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Abstract Self-repair properties based on shape-memory fea-
tures of covalently crosslinked semi-crystalline
polyalkenamers were demonstrated by thermal-activated re-
covery of performed surface marks (indented holes and
scratches). Shape memory polymers were prepared by mixing
a commercial polycyclooctene (PCO) with different percent-
ages of peroxide, and then these mixtures were processed by
compression moulding to obtain crosslinked sheets. With the
aid of a hardness test pencil, holes and scratches in the surface
of the materials were realized with different known forces (5,
10 and 15 N). The disappearance of surface defects was
evaluated using both optical and contact surface profilometry,
as well as optical microscopy under heating processes. This
technique allowed evaluating shape recovery ratios of edge-
wise holes in PCO samples. In parallel, the analysis of max-
imum depth of indentations with temperature for edgewise
samples by optical microscopy allows evaluating shape re-
covery. As a complementary tool for analysing thermal shape-
recovery and surface resistance to indentation, thermal prop-
erties and hardness were investigated by DSC and Shore
durometer test, respectively.
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Introduction

Most of the polymeric systems are susceptible to damage from
environmental stresses, which can cause loss in its mechanical,
physical and aesthetic properties, so interest in developing and
characterizing self-healing materials has grown considerably due
to broad applicability in innumerable industrial sectors. Self-
healing in materials, where damage is detected and repaired in
situ [1, 2], is the result of a new and innovative approach to tailor
the structure/property relations in materials to extend their life-
time and their reliability in use. Therefore, providing self-healing
propetties to these polymeric materials is enormously attractive
from the industrial viewpoint. In recent years, different types of
developed systems demonstrate the ability to heal, which are
mainly based on microcapsule dispersions [3—5], particle segre-
gation [6, 7], microvascular networks [8—10], or gels [11-14],
among others, where shape memory polymers can play an
outstanding role in the field of self-repairing features [15].

Shape memory polymers (SMPs) are those capable of
recovering their original shape after having been deformed
into a different one (temporary shape), i.e. they ‘remember’
the shape they were given when processed (permanent shape)
on the basis of entropy changes with the ability of coming
back to it several times (deformation cycles) from potential
different temporary shapes. This ability is supported on ap-
propriate molecular structures [16—19], where several SMPs
based on different structures and functionalities exist [20, 21].

The shape memory effect can be induced under appropriate
stimulus such as temperature [20-25]. Shape memory effect in
these thermo-responsive SMPs normally consists of heating
up the sample, deforming, and cooling the sample. The per-
manent shape is now stored while the sample shows the
temporary shape. Heating up the shape memory polymer
above a transition temperature Ty, induces the shape mem-
ory effect, and, as a consequence, the recovery of the stored
permanent shape can be observed.
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Furthermore, the deformation force may also be applied to
a non-heated SMP, i.e. draw the sample at a low temperature.
In this case, the permanent shape was recovered at an elevated
temperature under a stress free condition [26]. Mather et al.
[27] called it ‘reversible plasticity shape memory effect (RP-
SME)’ and the deformation step is usually called ‘cold draw-
ing programming process’ because it consists in working at
temperatures below Ty [20, 28], that is, deforming the SMP
at glassy or crystalline state. This procedure has different
benefits, such as lower recovery temperatures and largely
enhanced recovery stress [29].

This effect (RP-SME) can be used to repair surfaces. The
surface of the plastic-made objects may be damaged during its
lifetime. These damages are mainly plastic deformations,
which can be recovered according to RP-SME mechanism,
although just in case of non-permanent damages such as
surface scratches or indents. If permanent damages such
cracking occur, heating would reduce crack width but not heal
it [30] since surface scratches are material deformations relat-
ed with entropy changes, whereas cracking implies a micro-
scopical material separation. Thus, shape memory polymers
can be used to partially repair structural damage [31].

In this scenario, the present study describes the potential
thermally activated self-repair features of developed
polyalkenamer based shape memory materials faced to
thermomechanical and shape memory properties, as a func-
tion of the degree of selective crosslinking of the semi-
crystalline network. Therefore, these polymers can recover
its original shape upon heating above its melting temperature
(Tm), due to its autonomous conformational entropy driven
shape recovery mechanism, which is demonstrated by differ-
ent techniques, such as surface profilometry, and confocal and
optical microscopy.

Experimental
Materials

Vestenamer® 8012 (Evonik) in pellet form, which is a 99.5 %
purity low broad molecular weight polyoctenamer (PCO)
consisting of linear and cyclic macromolecules with 80 % of
its double bonds arranged in a crystallizable frans configura-
tion, was used as received without any previous purification
step. The crosslinking agent used was dicumyl peroxide
(DCP) from Aldrich, which is a 98.0 % purity solid crystalline
monofunctional peroxide.

