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Abstract

One of the main limitations of high-performance composite materials is failure
due to fatigue crack propagation during service. Traditional repair methods
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can be expensive and time-consuming. For this reason, the research in the
field of self-healing composites has considerably increased in the past decade.
At this aim, this work is focused on the production of a polyamide 6 (PA6)
matrix with self-healing properties. Cyclic olefinic copolymer (COC) was
selected as a healing agent and it was melt compounded with PA6. From scan-
ning electron microscope micrographs, it was possible to highlight the immis-
cibility and the lack of interfacial adhesion between the constituents. The
healing efficiency of the system was evaluated by comparing the blends' frac-
ture toughness (Kjc), both in quasi-static and impact mode, before and after
the healing process performed at 140°C by applying a pressure of 0.5 MPa.
Through the addition of 30 wt% of COC, the fracture toughness of the virgin
samples slightly decreased, passing from 2.3 MPa-m'? of neat PA6 to
2.1 MPa-m"2. However, the presence of the 30 wt% of COC homogeneously
distributed within the PA6 matrix led to a healing efficiency of 11% in quasi-
static mode and 35% in impact mode.
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1 | INTRODUCTION

On the other hand, one of the major problems related to
these materials is the prediction of their life span, and

In the twentieth century, polymer composites emerged as
a promising class of structural materials,’ as they are
characterized by improved design flexibility and easy
manufacturing. Furthermore, composites are character-
ized by high strength, low density, enhanced durability,
fairly low maintenance, and corrosion resistance.>>

thus their reliability.* In fiber-reinforced polymers (FRPs)
two main failure mechanisms generally occur under load,
that is, interfacial delamination and matrix cracking.’
These two mechanisms lead to the complete failure of
the component, which needs to be substituted or at least
repaired. Furthermore, the microcracks developed in the
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core of the composite structures are difficult to be
detected and repaired, thus making the repairing opera-
tions time-consuming, poorly effective, and labor-inten-
sive. For these reasons, researchers and industries have
recently shifted their interest toward a new generation of
multifunctional composites with self-healing properties.®

The potentialities of self-healing composites are
numerous, such as the minimization of the costs corre-
lated to maintenance and repair operations, and the
enhancement of the service life, thus improving the over-
all sustainability of these materials. As reported by Zwaag
et al.,” three important concepts must be taken into con-
sideration to improve the self-healing efficiency of FRPs:
localization, time, and mobility of the healing agent/
mechanism. The fourth concept was recently introduced
by Utrera-Barrios et al.,? that is, the self-healing mecha-
nism utilized. The first concept is related to the position
of the damage inside the material and also to the differ-
ent types of damage that can occur, such as microcrack,
surface damage, fiber debonding, or fatigue damage. The
second aspect is connected to the time gap between the
event causing the damage, the activation of the healing
mechanism, and its completion. In general, the time gap
should be as low as possible, in order to further increase
the service life of the product. The third concept, that is,
mobility, is strictly connected to the mechanism meaning
that, the higher the mobility of the healing agents, the
higher would be the healing efficiency and thus its
effectiveness.

From a general point of view, self-healing materials
can be divided into two broad categories: extrinsic and
intrinsic.” In extrinsic self-healing systems, an healing
agent is pre-embedded in the polymer matrix, and there-
fore, a crack propagating in the matrix can trigger the
healing mechanism. For example, in a widely investi-
gated self-healing system, capsules containing a liquid
uncured resin are dispersed in the polymer matrix. A
propagating crack can break the capsules and the con-
tained liquid resin can flow to fill the crack and eventu-
ally polymerize if properly activated by a catalyst
dissolved in the matrix. Through extrinsic self-healing
mechanisms, high healing efficiency can be easily
achieved, but two major drawbacks are commonly
encountered. First, the introduction of capsules inside a
polymer matrix negatively affects the overall mechanical
properties of the composite. Second, the self-healing
mechanism can be performed one time only, since the
broken capsules cannot be restored.'® On the other hand,
in intrinsic self-healing systems, the polymeric matrices
themselves heal molecular and macroscopic damage like
cracks under external stimuli. The activation of the heal-
ing mechanism is strictly connected with the chemistry
of the selected healing agent, and in particular, it can be
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based on either dynamic covalent'"'* or non-covalent"

reversible bonds that can be activated by temperature,
electromagnetic radiations, or ionic strength changes.
Intrinsic self-healing properties of thermosetting matrices
can also be obtained by introducing a thermoplastic heal-
ing agent."*® One of the most important advantages in
comparison to extrinsic self-healing systems is the fact
that the healing process can be performed several times,
theoretically, until the degradation of the healing agent
after multiple healing processes is reached.”

Recent literature papers demonstrated the effective-
ness of intrinsic self-healing composites based on the
dispersion of thermoplastic healing agents in a thermo-
setting matrix, the same concept could be utilized also
for thermoplastic composite materials (TPC). Cur-
rently, the TPC market is mainly driven by the automo-
tive, construction, and aerospace industries, with a
global market reaching 17.7 Mt in volume and an eco-
nomic value of $86 billion.>! TPCs are characterized by
better processability and lower cost in comparison to
composites with thermosetting resins and they can be
easily reprocessed in recycling operations. Further-
more, the use of nanofillers enables to obtain elevated
mechanical properties with limited filler amounts.** *°
One of the most widely used matrices in TPCs is PA6
since it has excellent strength and stiffness, low fric-
tion, high chemical and wear resistance.?’ Recently, in
the work of Wang et al.,*® the inherently low-notched
impact strength of PA6 was tackled through the inser-
tion of ethylene-vinyl acetate-g-glycidyl methacrylate
(EVA-GMA). Furthermore, they also investigated the
effect on the mechanical and dielectric properties upon
the addition of hydroxylated BaTiO3 and multi-walled
carbon nanotubes (MWCNTSs). Another remarkable
application of PA6 was reported in the recent work
of Cheng et al.,”® in which graphene polyamide
blend fibers were used as an effective electrode for
supercapacitors.

