28]. At high temperatures, bubbles expanded and pushed the melted
EMAA into the damaged regions and effectively re-bonded the damaged
zones [11,15,21,27,29]. The dominant adhesion mechanism between
epoxy and EMAA was based on hydrogen bonding [27]. The microscope
analysis in [29] revealed that the high repairing efficiency was related to
the diffused bridging ligaments created by the TPP component in the
damaged zones. The bridging effect is also typical for ethylene-vinyl
acetate (EVA), as confirmed by several studies [11,17-21]. Varley et al.
[29] also identified EVA as an effective agent for repairing epoxy
matrices, as the low viscosity at the typical repair temperatures around
150 °C allowed for a good distribution of the agent, even in small cracks.

The reparability concept has been implemented in open-hole
notched composites by using thermoplastic polyurethane (TPU) films
in CF/EP laminates locally around the holes [30]. The TPU films
repaired delamination in the samples after tensile tests. Also, it was
shown that the approach was effective for repairing matrix cracks and
local delamination due to drilling operations for making holes in the
composite.

Still, there are limited examples of direct application of reparable
composites in industry, mainly due to the complexity of the design and
manufacturing [31,32]. Therefore, there is space for new, simpler con-
cepts of reparable composites which can be easily integrated into
existing manufacturing processes. Furthermore, adding reparability to
pseudo-ductile composites as an additional function may increase their
attractiveness for demanding applications.

2. Concept and design

Unidirectional (UD) pseudo-ductile hybrid composites can be made
by sandwiching discontinuous CF/EP plies between two GF/EP layers.
Under tensile loads, they can generate pseudo-ductility through the
stable delamination of the CF/EP platelets from the GF/EP layers [3].
The reparability concept reported in this paper is schematically shown
in Fig. 1, and it concerns the possibility of recovering composites from
delamination and restoring their original pseudo-ductile behaviour.
Delamination is repaired by softening/melting polyamide 12 (PA12)
TPP films inserted between the CF/EP and
GF/EP layers, where delamination takes place. The layer thicknesses,
the discontinuity pattern and the position of the interleaves was deter-
mined through careful material architecture design. This way, the TPP
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films can restore the bonding between the fibre-reinforced layers after
severe delamination damage accumulation.

Some of the design aspects and the mechanisms enabling pseudo-
ductility in the discontinuous/continuous layer hybrid composites
were discussed by Czél et al. in [3]. The key design parameters con-
trolling the material’s performance are i) the platelet length (L), that
has to be higher than the critical (or ineffective) length (L, see
inequality (2.1)) to enable effective stress transfer to the high modulus
LSM platelets and useful contribution to the hybrid laminate stiffness, ii)
the thickness of the GF/EP (t;) and CF/EP (t.) layers controlling the
mode II strain energy release rate (Gy) and iii) the mode II interlaminar
fracture toughness (Gyc), as showed in equation (2.2) [3]. The thick-
nesses t. and t; and the Gpc are used to predict the knee-point (kp) stress
o (graphically defined in Fig. 3), i.e. where stable delamination be-
tween the CF/EP platelets and the GF/EP layers initiate.

E.t.€
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8E,t, (2E,t, + Et.) Gyc
oy = \/ e L @.2)

E; and E. are the elastic moduli of the CF/EP and GF/EP layers,
respectively; ¢ is the failure strain of the CF/EP; t; is the interfacial
shear strength of the PA12 film modified CF/EP and GF/EP layer in-
terfaces; h is the total thickness of the laminate.

In general, the material needs to meet the following criteria:

1. Avoid premature failure of the GF/EP layers and guarantee the
complete delamination of the CF/EP platelets in the hybrid com-
posites. Formula (2.3) can be used for a conservative estimation of
the minimum thickness of the GF/EP layer in function of the strain to

failure of the CF/EP (e{) and GF/EP (EJ;) layers [1,3]. The condition
for the formula assumes no delamination and that the full load at
carbon layer failure stain has to be taken by the glass layers only.
This is clearly conservative as the material architecture is designed
for delamination initiation well before CF/EP failure strain, therefore
the stress in the glass layer will remain below the design limit until
high strains.
eE.t,

I, > m 2.3)

2. Avoid fracture or fragmentation of the CF/EP layer; only delamina-
tion should take place in the specimens before final failure. This
requires a configuration where the mode II strain energy release rate
(Gpp) at CF/EP layer failure strain is higher than the interlaminar
fracture toughness (Gyyc) of the interface between the CF/EP and GF/
EP layers [3]. This criterion is expressed by inequality (2.4).

Designing

Damaging

Repairing

Collecting inputs for
designing pseudo-ductile
hybrid composites

Tensile loads
<= =)

Discontinuities

¢ Hybrid composites interleaved with thermoplastic films.

* Enabling reparability through heat and pressure.

"

Pseudo-ductile
behaviour restored

e

elamination

* Re-bonding delaminated interfaces to restore the original pseudo-ductility.