Preparation of samples
Shape memory systems were prepared as previously de-

scribed [32], i.e. polycyclooctene (PCO) Vestenamer® 8012
and 1, 2 and 3 wt% dicumyl peroxide (DCP) were blended
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using a Haake Rheomix 600 mixing chamber at 70°C and
subsequently crosslinked at 180°C for 20 min by compression
moulding under a pressure of 925 bar in a 2 mm thickness flat
mould. Two Teflon sheets were placed on both sides of the
mould to reduce the surface roughness of the PCO-DCP
specimens obtained. After curing, the obtained 50 mmx
50 mmx2 mm specimens were cooled to room temperature
in the mould under constant pressure. In order to provide an
identical thermal history, the neat PCO (0 wt% of peroxide)
was also processed under the same described conditions.
Table 1 summarizes all the developed PCO samples.

Experimental methods
Thermal Properties

Thermal properties of neat PCO and crosslinked PCO samples
were measured by Differential Scanning Calorimetry (DSC
822e from Mettler Toledo) to identify thermal actuation tem-
peratures. Samples in aluminium pans were characterized
under constant nitrogen flow (50 ml-min'). First, samples
were heated from —100 to 150°C at a rate of 10°C-min” !,
followed by a cooling scan from 150 to —100°C at a rate of
—10°C'min_". Subsequently, a second heating scan to 150°C
was conducted at the same heating rate. In all cases, samples
around 10-12 mg were used.

The DSC analysis indicated that the peroxide concentra-
tion, and the associated crosslinking density, has an impact on
the crystallinity of the materials. Crystallinity values, calcu-
lated as it was explained in a previous work from enthalpy of
100 % crystalline PCO [32], were also shown in Table 1. It
should be noted that both Tm as crystallinity values reported
in reference 33 are slightly different from those shown in
Table 1 (in this work, Tm values are slightly higher while
the crystallinity is slightly lower). These differences are due to
two facts: 1) the PCO was used as received without purifica-
tion and therefore small differences both in composition as in
molecular weight are possible between batches, and 2) the
DCP employed in this work was an Aldrich product (98.0 %
purity) whereas in previous works was used a AKZO Nobel
Polymer Chemicals DCP (99.0 % purity).

Table 1 Thermal properties of the PCO-DCP samples studied

Sample DCP wt% Tg(°C) Tm (°C) Trec (°C) Crystallinity (%)
PCO-0 0 =763  57.0 30 26.4
PCO-1 1 =755 526 70 24.8
PCO-2 2 -73.6 420 60 22.2
PCO-3 3 -73.5 378 55 20.7
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Shore D hardness

Shore test measures the resistance of plastics toward indenta-
tion. Thus, Shore D hardness of different PCO samples was
measured by pressing a 30° cone indenter tip of 1.4 mm
extension with a spring force of 44.48 N on the surface with
a Shore D mechanical hardness tester, assembled on test stand
BS 61 from BAREISS PRUFGERATEBAU GMBH, and
reading the scale after 15 s holding the presser foot in contact.
Five measurements of hardness were performed and the me-
dian value was determined.

Self-repair behaviour

Shape memory properties of crosslinked PCO samples were
evaluated using surface profilometry (Alpha-Step D-100
profilometer from KLA-Tencor), non-contact confocal optical
3D profilometer (PLp NEOX microscope from SENSOFAR)
and optical microscopy (NIKON SMZ-2 T optical microscope
equipped with a CCTV camera, JenoptikC10Plus model). After
measuring the surface roughness of the PCO specimens by
optical-confocal profilometry test, holes were performed using
a Hardness Test Pencil Model 318 from ERICHSEN by marking
the surface of the samples with a known force (5, 10 and 15 N).

Scheme 1 Schematic
representation of crosslinking a)
reaction between PCO and DCP

Once the required spring tension is set, the Test Pencil was
held upright and placed its point on the test surface to draw
a hole. The length of contact time under load was very short
(1-2 s) in order to minimise the effect of loading cycle time
on final permanent deformation. Therefore, the deformation
was applied to a non-heated samples and could be recovered
at elevate temperature under stress free conditions [26]
through the reversible shape memory plasticity effect de-
scribed by Matter [27]. Subsequently, hole depths were
measured using both surface and optical-confocal
profilometry after marking and afterwards, after 24 h, using
confocal microscopy.

The thermal-induced recovery process was observed
using an optical microscope. The samples were put on a
heating plate under the microscope until recovery pro-
cess was finished and photos at different temperatures
were taken. Finally, the PCO specimens were cooled
down to room temperature previous to measure its pro-
file using confocal microscopy.