The major drawbacks of TPCs are generally related to
their inherently lower strength and lower thermal stabil-
ity in comparison to thermosetting FRPs. Repairing oper-
ation and re-consolidation of TPCs can be performed
either by local melting or using fusion bonding tech-
niques.”® However, these repairing operations require
high temperatures, special molds, and high labor costs,
causing in many cases the geometrical distortion of the
components. For these reasons, an intrinsic self-healing
system embedded within the thermoplastic matrix in
TPC could potentially represent a feasible and cost-
effective solution to repair these composites. In this way,
the service life of these materials could be further
enhanced, making them also more sustainable from an
environmental point of view.
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The investigation of immiscible healing agents
embedded in a composite matrix started in 1999, and the
majority of these works were conducted on epoxy-based
composites, and by using polyethylene-co-methacrylic
acid (EMAA) as a healing agent.*"** As reported in the
literature, EMAA revealed excellent healing behavior
even after multiple healing cycles®>** Quite surprisingly,
in the open literature, only a small number of papers con-
cerning the self-healing properties of thermoplastic
matrices can be found. One of the most studied thermo-
plastic materials is the so-called self-healable shape mem-
ory thermoplastic materials.”> These materials are
capable of reaching relatively high healing efficiency, but
their mechanical properties are rather limited. Recently,
Duarte et al.*® utilized carbon fibers decorated with car-
bon quantum dots as reinforcement in poly(methyl meth-
acrylate) (PMMA) composites. They demonstrated that
the carbon dots on the surface of the carbon fibers pro-
vide reversible mechanisms of fiber-PMMA interaction,
enabling thus the healing at the fiber/matrix interphase.
In literature, self-healing thermoplastic matrices com-
pounded with thermoplastic particles with low melting/
softening points can be found, but they are mainly
focused on elastomers or thermoplastic polyurethane
(TPU).*”"% Silva et al.*® prepared a novel immiscible poly-
mer blend with remarkable self-healing properties, based
on poly(ethylene glycol-co-cyclohexane-1,4-dimethanol
terephthalate) (PETG) and EMAA. They investigated the
healing behavior of this blend through micro indentation
tests, monitoring then the evolution of the regeneration.
The blend containing 50/50 of the components was capa-
ble to restore the damage in just 30 s, however, the over-
all mechanical properties were rather low. Recently, our
group explored the potentiality of polycaprolactone
(PCL) as a healing agent in a polyamide 6 (PA6) matrix
and the most promising results were obtained in impact
mode configuration.*’

Based on these considerations, this work aims to
develop a PA6 thermoplastic matrix with thermal mend-
ing properties, thanks to the addition of different
amounts of a cyclic olefinic copolymer (COC), utilized as
thermoplastic healing agents. The potentiality of COC as
a healing agent has been already proven by our group in
thermosetting systems.'>'* Furthermore, COC is charac-
terized by elevated mechanical properties and a relatively
low glass transition temperature,**> which enables the
healing process at relatively low temperatures, thus
avoiding any geometrical deformation of the compo-
nents. An in-depth rheological, microstructural, and
thermo-mechanical characterization of the produced
blends was carried out, while the healing efficiency of the
produced systems was assessed through the comparison
between the fracture toughness (Kjc) of the virgin and

thermally healed materials, both in quasi-static and
impact mode. In the future, these matrices could be
potentially applied to develop novel multifunctional
TPCs possessing intrinsic self-healing properties, that
could be utilized as structural materials.

2 | MATERIALS AND METHODS

2.1 | Materials

The thermoplastic matrix used in this study was a Radi-
lon S 24 E 100 NAT polyamide 6, provided by Radici
Group SpA (Gandino, Italy) in form of polymer granules
(density = 1.14 g/cm’, melting temperature = 220°C).
The cyclic olefin copolymer (COC) selected as healing
agent was Topas COC 9506F-500, supplied by TOPAS
Advanced Polymers GmbH (Raunheim, Germany) in
form of granules (density = 1.01 g/cm?, glass transition
temperature = 65°C, norbornene content = 61 wt%).

2.2 | Sample preparation

Before processing, PA6 pellets were dried for 8 h in a vac-
uum oven at a temperature of 80°C, while COC pellets
were dried in a ventilated oven at a temperature of 50°C
for 8 h. PA6 and COC granules were manually mixed at
different relative amounts and subsequently compounded
through a Thermo Haake Rheomix 600 internal mixer
equipped with counter-rotating rotors, operating at
60 rpm for 5 min at a temperature of 230°C. The obtained
blends were then compression molded in a Carver hot-
plate press at 235°C for 8 min, under an applied pressure
of 1.9 MPa. In this way, square sheets 10 x 10 x 2 mm?®
were prepared. Thicker sheets having a thickness of
5mm and the same lateral dimensions were also pre-
pared for the evaluation of the fracture toughness of the
blends. The produced samples were denoted as PA6_x-
COC, where “x” is the weight fraction of COC in the PA6
matrix. Table 1 summarizes the prepared compositions
with the corresponding weight fractions of each
constituent.

2.3 | Experimental techniques

2.3.1 | Rheological properties

Rheological measurements were performed with an HR-2
Discovery Hybrid Rheometer (TA Instruments) in paral-
lel plate configuration, the diameter of the plates was
25mm, and a gap of 1.0 mm between the plates was
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TABLE 1 List of the prepared blend samples. —20 to 250°C, at a heating/cooling rate of 10°C/min. All
Sample PAG content (Wt%)  COC content (wt%) the specimens, with a weight of ~10 mg each, were sub-
PAG 100 o jected to a first heating scan, a cooling scan, and a second
heating scan. In this way, the thermal transitions of both
10 OIS 9 3 the constituents of the blends were measured, and in par-
PA6_10COC 90 10 ticular, the glass transition temperature (T,) of the COC,
PA6_20COC 80 20 the melting temperature and enthalpy (Ty,, AHy,) of PA6,
PA6_30COC 70 30 the crystallization temperature and enthalpy (T., AH..)
PA6_50COC 50 50 of PA6. Equation 1 sﬁows how the degree of crystallinity
PA6.75COC 25 - (x) of the PA6 phase in the blends was evaluated.
cocC 0 100 - AHy - AH 100 0
AH} ’

utilized. Frequency sweep experiments were carried out
at 230°C in air, the frequency range was set from 0.05 to
600 rad/s at a strain amplitude of 1%. In this configura-
tion, the trends of the storage modulus (G’), loss modulus
(G”), and complex viscosity (n*) as a function of fre-
quency were detected. At least three specimens were
tested for each composition.