Fig. 1. Concept implemented in this study for repairing delamination.
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The hybrid composites used in this paper were interleaved with PA12
films with the scope of i) increasing the material’s mode II fracture
toughness and ii) repairing delamination. To design a suitable material
architecture (i.e. predict delamination stress, determine the suitable
length of the CF/EP platelets, and select the thicknesses of the fibre
reinforced layers), we needed the Gy and 715 of the interleaved com-
posites. Since these parameters are not available in the literature or in
manufacturer’s datasheets, we estimated them through simple tensile
tests on special specimen configurations designed to produce the desired
loading and failure modes. A schematic overview of all hybrid composite
configurations used in this study is reported in Fig. 2. The specimen
architecture used to estimate the Gy and the 7, is shown in Fig. 2 (a) and
(b), i.e. central-cut carbon/epoxy and double-lap shear configurations,
respectively. The central-cut architecture used for estimating the Gy
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was presented in [33] for GF/EP and it was adapted here to hybrid
composites. The results of the Gyc and the 15 estimation tests are pre-
sented in section 4.1, where the discontinuous, interleaved hybrid
laminate configuration designed for the reparability study is introduced
as well.

The experiments for studying reparability in pseudo-ductile com-
posites were executed on specimens whose architecture is shown in
Fig. 2 (c), i.e. with discontinuous carbon/epoxy platelets. An analysis of
the key repairing process parameters, i.e. pressure and temperature, has
been carried out to find the optimal conditions for repairing delamina-
tion (see sections 4.3 and 4.4).

3. Materials and methods
3.1. Materials

The UD prepregs of IM7 carbon/913 epoxy and S-glass/913 epoxy

/ Tests for estimating the design parameters \

a) Mode Il fracture toughness test

Configuration [G5/PA12/C,/PA12/G;]
(n=1,2and3)

Central-cut carbon/epoxy (CF/EP) layer

\

Discontinuity

b) Double-lap shear test

Test for estimating G,

ZTog> /

Configuration [G,/PA12/Cy/PA12/G,]

Test for estimating T,

F 3
N

» Overlapping region =10 mm J

c) Configuration for the reparability study- [G,/PA12/C,/PA12/G;]

Carbon/Epoxy platelet = 50 mm

Stacking sequence
(for all configurations tested)

N~ ‘\ /f
\ Discontinuitié/

GF/EP PA12
films
[crEr — J]4e
A
ty, GF/EP

d) Cross-section of the configuration [G,/PA12/C,/PA12/G,]

Fig. 2. Unidirectional (UD) material configurations and layup architectures of the hybrid composites used in the experiments: a) central-cut hybrid laminate, b)
double-lap shear specimen, c) discontinuous carbon/epoxy and continuous glass/epoxy hybrid laminate d) shows the cross-sectional optical microscope view of the

configuration used for the reparability study.
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Table 1

Composites Part A 169 (2023) 107496

Basic properties of the applied UD composite prepregs based on manufacturer’s data.

Prepregs Nominal fibre areal density Fibre volume fraction Cured ply thickness Tensile Tensile strain to
[g/m?] [-] [pm] elastic modulus failure
[GPa] [%]
AGY Y-110 S-2 Glass/913 epoxy 190 0.49 153.8 45.6 3.7%
Hexcel IM7 Carbon/913 epoxy 100 0.58 95.8 163.2 1.6

@ Conservative strain limit based on our tests on pure S-glass/epoxy and hybrid specimens.

Table 2

Mechanical and thermal properties of the polyamide 12 (PA12) used to make thin films.

Density Nominal film thickness Elastic modulus Tensile strength Elongation at break Melting temperature
[g/cm®] [um] [GPa] [MPa] [%] [°c1
Grilamid L25 PA 12 1.01 20 1.1 50 > 50 178

were both supplied in 300 mm wide rolls by Hexcel. The key properties
of the materials are reported in Table 1.

We produced the polyamide 12 (PA12) film by film blowing Grilamid
L25 (EMS-Grivory) PA12 pellets with a Labtech LF-400 type extruder.
The temperature of the extruder zones was in the range of 210-230 °C.
The nominal thickness of the resulting PA12 films was set to 20 um. The
basic properties of PA12 are reported in Table 2.

3.2. Hybrid composite laminate manufacturing

The hybrid composite laminates were manufactured by sandwiching
UD prepreg sheets of IM7 carbon fibre/913 epoxy between PA12 films
and UD S-glass fibre/913 epoxy prepregs (see Fig. 2 (c)). All UD prepreg
plies were stacked together with the same fibre orientation aligned to the
tensile loading direction. The stacking sequence is shown in Fig. 2 (c). The
structure of the hybrid laminates was similar for all three material
architectures reported in Fig. 2, the main difference was in the number of
CF/EP and GF/EP plies and the continuity of the CF/EP layer. The hybrid
laminates were cured in an Olmar ATC 1100/2000 type autoclave at
125 °C and 0.7 MPa for 60 min, according to the prepreg manufacturer’s
recommendation. A 0.095 MPa vacuum was applied after sealing the
vacuum bag and during the initial pressurisation phase in the autoclave.
However, the vacuum was switched off after the pressure in the autoclave
exceeded 0.12 MPa. The test specimens were fabricated by cutting the
composite plates with a diamond cutting wheel. The nominal dimensions
of the samples were 260x20 mm (nominal full length/width, respec-
tively). 50 mm sections were gripped, so the resulting nominal free length
of the samples was 160 mm. The manufacturing quality of the samples
was assessed through microscope analysis (see Fig. 2 (d)). The PA12 films
maintained a uniform thickness along the cross-section of the samples.
We did not notice the presence of air bubbles entrapped between the fibre
reinforced layers and the thermoplastic films.