In parallel, in order to evaluate the shape recovery ratios
faced to temperature, the variation in the hole depths were
measured following the recovery phase under heating process
of perpendicular cuts of the performed marks on replicas by
optical microscopy.
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Fig. 1 DSC curves for all the PCO-DCP samples: a first heating, b
cooling and ¢ second heating

Moreover, to emphasize the potentiality of self-repairing
capabilities, another test was effectuated by performing
30 mm line marks in PCO samples at a rate of approximately
10 mm-sec ' with each force (5, 10 and 15 N) using the same
Hardness Test Pencil. Measurements were made with the
surface profilometer, again, before and after marking, 24 h
later and after heating the sample in an oven during 10 min at
approximately 20°C above its melting temperature (Trec in
Table 1) and cooling down.

Results and discussion

Crosslinking the macromolecular chains of the polymer using
organic peroxides is a reported method to obtain shape

38

36 -

34t

Shore D Hardness

30 |

28 |

20 ' 22 24 26
Crystallinity (%)

Fig.2 Relationship between crystallinity and Shore D Hardness for PCO
samples
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Table 2 Hole depth marks in the PCO-DCP samples

Sample Shore D Marking Hole depth measured (pum)
Hardness force (N)
Profilometry Confocal
microscopy
PCO-1 353 15 196 181
10 79 86
5 34 36
PCO-2 32.6 15 188 191
10 130 133
5 44 54
PCO-3 28.6 15 117 105
10 106 100
5 48 42

memory polymers, as demonstrate described smart materials
from polyethylene [33, 34], vinyl acetate [35] and polyvinyl
chloride [20]. Moreover, Mather [36—38] and Lendlein [39]
have synthesized crosslinked thermo-sensitive shape memory
polymers using polycycloalkenes. In our group, magneto-
active polymers [40], thermo-responsive polymers [32], shape
memory composites [41], and triple-shape memory polymers
[42] were obtained by balancing competitive crystallinity and
elasticity via a monofunctional peroxide based crosslinking
process.

In summary, the crosslinking process of the thermoplastic
matrix promoted by dicumyl peroxide may occur via two
main different reactions [43, 44] (Scheme 1). On the one hand,
the free radicals from thermal decomposition of functional
peroxide generate, by hydrogen abstraction, polymeric
macroradicals able to react and recombine (Scheme 1a) in a
crosslinked network. Besides, another process can occurs
from combining the peroxide radical with the double bond
of the polymer chain (Scheme 1b).

5N 10 N 15N
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3 TN \/\—\J E—
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1 " 1 " 1 1

Tip displacement (mm)
Fig. 3 Measured profiles of holes for all PCO samples
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Thermal properties

Related to the thermal properties of the PCO-DCP measured
by DSC, Fig. 1 shows the respective DSC curves, as well as
Table 1 listed the corresponding melting temperatures. As can
be observed in Fig. 1, the peaks corresponding to the melting
and crystallization temperatures for the different PCO-DCP
samples switched to lower temperatures as the DCP wt%
increases. Increasing peroxide concentration, thus, promotes
crosslinking density, and the degree of crystallinity decreases
as result of the lower chain mobility from crosslinking knots,
which are responsible for a lower diffusion and limited con-
formational order of the polymer chains.

Since slight differences in the DSC curves can be observed
between consecutive heating cycles due to variations in the

Fig. 4 Measured surfaces (up)
and profiles (down) for 10 N hole
in PCO-2 sample: (a) without

thermal history of the samples, the transition temperature of
shape memory effect (Tyy,s) Was defined from melting tem-
perature measured in the second heating cycle (Tm in
Table 1).

In conclusion, it is possible to tailor the melting temperature
of the PCO-DCP crosslinked samples, and thus the transition
temperature of shape memory (Ty.y,s), simply by controlling
the degree of crosslinking of the samples by the concentration
of peroxide.

Self-repair behaviour
Hardness of semicrystalline polymers depends on numerous

microestructural parameters related to crystallinity degree,
conformational alternating lamellae regions and disordered
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Fig. 5 Indentation depth vs. applied load for different crosslinked
samples

layers, defects in the stereo regularity, chain entangle-
ments and folds, and other conformational irregularities
[45, 46]. However, hardness is often correlated to the
yield stress, being a direct relationship between yield
stress and degree of crystallinity, in agreement with data
in Fig. 2 [47].

The measured depths in the centre of the holes from mark-
ing all samples with Test Pencil, evaluated by both
profilometry techniques, are collected in Table 2, as well as
corresponding Shore D hardness (for PCO-0 sample Shore D
hardness is 36.5). Furthermore, the profiles obtained with the
profilometry technique are illustrated in Fig. 3 for PCO-1,
PCO-2 and PCO-3, respectively, whereas in Fig. 4 are shown
both the measured surfaces and the corresponding profiles
obtained with the confocal microscopy.