2.3.2 | Microstructural and chemical

properties

Light microscope (LM) micrographs of the produced
blends were acquired by embedding the specimens in
cylindrical epoxy beads and analyzed with a CH-9435
Heerbrugg optical microscope (Heerbrugg). Image]® soft-
ware (National Institutes of Health Campus, release 1.8)
was used to measure the diameter of the COC domains
inside the PA6 matrix. Field emission scanning electron
microscopy (FESEM) images of the cryo-fractured and
healed surfaces of the samples were acquired by using a
Zeiss Supra 40 microscope, operating at an accelerating
voltage of 3.5 kV. Prior to the observations, the specimens
were sputtered with a Platinum-Palladium (80:20) con-
ductive coating. Fourier transformed infrared (FT-IR)
spectroscopy was performed in attenuated total reflec-
tance (ATR) mode by using a Perkin-Elmer Spectrum
One instrument (Perkin Elmer GmbH), equipped with
a ZnSe crystal and operating in a wavenumber range
650-4000 cm~'. In order to reduce the signal-to-noise
ratio, a hundred scans were collected for each spectrum
(resolution 4 cm ™).

2.3.3 | Thermal properties

Differential scanning calorimetry (DSC) tests were con-
ducted through a Mettler DSC30 machine under a nitro-
gen flow of 100 mL/min, in a temperature range from

where AH,. is the enthalpy of cold crystallization of the
PA6, AH*,, is the enthalpy of melting of fully crystalline
PAG6, taken equal to 230 J/g,*® and o is the weight frac-
tion of PA6 in the blend. Thermogravimetric analysis
(TGA) was performed through a Mettler TG50IR thermo-
balance (Mettler Toledo Inc.), testing samples of ~10 mg
at 10°C/min from 35°C up to 700°C, under a nitrogen
flow of 100 mL/min. This test allowed the calculation of
the temperature associated with a mass loss of 1% (Ty4)
and of 5% (Tsy), and of the temperature associated with
the maximum mass loss rate (Tp), considered as the peak
of the mass loss derivative (DTG) curve.

2.34 | Mechanical properties

Quasi-static tensile tests were carried out at room temper-
ature by using an Instron® 5969 tensile testing machine
(ITW Test & Measurement and Equipment) equipped
with a 1 kN load cell. The tests were performed on ISO
527 1BA specimens at a crosshead speed of 10 mm/min,
and at least 10 specimens were tested for each composi-
tion. In this way, the determination of the maximum
stress (omax), and of the strain at break (e,) was per-
formed. Elastic modulus (E) was determined through ten-
sile tests by using the same machine equipped with an
Instron® 2620-601 extensometer, with a gauge length of
12.5 mm, at a crosshead speed of 0.25 mm/min. It was
calculated as the secant modulus considering the stress
levels associated with the strain values of 0.05% and
0.025%, as illustrated in the ISO-527 standard.

The fracture toughness of the blends was evaluated
according to the procedure described in the ASTM D5045
standard. The tests were carried out on Single Edge
Notched Bending (SENB) specimens, having dimensions
of 44 x 10 x 5 mm>, an initial notch length of 5 mm,
and a span length of 40 mm. At least 10 specimens were
tested for each composition. Tests in quasi-static mode
were performed in three-point bending configuration by
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FIGURE 1

using an Instron® 5969 electromechanical testing
machine with a crosshead speed of 10 mm/min. Tests in
impact mode were performed using a Charpy impact
machine provided by CEAST, following the ISO 17281
standard, and the load-displacement curves were
recorded using a tup extensometer in the hammer. A
mass of the hammer equal to 0.5 kg, a starting angle of
60°, and an impact speed of 1.5 m/s were utilized. From
the load-displacement curves, the maximum load sus-
tained by the samples (P,,,,) was determined, and it was
possible to determine the critical stress intensity factor
(Kic), both in quasi-static and impact conditions, accord-
ing to the expressions reported in Equation 2 and 3:

K = (ot )£, @)

Bwl/z

1-x)(2.15—-3.93x+2.7x?)

(1+2x)(1—x)? )

f(x) :6x%1.99—x<

where, P,.x is the maximum load sustained by the sam-
ples, B is the thickness of the sample, W is the width of
the samples, and f(x) is a calibration factor, where x = a/
W, being a the notch length. Furthermore, accordingly to
ASTM D5045 standard, from the integration of the load-
displacement curves and the evaluation of system compli-
ance, also the critical strain energy release rate (Gic)
values in quasi-static mode were obtained, according to
the expression reported in Equation 4:

A
Gic = AY (4)
BWop

where, AU is the difference of the total energy absorbed
by the sample and the energy absorbed in the indentation
tests, and ¢ is an energy calibration factor, whose expres-
sions is reported in Equation 5, 6, and 7:

A+18.64
- dA/dx )

Schematic representation of the thermal mending process performed. [Color figure can be viewed at wileyonlinelibrary.com]

16x> ) \
= [8.9—33.717x+79.616x —112.952x
—X

1 84.815x" — 25.672x5] ,

(6)

dA 16x2 5
o= [ | [ 337174 159.232x - 338 856x
dx [(1-x)
3 4 32x
+339.26x° — 128.36 X } == [8.9 —33.717x
1-x)
+79.616x2 —112.952x + 84.815x* — 25.672x5} .
(7)

2.3.5 | Evaluation of the healing efficiency

After testing, a thermal mending process was performed
to promote the intrinsic self-healing process in the pre-
pared blends. Specifically, specimens broken in fracture
toughness tests both under quasi-static and impact condi-
tions were inserted in an iron vice with an applied pres-
sure of 0.5 MPa and then heated in an oven at 140°C for
60 min. Figure 1 reports a schematization of the thermal
mending process.