Table 3

3.3. Microscope analysis

The material’s cross-section was analysed with an Olympus BX51M
type optical microscope (Olympus, Germany). For this purpose, repre-
sentative parts of the pristine laminates were cut with a diamond wheel
and then embedded in epoxy that was crosslinked for 24 h at ambient
temperature. The resin blocks were polished with a Buehler Beta type
machine with sandpapers (grit size P350 and P1000) and liquid sus-
pensions of 9, 3 and 0.05 um abrasive particles.

3.4. Mode II fracture toughness estimation test

The mode II interlaminar fracture toughness (Gpc) of the film
modified CF/EP-GF/EP interfaces was estimated through a tensile test
on UD hybrid laminates made with a central-cut CF/EP layer
(see configuration in Fig. 2 (a)). The cut in the CF/EP layer promoted
mode II deformations (i.e. shearing) and initiated delamination between
the CF/EP and GF/EP layers, where the PA12 films were placed. The
layup stacking sequence of the UD hybrid material for the Gy estima-
tion test was [G3/PA12/C,/PA12/G3], where G indicates the GF/EP
plies and C the CF/EP plies. The subscripts indicate the number of plies
used in the layer (e.g. G3 has three plies of GF/EP in one block). The
specimens for estimating the Gy were designed to avoid fragmentation
of the CF/EP layer (i.e. G at CF/EP layer failure strain was set to be
higher than Gy¢) as the scope of the test is to promote delamination
between the CF/EP and the GF/EP layers and estimate the energy
required for its initiation and propagation. Since we presented the
estimated Gypc = 2 kJ/m? of the non-interleaved configuration
[G3/C/Gs] previously in [14] determined with the same test method,
this was considered as a baseline. Therefore, we tested its interleaved
version first for a direct indication of the toughening effect of the TPP
interleaves. However, we needed to increase the number of CF/EP pies
to two and finally to three, while keeping the number of GF/EP plies the

Configurations and dimensions of the hybrid samples used for the fracture toughness estimation test. Coefficient of variation (CoV) in % expressed in brackets below

the mean values.

Central-cut CF/EP layer configurations for Gyc Lay-up sequences

Nominal thickness of Nominal thickness of Measured thickness

estimation tests the CF/EP layer the GF/EP layer h
tcr/EP tGr/EP [mm]
[mm] [mm]
Hybrid layup - without film interleaves [G3/C/G3] 0.10 0.47 1.09
(Baseline configurations) [14] (2.00)
Hybrid layups - containing PA12 film interleaves [G3/PA12/C/PA12/G3] 0.10 0.47 1.01
(Interleaved configurations) (1.17)
[G3/PA12/C,/PA12/G3] 0.19 0.47 1.21
(1.69)
[G3/PA12/C3/PA12/Gs] 0.29 0.47 1.29

(1.46)
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same, to get pure delamination between the layers due to the superior
fracture toughness of the PA12 interleaved interfaces. The list of all
tested configurations is reported in Table 3.

The Gy from the test results of central-cut CF/EP layer hybrid
specimens was estimated using formula (3.1) [13]. The delamination
onset stress (i.e. o4.) was determined at the intersection of the experi-
mental curves and lines having 1% reduced slope compared to the lines
fitted to the initial linear elastic regime of the stress-strain curves.

2 2
ouh Ect.

T 8E,t, (2E 1, + Edt,) G-

Gue

Composites Part A 169 (2023) 107496
3.5. Interfacial shear strength estimation tests

The interfacial shear strength of the CF/EP — GF/EP layer interfaces
was estimated through a double-lap shear test. The architecture of the
specimens used for this test is shown in Fig. 2 (b). The layup sequence for
the double-lap shear test was [Gg/PA12/Cg/PA12/Gg]. The thicknesses
of the CF/EP and GF/EP layers were chosen to have the same stiffness in
both layers (the two GF/EP layers designed to have similar stiffness as
that of the CF/EP layer). The layer thicknesses are also made sufficient to
avoid premature fracture of the layers at the discontinuities during the
tensile test. The length of the overlapping region (see Fig. 2 (b)) was set
to 10 mm according to equation (2.1), to be lower than the ineffective
length of the 8 plies thick CF/EP layer calculated using a conservative
value of interfacial shear strength of 100 MPa, reported for glass fibre/

o Tensile test on pristine samples (damage introduction)

50 mm - CF/EP platelet y ‘0'
Knee-point .
Ol =%
Gauge . Testinterrupted at
length E 3 2.8% strain
E, Initial elastic modulus §
Gy, Kneepoint stress
£, Kneepoint strain } &
. o S
e Reloading test (damage quantification)
Damaged sample
“0' Damaged samples re-
tested
Test interrupted at
E 2.5% strain
7 Intact zone
Delamination Discontinuity d €

e Retesting repaired samples (determination of repairing efficiency)

Damaged samples repaired in autoclave

Repaired sample

Delamination
repaired

Repaired samples
re-tested again

Parametric study, varying the autoclave parameters

(i.e. temperature and pressure)

Fig. 3. Test steps performed in the experimental campaign for studying the reparability of hybrid samples.
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913 epoxy [34]. This way, we eliminated the risk of fracture of the fibres
during the test. The value of the ineffective length related to 8 plies thick
CF/EP layer was 23.8 mm. The gauge length used to measure strain in
the samples was 120 mm.