These parameters were selected after preliminary tri-
als and on the basis of a previous paper of our group.*
The selected temperature was higher than the T, of COC
and also enabled the macromolecular mobility of the
healing agent within the PA6 matrix during the healing
process. Before inserting the sample in the iron vice, a
polytetrafluoroethylene (PTFE) film was inserted to limit
the adhesion between the specimens and the vice. The
healing process was performed only on neat PA6 and
PA6_30COC specimens. Neat PA6 was selected as a refer-
ence, while the PA6_30COC sample was chosen for its
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good mechanical properties. The healed specimens were
tested again both in quasi-static and impact mode, and
the fracture toughness of the healed specimens
(Kic Healeai) Was thus obtained. The healing efficiency
(nkic;) for each specimen, was evaluated by using the
expression reported in Equation 8:

o KIC,Healed,i

Nkic,i = 100. (8)

Kic virgin,i

3 | RESULTS AND DISCUSSIONS

3.1 | Rheological properties

The rheological investigation of the produced blends was
carried out to obtain more information about the process-
ability of the blends and their miscibility.*” Figure 2a,b
reports the results obtained from the dynamic rheologic
measurements on the prepared blends in terms of
dynamic moduli, and complex viscosity. Dynamic mod-
uli, that is, storage and loss modulus, represent the
energy stored and consumed during the cyclic deforma-
tion process, respectively. Surprisingly, low-frequency G’
values of the PA6_xCOC samples are systematically
higher in comparison to their individual components,
especially in the case of PA6_30COC, PA6_50COC, and
PA6_75COC blends. A similar result was observed also in
the work of Wang et al.*® in which the effect of the addi-
tion of PBAT on the rheological properties of a PLA
matrix was investigated. Zhao et al.*’ studied the rheolog-
ical and crystallization properties of acrylonitrile butadi-
ene styrene (ABS)/PA6 compatibilized blends. They also
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reported an increment in the G’ as a function of the ABS
concentration in the blend.

As it is possible to notice in Figure 2b, the classic
shear thinning behavior of polymeric materials can be
detected,”® that is, by increasing the deformation fre-
quency the complex viscosity decreases.” As it is possible
to notice in Figure 2b, at low frequencies, the complex
viscosity of neat PA6 is significantly lower in comparison
to the one of neat COC and, by increasing the COC con-
tent inside PA®, it is possible to notice an increase in the
complex viscosity of the blends. It is possible to hypothe-
size that the presence of COC domains within the blends
limits the motion of the PA6 macromolecules.

The investigation of morphological changes in the
prepared blends can also be performed by referring to
Cole-Cole plots. By using this representation, the descrip-
tion of the viscoelastic properties of materials character-
ized by high relaxation time distribution can be obtained,
thus highlighting phase separation phenomena within
the blends.”® At this aim, the imaginary viscosity (") is
reported as a function of real viscosity (). By doing so, it
is possible to see a smooth and semicircular arc of the
curve, suggesting thus good compatibility among the con-
stituents of the polymer blend in the melt state. On the
other hand, if two different circular arcs or tails are
observed, the existence of phase heterogeneity and
immiscibility within the blend is demonstrated.”* The
investigation of the miscibility conditions in polymer
blends in the molten state can also be performed through
the Han plot, which shows a linear correlation in the plot
of log G’ versus log G”.>° Through the Han plot, the com-
patibility of a polymer blend can be confirmed if the plot-
ted curves are characterized by the same slope at
different relative concentrations of the constituents.’®>’
On the other hand, if these curves are not characterized
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A~ PA6_10COC .g}fé‘ L2 Lo s¥sgesee e,
_ - v~ PAB_20COC P et _ . 1000 ~ ..
K - 4~ PA6_30COC o, X RJs g & ‘, . " .
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) - ®- COC o % content ¢ e 1 o £ Y-y 000 » .
@ % ¥ 15i Looolg &8 AhaaalTy Mt K .
2 Ny ¥ aere = oo, .".-X_xl_x Xxge® f’ .
50.001 5 ) 2g¥Y esd 2 sasrsznassiine g.*ﬁ‘i,
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(a) (b)
FIGURE 2 Dynamic rheological behavior of the produced PA6/COC blends. Trends of (a) storage and loss modulus, and of (b) complex

viscosity as a function of the angular frequency. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Rheological analysis of neat PA6, neat COC, and their blends: (a) Cole-Cole plot and (b) Han plot. [Color figure can be

viewed at wileyonlinelibrary.com]

by the same slope, the analyzed blend is considered to be
immiscible.”®>° The Cole-Cole plots of the neat matrices
and their blends are reported in Figure 3a. As expected,
the relaxation process of both neat PA6 and neat COC
samples is described by a single circular arc, underlining
the presence of a homogeneous composition, while an
increase in the COC fraction in the blends leads to the
appearance of two-stage relaxation phenomena,
highlighting thus the immiscibility of the prepared
blends. At high frequencies, the intrinsic relaxation of
the major phase can be highlighted, while the relaxation
process of the dispersed phase can be detected at low fre-
quencies.®® Figure 3b reports the Han plot of neat PAS6,
neat COC, and their blends. It can be noticed from these
plots that the slope of the obtained is systematically dif-

ferent, and thus the blends can be considered
immiscible.®!%2
3.2 | Microstructural and chemical

properties

Through the examination of the cross-section of the pre-
pared blends through light microscopy it was possible to
observe that, for COC contents up to 50%, the domains of
COC distributed within the PA6 matrix were clearly distin-
guished, and the average diameter of COC domains tend to
increase by increasing their concentration in the blends.
Similar behavior was already observed by Gonzalez Nufiez
et al.® in PA6/LLDPE blends, where the diameter of the
LLDPE domains increased with their relative amount. The
average diameter of COC domains in the blend containing
5 wt% of COC is 3.7 + 1.1 pm and their size increases up to
234 + 5.1 pm for the PA6_30COC blend. By increasing the

COC content at 75 wt%, a phase inversion occurs, and PA6
domains with an average diameter of 24.7 + 4.7 pm, homo-
geneously dispersed within the COC matrix, were
observed. In conclusion, from the obtained micrographs, it
was possible to infer that the prepared blends are immisci-
ble, and clear phase separation occurs over the entire inves-
tigated concentration range.

The phase morphology of PA6/COC blends was also
investigated by FESEM, and Figure 4a-h reports the
cryo-fractured surfaces of the prepared samples. In gen-
eral, since the prepared blends undergo phase separation,
a droplet-matrix type morphology can be detected.®
Thus, blends containing 5 wt% (Figure 4b) and 10 wt%
(Figure 4c) of COC present small COC domains, and also
large cavities with clear contours, representing the COC
dispersed domains pulled out from the PA6 matrix. Fur-
thermore, Figure 4g reports the cryo-fractured surface of
the PA6_75COC blend, and even for this composition, it
is possible to notice a rather poor interfacial adhesion
between the two constituents. By increasing the COC
content in the blends, the coalescence of the domains can
be detected. In the literature,®>®° it is reported that this
specific morphology is often characterized by droplet
breakup and coalescence phenomena. This is the reason
why at elevated COC amounts the domains are homoge-
neously dispersed and their dimensions increased. The
relatively high dimension of the dispersed COC domains
coupled with the rather poor interfacial adhesion con-
firms the incompatibility of the produced blends. The
poor compatibility between the constituents could also
lead to a worsening of the mechanical properties of the
blends. The results obtained from the morphological ana-
lyses are consistent with those obtained from the rheolog-
ical analyses discussed in Section 3.1 (see Figure 3a,b).
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FIGURE 4 SEM micrographs of the prepared PA6/COC blends. (a) PA6, (b) PA6_5COC, (c) PA6_10COC, (d) PA6_20COC,

() PA6_30COC, (f) PA6_50COC, (g) PA6_75COC, and (h) COC.
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FIGURE 5 ATR-FTIR spectra of the prepared PA6/COC
blends. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 5a-c reports the FTIR spectra of neat PAG,
neat COC, and of the prepared PA6/COC blends. The
FT-IR spectrum of PA6 was extensively studied in the
literature,””®® and the absorption bands located at
834, 929, 960, 1029, and 1200 cm ™! suggest that the crys-
talline structure PA6 utilized in the present work is
mainly constituted by the o-crystalline phase.®®*
According to Yeh et al.,” the band at 3293 cm ™' (a) can
be associated with the N—H stretching vibration of
hydrogen-bonded N—H groups in the crystalline phase.
The absorption band at 1634 cm™ ' (e) can be related to

C=O stretching vibrations while the mixed signals of
C—N stretching and N—H in-plane bending vibration can
be observed in the band at 1536 cm ™ (f).”*”? The two
intense bands at 2931 cm ' (b) and at 2854 cm ! (c) can
be related to the asymmetric and symmetric C—H
stretching vibrations, respectively.”* The bands located at
1475 cm ™! and at 1416 cm™ derive from C—H, scissor-
ing vibrations in the proximity of —NH and —C=O
groups, respectively. The absorption bands at 1459 cm !
can be related to C—H, scissoring and the one at
1372 cm™ ! can be correlated to the twisting vibrations.”*
In addition, at 1433 cm ™' (g) is located a band corre-
sponding to the bending vibration of the CH, group near
to the nitrogen atoms of the amide, indicating a rota-
tional deviation of the —CH,—CONH—CH,— group from
the ideal trans conformation. Moreover, the band located
at 1167 cm ™' can be associated with the vibrations of the
N—C—O group.” Regarding the FT-IR spectrum of COC,
the absorption peaks related to the ring deformation of
norbornene units can be observed, since it is a copolymer
of norbornene and ethylene. Thus, the characteristic
bands at 1459, 1596, and 1639 cm ™, represent the C—H
vibrations of the methylene group, the ring deformation
of norbornene, the ethylene-norbornene conjugation,
respectively. As it is possible to notice from these spectra,
no interactions between COC and PA6 phases can be
detected, and the characteristic peaks of COC can only be
detected when its concentration in the blends is relatively
high (i.e., 50 and 75 wt%). A possible explanation of this
phenomenon can be attributed to the microstructure of
the prepared blends and to the penetration depth of the
FTIR technique. Being the COC domains homogenously
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dispersed in the PA6 matrix, the outer surface of the spec-
imens is composed of PA6, and the probability of detect-
ing the signals of COC domains is thus rather low.
Furthermore, the ATR-FTIR used in this work has a pen-
etration depth of approximately 2 pm, and therefore, by
looking at the microstructure of the prepared blends
(Figure 4a-h), it is clear the difficulty to detect COC sig-
nals. In any case, the absence of any shift for both PA6
and COC signals in FT-IR spectra of the blends confirms
the immiscibility of the two polymer phases over the
whole range of investigated compositions.

3.3 | Thermal properties

Figure 6 reports the DSC thermograms of neat PA6, neat
COC, and of the prepared blends, while the most relevant
results are summarized in Table 2. PA6 has a melting
temperature of 230.6°C, while its glass transition temper-
ature (T,) cannot be detected. The T, of PA6 depends on
several parameters, such as the moisture content, the
crystallinity degree,’® and the rigid amorphous phase
amount.”” Thus, considering the fact that the sample is
characterized by a relatively high crystallinity (about
30%), the T, signal is probably too weak to be detected.
Regarding neat COC, it is fully amorphous and is charac-
terized by a T, of 65.0°C, in perfect agreement with the
technical datasheet given by the company.