3.6. Specimens and tensile test procedure for the reparability study

The uniaxial, quasi-static tensile tests on all type hybrid composite
laminates (including the special specimens for Gy and the 75 estimation)
were conducted on a computer-controlled Zwick Z250 universal electro-
mechanic test machine, fitted with a regularly calibrated 250 kN load
cell and 100 kN rated Instron 2716-003 type manual wedge action grips
with similar parameters. The crosshead displacement speed was set to
5 mm/min. The high strain S-glass/epoxy layers on the outside of the
hybrid laminates allowed to test the specimens without using end-tabs,
as demonstrated in [35]. However, the two ends of the specimens were
covered with 50 mm long P80 grit size sandpaper pieces with the rough
side turned to the specimen surface to prevent damage from the sharp
nails of the grip faces while maintaining sufficient friction to avoid
slippage. The strain was measured with a Mercury RT type optical
extensometer system equipped with a 5 MPixel Mercury Monet camera
(Sobriety, Czech Republic). The gauge length of the specimens (i.e. the
distance between the markers tracked by the extensometer) was set to
100 mm (see Fig. 3) to the centre of two CF/EP platelets.

The experimental procedure for studying the reparability of the
hybrid laminates involved three tensile tests on each specimen to mea-
sure the mechanical properties i) before and ii) after damage introduc-
tion (i.e. delamination), and iii) after the repairing cycle. The hybrid
specimens for the reparability study had a discontinuous CF/EP layer,
i.e. CF/EP platelets, as shown in Fig. 2 (c). The length of the CF/EP
platelets (L,) was selected following the guidelines reported in [3],
setting L, two times higher than the ineffective length of the CF/EP
layer, calculated as per equation (2.1). Before proceeding with the tests
on the samples dedicated to the reparability study, we tested six
discontinuous hybrid samples until final failure to compare the
measured mechanical properties of the material with the predicted
values.

The tensile test sequence of the reparability study was the following:

e First loading test (step 1): The first tensile test on the specimens had
the aim to i) measure the mechanical properties of the pristine
specimens and ii) introduce damage (i.e. delamination) to the spec-
imens. The test was interrupted at 2.8% of strain to avoid the failure
of the glass fibres. The elastic modulus (Ep) and the knee-point strain
(exp) and stress (ok,) were evaluated based on this first test (see Fig. 3,
part 1).

Re-loading test (step 2): After the first loading test, the damaged
specimens were re-tested to measure the reduced stiffness of the
damaged material. It is worthwhile to note that the elastic modulus
after damage introduction Eq is not a material property as it depends
on the extent of the introduced damage i.e. on how extensively the
delamination spread in the previous step (basically at what strain the
first loading test was stopped at). Eg is determined to quantify the
damage (i.e. stiffness loss) in the samples. This test was interrupted at
2.5% strain to prevent the samples from further delamination
propagation (see Fig. 3, part 2).

Test on repaired samples (step 3): The repaired samples were tested
the same way as during the first loading test. The resulting elastic
modulus, knee-point strain and knee-point stress were compared to
those of the pristine specimens (i.e. evaluated after the first loading
test). The repairing efficiency (i) is calculated as the ratio of the
repaired (Prepgireq) and pristine (Ppyisine) mechanical parameters of the
material (see equation (3.2)). Part 3 of Fig. 3 summarises this test.

Prﬂmire
y = repcired 3.2)

Ppri.\ tine
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Table 4
Parameters used for the repairing cycles.

Series designation Temperature Pressure Time at max. temp.
[°C] [MPa] [min]
T165 165 0.7 13
T175 175 0.7 16
T185 185 0.7 14
P4 185 0.4 15
P6 185 0.6 14
P8 185 0.8 15

The knee-point is considered as an indication of delamination initi-
ation, and it is used here to assess the ability of the PA12 films to re-bond
the delaminated surfaces through the repairing cycles. The scheme re-
ported in Fig. 3 (see diagram in part 1) graphically defines the param-
eters used for characterising the mechanical performance of the
specimens and for calculating the repairing efficiency.

3.7. Repairing cycles

The delaminated samples were repaired in the autoclave (Fig. 3 —
part 3). We studied the effect of different autoclave parameters
(i.e. temperature and pressure) on the repairing efficiency. Table 4 lists
the six repairing conditions applied to six series of samples. Four samples
per series have been repaired and tested. The series are named according
to the parameter varied in the repairing cycles, e.g. T165, T175 and
T185 for the cycles where the temperature was 165 °C, 175 °C and
185 °C, respectively; similarly for pressure.