Furthermore, from the reported thermograms, it is pos-
sible to appreciate that there is no interaction between PA6
and COC since the T, of COC is not affected by the pres-
ence of PA6. Interestingly, by looking at the melting peak
of the PA6 phase, double melting phenomena arise when
COC is blended with PA6. One of the most important char-
acteristics of PAG6 is its ability to form polymorphic crystals
and in particular, two important crystal forms can be

Temperature [°C]

(©)

produced during melt processing. The first is the most sta-
ble a-phase (with monoclinic cell) produced for low under-
cooling, while the second, the less stable, y-mesophase
(with pseudo-hexagonal cell) can be produced for high
under-cooling.”® By performing the peak deconvolution of
the melting peaks, it was possible to extrapolate the two dif-
ferent melting temperatures of the a-phase (T,,) and
y-phase (Ty,,). The addition of COC to the PA6 matrix may
hinder the formation of more stable crystallites and there-
fore, during the cooling phase, less stable crystallites can be
formed. The crystallization behavior of PA6, in terms of T,
and AH,, is affected by the presence of COC. Similar results
were obtained by Sohel et al.” in their work on PA6/ABS
blends. They noticed a T. of the produced blends slightly
lower than PA6, which may be caused by the increment in
the melt viscosity of the blends by increasing the ABS con-
centration. In the work of Sridhara et al.,*® the crystallinity
of PA6 slightly decreased upon the addition of cellulose
nanofibers (CNF), because these nanofillers affected the
mobility of the polymeric chains. However, as it is possible
to notice from Table 2, the position of the melting peaks
related to the a-phase and y-phase, and the overall crystal-
linity of PA6 are only slightly affected by the COC content.
Therefore, also DSC analysis highlights the immiscibility of
the two polymer phases in the prepared blends at all the
investigated compositions.

Figure 7a,b reports the TGA thermograms and the
derivative thermogravimetric (DTG) curves of neat PA6,
neat COC, and on the prepared blends, while the main
results are reported in Table 3. The residual mass at
700°C for each of the tested specimens is zero, indicating
a complete thermal degradation of the samples. It is
worthwhile to underline the fact that there is no weight
loss above 100°C for all the produced blends, and thus it
can be concluded that the produced blends are
completely dry. On the basis of the obtained
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TABLE 2

First heating scan

Applied Polymer WiLEy-| =

Results of the DSC tests on the prepared PA6/COC blends.

Sample T, COC (°C) Tm1 PA6 (°C) Tm2 PA6 (°C) AH,, pac (J/8) % PAG6 (%)
PAG6 - - 230.6 56.9 24.7
PA6_5COC = = 225.8 51.6 23.6
PA6_10COC 63.4 217.0 223.8 50.4 26.6
PA6_20COC 64.1 219.3 226.2 44.0 23.9
PA6_30COC 64.0 221.5 224.7 36.6 22.7
PA6_50COC 63.0 215.2 222.6 27.8 24.2
PA6_75COC 63.2 214.8 222.6 15.3 26.5

coc 65.0 = = - =

Cooling scan

Sample T, COC (°C) T. PA6 (°C) AH_ pas (J/8) x PA6 (%)
PA6 - 192.8 67.1 29.2
PA6_5COC - 190.1 65.8 30.1
PA6_10COC - 191.6 66.1 31.9
PA6_20COC = 189.2 54.7 29.7
PA6_30COC - 189.4 45.5 28.3
PA6_50COC = 189.5 34.5 30.4
PA6_75COC - 189.4 17.9 31.2

coc 64.1 - - -

Second heating scan

Sample T, COC (°C) Tm1 PA6 (°C) Tm2 PA6 (°C) AH,, pac (J/8) x PA6 (%)
PA6 - - 223.5 67.1 29.2
PA6_5COC 61.0 = 224.5 65.6 30.0
PA6_10COC 62.7 218.6 223.1 64.5 31.1
PA6_20COC 62.3 219.4 224.7 54.7 29.7
PA6_30COC 61.0 219.3 224.0 45.6 28.3
PA6_50COC 59.6 217.1 2234 31.9 27.8
PA6_75COC 60.3 217.1 222.8 159 27.7

coc 61.3 - - -

experimental results, it can be concluded that COC is
characterized by superior thermal stability in comparison
to PA6, and PA6 samples blended with COC show an
improved thermal degradation resistance. Both the Tsy
and Tp tend to increase by increasing the COC concen-
tration, going from 394.5 and 463.5°C for neat PA6 up to
458.7 and 485.7°C for neat COC, respectively.

3.4 | Mechanical properties

Figure 8a-d reports the representative stress—strain
curves and the trends of elastic modulus (E), maximum
stress (omax), and elongation at break (ep,) of the prepared

blends, obtained from quasi-static tensile tests. From
Figure 8a it is clear that all the prepared blends exhibit
brittle behavior except for COC, which shows yielding
phenomena.

The modelization of the elastic modulus of the pre-
pared blends was performed by using the Maxwell-
Eucken (ME) model. This model is able to predict the
mechanical properties of a blend characterized by the
droplet-matrix morphology.®! The expression of the ME
model is reported in Equation 9:

CES +E —ZQE;EZ

3E,
9149, 2E, +E,

: 9)
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FIGURE 7 TGA tests on the prepared PA6/COC blends. (a) Residual mass, and (b) mass loss derivative curves. [Color figure can be

viewed at wileyonlinelibrary.com]

TABLE 3 Results of the TGA analysis performed on the
prepared PA6/COC blends.

Sample T4 (°C) Tsq (°C) Tp (°C)
PA6 318.0 394.5 463.5
PA6_5COC 229.3 396.2 466.7
PA6_10COC 295.8 396.3 464.3
PA6_20COC 271.0 395.2 468.8
PA6_30COC 344.3 408.8 474.3
PA6_50COC 3722 418.7 478.5
PA6_75COC 238.2 419.7 483.7
cocC 429.2 458.7 485.7

where E,, is the modulus of the blend, E; and 8, are the
moduli, and the volume fraction of phase i, respectively.
Theoretically speaking, the application of the ME
model implies that the blend is composed of small
spheres dispersed within a continuous matrix, and pro-
vides a good approximation of the mechanical properties
of the blends for limited volume fraction of the dispersed
phase. However, in the present case, the trend of the
mechanical properties of the produced blends is lower
than the ME model prediction over the whole range of
the investigated compositions. This discrepancy can be
probably ascribed to the lack of adhesion between the
two polymer phases. The elastic modulus decreases from
31+02 GPa for neat PA6 to 2.5+ 0.2 GPa for
PA6_30COC, the maximum stress decreases from 77.2
+3.6 MPa for neat PA6 to 404 +19 MPa for
PA6_30COC (relative drop of 48%), and the elongation at
break decreases from 8.9 + 2.0% for neat PA6 to 3.1
+ 0.1% for PA6_30COC (relative drop of 65%). The

mechanical properties of an immiscible polymer blend
can be strongly influenced by various phenomena, such
as cavitation during the deformational process, decohe-
sion at the interfaces of the two constituents, and also the
lower mechanical properties of the second component.®
From the Cole-Cole plot (Figure 3a), the appearance of
two-stage relaxation phenomena suggests the immiscibil-
ity of the prepared blends. Moreover, from the SEM
micrographs (Figure 4e), it is possible to appreciate the
lack of interfacial adhesion between the dispersed COC
domains and the PA6 matrix. Therefore, the limited
interfacial interaction between PA6 and COC clearly
explains the observed decrease in the mechanical proper-
ties of the prepared blends. For instance, Castro et al.*®
produced PA6/ABS blends and they also found a
decrease in the mechanical properties by adding ABS to
neat PA6. They improved the mechanical properties of
the blends by performing reactive compatibilization
by using methyl methacrylate-co-maleic anhydride
(MMA-MA). Sridhar et al.** investigated PA6/polypropy-
lene (PP) blends to improve both the strength and tough-
ness. For low PP contents, they noticed a positive impact
on the overall mechanical properties. However, at high
PP concentrations, the mechanical properties decreased
due to the lack of interfacial adhesion. Through the intro-
duction of PP-g-maleic anhydride as a compatibilizer, a
partial restoration of the mechanical properties was
observed.

Concerning the fracture behavior of the prepared
blends under quasi-static mode, Figure 9a,b reports the
trends of K;c and Gy¢ as a function of the volume fraction
of COC. All the tested specimens completely fulfilled the
elasticity requirements of ASTM D5045 standard. The
obtained Kjc value for neat PA6 (2.3 [MPa-m"?]) is in
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FIGURE 8 Results of quasi-static tensile tests on the prepared PA6/COC blends. (a) Representative stress—strain curves, trends of

(b) elastic modulus, (c) of the maximum stress, and (d) of the elongation at break as a function of the COC content. [Color figure can be

viewed at wileyonlinelibrary.com]|
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Fracture behavior of the prepared PA6/COC blends. (a) Critical stress intensity factor (Kjc), and critical strain energy release

rate (Gyc) in quasi-static mode, (b) critical stress intensity factor (Kjc) in impact mode. [Color figure can be viewed at
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perfect agreement with the typical values reported in the
literature,®> while neat COC reports a higher fracture
toughness value (2.7 [MPa-m"/?]). It is very interesting to

notice that, for a concentration of COC as low as 5 and
10 wt%, the value of Kjc slightly increases up to 2.6
(MPa-m'/?), On the other hand, by increasing the COC
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FIGURE 10 SEM micrographs of the tested SENB specimens of the blends containing up to 30 wt% of COC in quasi-static mode and

impact mode.

content up to 30 wt%, Kjc slightly decreases to 2.1 + 0.1
(MPa-m"?). A similar trend can be observed for Gic
values. The increment in the K;- and in the Gyc, values
for low COC concentrations can be reconducted to a par-
ticular toughening mechanism, that is, the formation of
microvoids through cavitation or particle debonding.®
Through particle debonding, an alteration of the stress
state in the surrounding matrix is possible, enabling the
matrix to yield at moderate stress levels, even under
plane-strain conditions, and thus initiating plastic defor-
mation inside the matrix.®” The generation of microvoids
through particles debonding converts the material, in the
proximity of the deformation zone, into a porous solid
starting from a continuous solid, determining a slight
increment in the absorbed fracture energy.*® On the
other hand, this mechanism is also responsible for the
reduction in the overall mechanical properties of the pro-
duced blends, as reported in Figure 8a—d. In any case, it
can be generally concluded that the fracture toughness
under quasi-static conditions of the PA6 is not negatively
affected by the COC introduction, even if the two poly-
mers are immiscible. Figure 9 b reports the K;c values
obtained from fracture toughness tests in impact mode
on the prepared blends as a function of the volume frac-
tion of COC. It is interesting to notice that, at low COC
concentrations, the values of Kjc are comparable with
those of neat PA6, while a decrease can be observed at
higher COC concentrations. A similar trend was also
observed in quasi-static mode. Even in this case, the
decrease in the Kj¢ values at elevated COC amounts can
be attributed to the lack of adhesion between the COC
and the PA6 matrix. Moreover, the K;c- values evaluated

in impact mode are significantly higher than those
reported in quasi-static mode. A possible reason for this
discrepancy can be reconducted to the different deforma-
tion speed, which may lead to the activation of different
fracture mechanisms. Further efforts should be made in
the future to explain this result.

In order to better understand the fracture mechanism
that occurred both in quasi-static and impact mode, SEM
micrographs of the tested SENB specimens are reported
in Figure 10. The debonding process is fundamental for
the improvement of the toughness since it allows the
matrix to deform plastically through a void growth mech-
anism subdivided into particle debonding, void nucle-
ation, growth, and crazing.*” In quasi-static mode, the
surface of the tested specimens with a COC concentration
as low as 5 or 10 wt% results irregular, partially plasti-
cally deformed, and the voids formed during the particle
debonding process are visible. Thus, more energy is
required by the crack for its propagation.”® This morphol-
ogy explains the improvement in the fracture toughness
of the prepared blends at limited COC amounts. For
higher COC concentrations, it is still possible to notice
the occurrence of the debonding mechanisms since there
is a small gap between the COC domains and the PA6
matrix, which means that the matrix was slightly plasti-
cally deformed. On the other hand, at higher testing
speeds, the toughening mechanism of particle debonding
does not occur since there is no plastic deformation and
there is no gap between the COC domains and the PA6
matrix.”" For this reason, no improvement at low COC
concentration occurs in the Kjc in impact mode. At
higher values of COC concentration, it is possible to
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TABLE 4 Evaluation of the healing efficiency in quasi-static
and impact mode for the PA6_30COC blend.