4. Results
4.1. Estimation of the key design parameters

The Gy estimation tests were performed on the central-cut hybrid
layups containing PA12 films (see Fig. 2 (a)). The configurations
[G3/PA12/C/PA12/Gs] and [G3/PA12/Cy/PA12/Gs] exhibited frag-
mentation of the CF/EP layer, as shown in Fig. 4 (a.1) and (a.2).
Therefore, these two configurations were not suitable for estimating the
Gyrc of the GF/EP and CF/EP layer interfaces. The presence of frag-
mentation meant that the thickness of the CF/EP layer was not high
enough to satisfy inequality 2.4, i.e. to initiate delamination before
CF/EP layer fracture. This means that the presence of the PA12 films
made the hybrid laminates significantly tougher than the non-
interleaved hybrid configuration [G3/C/Gs], which exhibited delami-
nation and had a Gyc of 2.0 kJ/m? (see Fig. 4 (a.4)). The experimental
results of the tests on the layup [G3/PA12/C3/PA12/Gs] are reported in
Fig. 4 (b). This configuration exhibited delamination only (see Fig. 4
(a.3)) and the test was suitable for evaluating the Gy of the interleaved
hybrid material. The Gy is compared to the one estimated for the
baseline configuration without film interleaves. Since the baseline and
the interleaved hybrid laminates were made of the same materials (both
fibres and matrix), but with slightly different layup sequence (thicker
CF/EP was needed to make the interleaved specimens work) their results
are still considered comparable and suitable to assess the effect of the
PA12 films on the mode II fracture toughness of the laminates.

The o4, obtained from the tests on the PA12 interleaved configura-
tions was 883 MPa and the Gy, calculated through equation (3.1), was
4.0 kJ/m>. The results show that Gyic increased from the reference value
of 2.0 kJ/m? (obtained from the baseline configuration) to 4.0 kJ. /m? for
the hybrid composites containing PA12 films. This is a notable, more
than two-fold increase which is considered beneficial on its own to
promote the pseudo-ductility of hybrid composites.

The interfacial shear strength (z;) between the GF/EP and the CF/EP
layers (i.e. where the PA12 films were inserted) was estimated through
double-lap shear tests. The test results are reported in Fig. 4 (c). The two
halves of the samples separated at around 36 MPa stress, exhibiting a
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c) Double-lap shear test results
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Fig. 4. (a) Appearance of the central-cut samples, (a.1) to (a.3) hybrids containing PA12 films and (a.4) non-interleaved configuration (baseline [14]), after the
fracture toughness test (at 3% of strain). Experimental results of (b) mode II interlaminar fracture toughness (Gyc) and (c) double-lap shear tests. The tests were
performed on the hybrid composites interleaved with PA12 films. The material architectures are shown in Fig. 2 (a) and (b).

yielding behaviour before the final separation that should be linked to
the ductile behaviour of the PA12 films.

According to the 75 and Gy results (summarised in Table 5), we
determined the parameters for designing the specimens used in the
reparability study, satisfying equations (2.1) and (2.4). The minimum
thickness for one GF/EP layer to avoid premature failure, according to
equation (2.3), is 0.39 mm and the designed specimens have 0.47 mm
thick GF/EP layers (see Table 5). The designed length of the CF/EP
platelets is 50 mm, more than two times the ineffective length of the CF/
EP layer (i.e. Lyc = 20.8 mm - see Table 5) to promote the contribution of
the CF/EP platelets to high initial elastic modulus. No fracture of the
platelets is expected as the Gy at CF/EP fracture (i.e. 6.3 kJ, /m?) is higher
than the estimated Gyj¢ of the layer interfaces (i.e. 4.0 kJ/m?) therefore
equation (2.4) is fulfilled. This means that the CF/EP platelets should
start delaminating from the GF/EP layers well before their fracture. We
predicted 1.6% delamination initiation (i.e. knee-point) strain, which
provides sufficient margin from the expected failure strain of the CF/EP
layer (i.e. around the fibre failure strain 1.9% [14]). The selected and
approved layups sequence for the reparability study is [G3/PA12/Cgz/
PA12/G3] with three prepreg plies in each layer interleaved with PA12
films (see Fig. 1 (a)).

4.2. Tensile test results of the specimens for the reparability study

The tests on the specimens made for the reparability study aimed to
i) assess the presence of pseudo-ductility and the damage mode (i.e.
stable delamination) and ii) characterise and correlate the measured
mechanical parameters with the predicted ones reported in Table 5.
Fig. 5 (a) shows the experimental stress—strain curves, and the measured
mechanical parameters are summarised in Table 5 and compared with
the predicted values. The initial elastic modulus E, was equal to 62 GPa
and the knee-point occurred at 902 MPa of stress and 1.6% of strain. All
the values were in line with the predicted ones (see Table 5). The
specimens demonstrated excellent pseudo-ductility with high initial
elastic modulus, high plateau stress, gradual transitions between the
initial linear and the plateau stages and clear warning (i.e. stiffness
degradation and change in appearance) before final failure.

After characterising the designed discontinuous interleaved hybrid
laminates, the samples were damaged in the first loading tests (step 1) by
straining them up to 2.8%. Then, they were re-loaded again during the
re-loading tests (step 2), and the resulting elastic modulus E4 was around
35 GPa, meaning that the samples lost around 43% of their original
elastic modulus because of delamination (see Fig. 5 (a)). It is worth
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Predicted and measured data used for designing the specimens of hybrid composites interleaved with PA12 films used for reparability tests. CoV in % is expressed in

brackets below the mean values.

Design parameter estimation tests

(Section 4.1) (Section 4.2)

Tensile test on hybrid configuration [G3/PA12/C3/PA12/G3] with CF/EP platelets

Mode II Shear Strain energy Platelet Critical Nominal Nominal Thickness of Initial Knee- Knee-
interlaminar strength at release rate at length platelet thickness thickness of the full elastic point point
fracture the GF/EP- nominal CF/EP length of the GF/EP hybrid modulus stress strain
toughness CF/EP failure strain the CF/EP  layer laminate
interfaces (1.6%) layer
Gne Ts G L, Ly ter/Ep tGr/EP h Eo Okp Ekp
[kJ/m?] [MPa] [kJ/m?] [mm] [mm] [mm] [mm] [mm] [GPa] [MPa] [%]
Predicted - - 6.3 50 20.8@ 0.29 0.47 1.22 59.6¢) 9349 1.6@
4.0% 36 1.30 62 902 1.6
Test dat - - - -
staR 57 (5.4 0 2.6) 37 “.1) 4.9)

@ From Gy estimation test on [G3/PA12/C3/PA12/Gs] with central-cut CF/EP layer.

® From double-lap shear strength estimation test on [Go/PA12/Cg/PA12/Go].

© From equation (2.4).
@ Calculated through equation (2.1), using the measured 7, = 36 MPa.

) Nominal equivalent modulus of the hybrid laminate, calculated using the rule of mixture and the knock-down factor due to discontinuities in the CF/EP layer as

described in [3].
® calculated through equation (2.2), using the measured Gyc=4.0 kJ/m?.
® Ppredicted knee-point strain: &g, = oyp/Eo.

highlighting that this value depends on the strain at which the first
loading tests (step 1) were interrupted. One of the damaged specimens
was opened and the type of interlaminar failure was assessed visually.
Based on our limited observations, it seems that the layer interfaces
experienced adhesive failure (i.e. the film separated from the CF/EP side
and remained bonded mainly to the GF/EP side).

4.3. Reparability test results: Effect of temperature

The results of the tensile tests on the samples repaired at different
temperatures and the same 0.7 MPa pressure are shown in Fig. 6 (a), (b)
and (c) and summarised in Table 6. The repairing cycle performed at
165 °C was not effective in repairing delamination. The curves of the
repaired samples (blue curves in Fig. 6 (a)) almost overlapped with the
results of the re-loading tests (red curves) in the stress—strain diagram
showing very early delamination at strains as low as 0.1%. Table 6 re-
ports the initial elastic modulus after the repair, EX, registered in the
early stage of the test for this series. Although the value of E} was close
to the pristine value, the knee-point stress was at 78 MPa and the knee-

_a
1500 2 Knee point
o =902 MPa
£=1.6% 2.8% strain
§ 1000 - \
=,
* E, =62 GP.
o N
& 500 Er = 35 GPa (-43%)

=¢=Predicted
== First loading test
== Re-loading test

L n

point strain was at 0.1% both with high coefficient of variation. These
mechanical properties confirmed the poor re-bonding of the CF/EP
platelets to the GF/EP layers at 165 °C and rendered this repair tem-
perature not suitable. The reason for this low repair performance is
probably the fact that the TPP interleaves did not melt at the repairing
temperature and therefore it was not possible to re-establish the bonding
between the GF/EP and CF/EP layers. Samples of the T175 series were
repaired at 175 °C. The tensile tests after the repairing cycle showed
good recovery of the initial elastic modulus (i.e. 7z was up to 97%), but
the knee-point occurred at 352 MPa and 0.7% of strain, with repairing
efficiencies of only 42% and 39%, respectively. The lower knee-point
stress and strain, compared to those from the pristine samples, were
indicative of premature delamination in the samples due to incomplete
re-bonding of the layers. This is in line with the fact that the repairing
temperature was still slightly below the nominal melt temperature
(178 °C) of the applied PA12 films. The series T185 exhibited excellent
repair of delamination in the samples. The initial elastic modulus was
fully recovered (i.e. 101%), and the knee-point occurred at stress and
strain values close to those of the pristine sample data. The repairing

Strain

0.0 1.6 2.8

Cuts <

Delamination

0 1 2 3
Strain [%]

Fig. 5. (a) Stress-strain diagram of the tensile tests on specimens designed for the reparability study. (b) Damage stages in a typical sample. Delamination is visible

from the outer surface of the samples (light areas).
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Fig. 6. Experimental stress-strain diagrams of the reparability tests. Please find the repairing parameters for the series in Table 6.

Table 6

Experimental data from reparability tests. CoV in % expressed in brackets below the mean values.