Quasi-static mode

Sample Kic (MPa-m'?) HE (%)
PA6 2.26 + 0.13 -

PA6_H 0 0
PA6_30COC 2.11 +0.01 -
PA6_30COC_H 0.24 + 0.05 114 + 2.1
Impact mode

Sample Kic (MPa-m'?) HE (%)
PA6 11.91 + 2.02 -

PA6_H 0 0
PA6_30COC 7.80 + 1.99 -
PA6_30COC_H 2.71 + 1.45 347 +93

notice the detrimental effect of the immiscibility since
there is rather no continuity in the matrix and thus the
crack can easily go through the materials.

3.5 | Evaluation of the healing efficiency
Table 4 reports the Kjc values obtained in quasi-static
and impact mode for the blend containing 30 wt% of
COC, before and after the healing process. By looking at
the obtained results, the healing efficiency in quasi-static
mode is 11.4 + 2.1%, while in impact mode is 34.7
+ 9.3%. Moreover, since the healing efficiency of neat
PAG6 is 0%, only the dispersed COC phase is considered
able to repair the specimens during the healing proce-
dure, partially restoring thus the pristine mechanical
properties. Interestingly, the overall healing efficiency
evaluated in impact mode is significantly higher with
respect to that observed in quasi-static mode.

The reason behind this phenomenon might be related
to the fact that different testing speeds generate different
fracture surface morphology. The fracture surfaces of the
specimen tested in quasi-static mode are less planar than
those observed in impact conditions (see Figure 10), the
COC can thus easily flow and fill the crack in the impact-
tested samples in a more efficient manner. In order to bet-
ter understand the difference between the healing effi-
ciency values observed in quasi-static and impact mode, it
could be interesting to compare the microstructural fea-
tures of the PA6_30COC blend before and after the healing
process. Thus, Figure 11 reports the SEM micrographs of
the fracture surfaces of PA6_30COC specimens tested in
quasi-static and impact mode, before and after the healing
process. Regardless of the testing speed, the fracture
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After Healing

Before Healing

Quasi-static

Impact

FIGURE 11 SEM micrographs of the fracture surface of the
PA6_30COC blend before and after the healing process (tested both
in quasi-static and impact conditions).

surfaces after the healing process have a much smoother
appearance. The smooth surface of the impact specimen
still presents several voids due to the detachment of COC
domains, but it is possible to notice a thin COC layer that
covers the majority of the cracked surface. On the other
hand, in the specimen tested in quasi-static mode, only in
certain zones of the surface it is possible to notice a homo-
geneous COC layer, while in the rest of the specimen only
PA6 can be detected. The COC domains softened during
the healing process and were capable of filling the crack in
a more efficient way in impact mode, given the fact that
the fracture surface was more planar. However, being the
adhesion between COC domains and PA6 matrix very
poor, the healing efficiency of the prepared PA6/COC sys-
tems is therefore rather limited. A direct comparison with
the existing literature works is quite complex, given the
particular healing mechanism that is occurring in our
materials. Nevertheless, several works based on dynamic
electrostatic interactions and hydrogen bonds,”* dynamic
bonds,” and double self-cross-linking networks™ have
been published and the reported healing efficiency values
reached a level as high as 93%. It can be hypothesized that
the healing efficiency obtained in the present system could
be further enhanced through the addition of a proper com-
patibilizer, thus improving the interphase between COC
and PA6. Moreover, also the addition of carbon nanofibers
or carbon nanotubes (CNT) could provide nanofiller-
induced compatibilization, which could boost the healing
capability of these blends.”
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4 | CONCLUSIONS

In this work, an investigation of the intrinsic self-healing
behavior of a thermoplastic healing agent dispersed in a
thermoplastic matrix was carried out. At this aim, COC
was blended in various concentrations with PA6 through
melt mixing and subsequent hot pressing. A comprehen-
sive rheological, microstructural, and thermo-mechanical
analysis was performed to obtain a full characterization
of the produced blends. The evaluation of the healing
efficiency of the most promising compositions was per-
formed by comparing K- values before and after the
thermal mending process, performed at 140°C.

From the rheological analysis, an increment in the
complex viscosity was reported by increasing the COC
content in the blends, and both Cole-Cole plot and Han-
plot suggested the immiscibility of the COC/PA6 blends.
The formation of a droplets-matrix morphology and the
limited interfacial adhesion between the constituents was
confirmed by LM and SEM micrographs. The immiscibil-
ity of the blends was detrimental to their quasi-static
mechanical properties. The droplet-matrix morphology
enhanced the Kjc in quasi-static mode at low COC con-
tents, while at high COC concentrations, the Kjc
decreased, and a similar trend was also observed in
impact mode. The healing efficiency of the blends con-
taining 30 wt% of COC in quasi-static mode was 11.4
+ 2.1%, while in impact mode was 34.7 + 9.3%. The rela-
tively low values of the healing efficiency were caused by
the rather poor adhesion between COC and PA6. The
limited value of the obtained healing efficiency in com-
parison to other systems, such as epoxy/PCL blends, may
be ascribed to the different fracture morphology, charac-
terized by a planar profile and a more even distribution
of the healing agent. However, the potentiality of COC as
a healing agent was demonstrated, as it was able to fill
the cracks during the healing process, especially in
impact-tested specimens.

The feasibility of producing a thermoplastic matrix pos-
sessing intrinsic self-healing properties at relatively low
temperatures was thus demonstrated. These materials
could be potentially exploited in the future as matrices for
thermoplastic structural composites with self-healing capa-
bility. A possible improvement in the self-healing potential
of these systems could be obtained by introducing suitable
compatibilizers, in order to improve the adhesion between
COC domains and the PA6 matrix.
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