First loading test Re-loading Test on repaired samples Repairing efficiency
(Stepl) test (Step 3) (repaired/pristine)
(Step 2)

Initial Knee- Knee- Elastic Initial Knee- Knee- Initial Knee- Knee-

elastic point point modulus of elastic point point elastic point point

modulus strain stress delaminated modulus strain stress modulus strain stress

samples

Lay-up sequence Temperature  Pressure  Ej xp Okp Eq ER 5{3}) (;fp Ng N Ny
[G3/PA12/C3/PA12/Gs] [°C] [MPa] [GPa] [MPa] [MPa] [GPa] [GPa] [MPa] [MPa] [-] [-] [-]
T165 165 0.7 60.8 1.53 866 33.4 56.2 0.12 78 93% 8% 9%

(5.4) (2.6) (6.2) (10.3) (5.9) (24.6) (18.3) (10.1) (27.1) (21.6)
T175 175 0.7 60.9 1.58 901 36.6 58.9 0.66 352 97% 42% 39%

(4.4) (5.3) (2.6) (0.3) 1.7) (14.1) (12.5) (2.8) (10.2) (10.9)
T185 185 0.7 60.8 1.70 952 35.0 61.5 1.57 895 101% 92% 94%

3.3) (5.8) 3.9 (7.49) (4.6) (3.0 (5.3) 1.7) (6.7) (7.5)
P4 185 0.4 61.8 1.49 862 33.5 62.6 1.11 648 101% 76% 76%

(1.6) 2.4) (2.0) 1.7) (1.0) (7.4) (6.9) (2.0) 8.8) 7.7)
P6 185 0.6 59.2 1.52 840 33.8 61.2 1.27 719 104% 84% 85%

(7.1) (5.6) (6.1) (0.5) (5.6) (13.0) (16.6) (2.6) (13.1) (12.3)
P8 185 0.8 63.1 1.57 909 34.8 60.3 1.62 899 96% 103% 99%

(3.4) 2.2) (1.3) (2.6) 1.7) 8.3) (6.3) 3.1) (7.8) (5.3)

efficiency for the knee-point parameters was 92% and 94% for the stress
and the strain, respectively. The reason for the excellent results must be
the proper melting of PA12 films and the efficient re-bonding of the
previously delaminated layers of the hybrid specimens.

4.4. Reparability test results: Effect of pressure

The test results of the specimen series repaired at different values of
pressure in the autoclave are shown in Fig. 6 (d), (e) and (f). The P4
series exhibited a full recovery of the initial elastic modulus but the
knee-point in the repaired samples was at 648 MPa, and 1.1% of strain, i.
e. both values were reduced to 76% of the pristine data. At higher
pressure, i.e. 0.6 and 0.8 MPa, the repairing efficiency was high for all

investigated parameters. The knee-point for the P6 series occurred at
around 85% of the original stress and strain values. In case of the P8
series, the mechanical parameters of the repaired samples were fully
recovered, i.e. the repairing efficiency was 96% for the initial elastic
modulus and around 100% for the knee-point stress and strain. These
results clearly show that high pressure during the repairing cycle is
beneficial for the recovery of mechanical properties after delamination.

5. Discussion
The specimens designed for the reparability study exhibited pseudo-

ductile behaviour, characterised by a flat plateau due to stable delami-
nation (Fig. 5 (a)). The stable delamination and the mechanical
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b) Sealing of the samples for the repairing cycle

Fig. 7. (a) Thickness of the samples before and after the repair, (b) arrangement of the samples for the repairing cycles.

a) Sample after the first loading test (i.e. @2.8% strain)

b)

Sample after repair cycle (@0% strain)

Delamination

Delamination repaired — surfaces re-bonded

c) Repaired sample after the second loading test (@2.8% strain)

Delamination
(same location as after the first loading test)

Fig. 8. Appearance of the samples (a) after the first loading test (stage 1), (b) after the repairing cycle and (c) after the second loading test (stage 3).

properties registered in the samples were in line with the predictions
based on the estimated Gy and interfacial shear strength. The notable
increase of Gy in comparison to the baseline (+100%) can be accounted
to the PA12 TPP films. The strong bonding between PA12 and epoxy
[36-38], and the ductile behaviour of the PA12 films are the most likely
factors leading to the high Gy¢ registered during the experiments. Based
on our results, PA12 films can be considered as an excellent solution for
toughening hybrid composites and enabling pseudo-ductility. The
plateau stage was characterised by a slow spreading of delamination
that started from the discontinuities in the CF/EP layer (see Fig. 5 (b)).
Around 70-80% of the samples’ surface delaminated during the first
loading tests (step 1), interrupted at 2.8% of strain (see Fig. 8 (a)). The
presence of delamination in the samples was visible to the naked eyes
due to the translucency of the GF/EP layers. The delaminated zones
looked lighter than the still bonded parts of the samples. This self-
monitoring feature can be an additional benefit in certain critical ap-
plications and it was proposed earlier even for overload monitoring
[39,40].

The repairing process restored the original overall appearance of the
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samples in all the parametric cases considered. It is worthwhile to
mention that no traces of leakage were noticed and measured in the
samples accountable to the repair cycles, even in case of cycles at high
temperature and pressure. The visual inspection of the samples before
and after the repair did not highlight traces of leakage. We also
measured the thickness of the samples in the T185 series before and the
after the repair but did not find any significant change. The results
are reported in Fig. 7 (a). The low thickness of the thermoplastic film,
i.e. 20 um, reduced the risk of leakage during the repair as there was only
a small volume available. The efficient sealing arrangement of the
samples with some spacing between each other to improve the pressure
distribution along the sides as well could also have prevented the ther-
moplastic from flowing out of the sample. The presence of the breather
(white layer in Fig. 7 (b)) and the release film (transparent, not visible)
made the pressure applied on the samples uniform also at the sides.
The typical sample reported in Fig. 8 (b) reflects the overall
appearance of all the samples during all the steps of the experimental
campaign. However, the mechanical performance of the samples
depended on the actual repairing parameters used, which highly
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Fig. 9. (a) Repairing efficiency registered in the repaired material for the i) initial elastic modulus and ii) knee-point strain. (b) and (c) show the repairing efficiencies
for the knee-point stress registered in the temperature and the pressure studies, respectively. T, in (b) is the melting temperature of PA12.

affected the position of the knee-point on the stress—strain diagrams.

We performed the reparability study on discontinuous PA12 film
interleaved CF/EP-GF/EP hybrid composite laminates with six different
sets of parameters varying the temperature or the pressure of the
repairing cycles (parameters are summarised in Table 4). The results
showed that to maximise the repairing potential of the PA12 films, we
needed to set the repairing temperature above their melting temperature
(178 °C). The repairing efficiency for the knee-point was highly sensitive
to the repairing temperature; in fact, it varied from around 40% in the
T175 series to 95% in the T185 series (see Fig. 9). The higher repairing
efficiency obtained with the T185 series can be attributed to the reduced
viscosity of the PA12 films above the melting temperature. The low
viscosity enabled better flow of the TPP material and allowed to
completely wet and re-bond the delaminated surfaces.

The pressure study showed strong increase in repairing efficiency of
the knee-point in the samples with the pressure set for the repairing
cycles (see Fig. 9 (c)). Better repairing performances achieved with
higher pressures must be related to the better penetration of the molten
PA12 into the microstructure of the delaminated surfaces resulting in
more complete wetting and finally better re-bonding after cooling. In
some cases, the mechanical parameters evaluated for the repaired
samples were higher than those measured with the pristine samples, i.e.
repairing efficiency higher than 100%. It typically happened in the se-
ries repaired at temperature higher than the melting point of the ther-
moplastic films. In some of the cases it is most probably due to the scatter
of the experimental data. It might also be the consequence of melting the
PA12 interleaves during the repairing cycle (i.e. at 185 °C), unlike
during the manufacturing cycle (at 125 °C). This latter possible expla-
nation needs further investigation.

In most of the cases analysed (except for the T165 series), besides the
partial or total recovery of mechanical properties, the samples preserved
their pseudo-ductile behaviour after the repairing cycle, exhibiting the
plateau generated by stable delamination. The results showed that
discontinuous hybrid composites interleaved with PA12 films can
restore their original tensile mechanical properties and pseudo-ductile
behaviour if suitable repairing parameters are set.

6. Conclusions

This paper presented a detailed procedure for designing and char-
acterising reparable pseudo-ductile interleaved discontinuous CF/EP-
GF/EP interlayer hybrid composites. The polyamide 12 (PA12) films,
interleaved between the CF/EP and GF/EP layers, were fundamental
enablers for both pseudo-ductility and reparability in the hybrid
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composite. The effect of the film interleaves can be summarised in i)
toughening the layer interfaces in the hybrid composites, ii) re-bonding
delaminated surfaces in the damaged samples during a repair cycle.
Reparability was effectively activated at temperatures above 178 °C by
melting the TPP films and high pressure (i.e. 0.7 MPa) was applied to
improve the bonding by enabling complete wetting of the delaminated
surfaces by the molten PA12. The key findings reported in this paper are
summarised here:

e Reparable discontinuous pseudo-ductile CF/EP-GF/EP hybrid com-
posites were successfully designed and fabricated. The samples
exhibited pseudo-ductile behaviour based on stable delamination
starting from the designed discontinuities in the CF/EP layers. The
repairing cycles in autoclave fully repaired delamination, exploiting
the re-bonding ability of the PA12 films interleaved in the hybrid
sample plates through phase changes.

PA12 film interleaving increased the mode II interlaminar fracture
toughness (Gyc) of the hybrid composite plates from 2.0 kJ/m?
(baseline) to 4.0 kJ/m?2. This notable improvement may enable
pseudo-ductility in a range of new hybrid composite materials.
Reparability was highly sensitive to the repairing temperature. To
fully exploit the potential of PA12 films for reparability, we had to set
the repairing temperature above their melting point.

Higher pressure improved reparability as it helped the molten PA12
films to completely wet and re-bond the separated surfaces.

The samples repaired at 185 °C and pressure at or above 0.7 MPa
completely restored their original mechanical properties and pre-
served pseudo-ductility.

The tools provided here can be used to design and manufacture
reparable pseudo-ductile hybrid composites relatively simply. Further-
more, the presence of PA12 films in hybrid composites is an effective
solution for manufacturing delamination-resistant materials. The simple
PA12 film interleaving technique may ease the introduction of reparable
pseudo-ductile composites in large-scale industrial applications. The
mechanical performance of the hybrid materials can be optimised and
tailored by varying the design and repairing parameters. Future studies
may be oriented to assess the effectiveness of PA12 films in repairing
hybrid composites for multiple repairing cycles.
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