The depth values obtained by the two techniques
(profilometry and confocal microscopy) are very similar

following the same trend, which demonstrates that indentation
depth increases with applied load for all cases (Fig. 5), and that
both measurement techniques are appropriated for evaluating
the subsequent self-repair behaviour.

Considering the hardness as a measurement of the resis-
tance of the samples towards indentation, it could be expected
lower indentation marks with higher hardness, as occurs for
low indentation loads and related minor marking depths or
deformations (Fig. 5). However, at the same time that applied
load and subsequent depth increase, this trend reverses.

In semicrystalline polymers, the relationship between mor-
phological characteristics and hardness is extremely complex
and is dependent on many variables controlled by molecular
weight, chain structure, degree of crystallinity, crystalline
structure, thickness distribution of crystallites, interfacial in-
teraction with non-crystalline region and structure of amor-
phous phase, among others [46].

Crosslinked PCO consists of separate and mechanically
distinct ‘hard’ crystalline elements and ‘soft’ amorphous re-
gions. Therefore, when indented, the material is compressed
and a complex combination of effects influences the produced
local deformation, being the prevalent mechanism dependent
on the strain/stress field depth round the indent and on the
morphology of the polymer [45]. Therefore, it is suspected
that for low strains from low-moderate applied loads, proba-
bly prior to the yield point, deformation modes and strength of
crystalline phase governs the observed performance.
However, as the fraction of amorphous phase increases from
lower crystallinity degree, when indentation involves yielding
of crystalline regions and partial destruction of surface crys-
tallites from higher strains, intrinsic flexibility and elastic
storage properties of amorphous crosslinked chains prevails.
Therefore, for high loads, when the applied stress is removed,
the rubber-elastic behaviour of crosslinked molecules in the

Fig. 6 Recovery process for 10 N hole in PCO-1 at: (a) 22.9°C, (b) 36°C, (¢) 43°C, (d) 46°C, (e) 51°C, (f) cooled (recovered)
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Fig. 7 Recovery process for 10 N hole in PCO-2 at: (a) 23.8°C, (b) 32°C, (¢) 37°C, (d) 41°C, (e) 43°C, (f) cooled (recovered)

amorphous phases leads to elastic recovery and relax back of a
fraction of indentation strain, which is higher when DCP
content increases and produces lower remaining hole depths
(Fig. 5) [45-47]. Nevertheless, specific micro hardness anal-
ysis to evaluate cooperative effects of both phases under
different crystallization conditions and indentation protocols
should be performed to corroborate this performance, which is
not object of this study.

On the other hand, the evolution of recovery process with
temperature was monitored by optical microscopy. The sam-
ple was placed at room temperature on a heating surface and
series of photos of the hole were taken when temperature was
increasing. When recovery process was finished, the sample

was slowly cooled to room temperature. Variations in the
brightness in photos come from melting process of crystallites
and turning the samples into transparent. Nevertheless, when
cooled down they return to original translucent white colour.
Figures 6, 7, 8 show the evolution of the hole marks with
temperature for the PCO-1, PCO-2 and PCO-3 samples, re-
spectively, assessing surface-repairing features from the shape
memory properties of this kind of SMPs.

In parallel, the analysis of maximum depth of indentations
with temperature for edgewise samples by optical microscopy
allows evaluating shape recovery ratios, calculated by equa-
tion (1), as well as actuation temperatures profiles. Figure 9
shows as an example of recovery process for indented PCO-2

.
--

Fig. 8 Recovery process for 10 N hole in PCO-3 at: (a) 23.9°C, (b) 29°C, (¢) 33°C, (d) 35°C, (e) 37°C, (f) cooled (recovered)
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Fig. 9 Edgewise view of the recovery process for 10 N hole in PCO-2 at: (a) 24°C, (b) 31°C, (¢) 36°C, (d) 42°C, (e) 44°C, (f) cooled (recovered)

sample. Furthermore, the respective shape recoveries with
temperature are represented in Fig. 10, where it can be ob-
served the described shape recovery ratios of 100 %.

D-D i
recovery % — |Dr—Dy| 1 00{ Dy = initial depth

Dy Dt = depth at each temperature (1)

Finally, self-repair of the scratch-marked samples was dem-
onstrated by surface profilometry (both measuring techniques
were demonstrated as suitable tools for evaluation and it are
faster and easier to use than confocal microscopy).

Figures 11 and 12 show some of the profiles measured with
the profilometry technique for the PCO-0 and PCO-2 samples,
respectively, when they are line-marked. As can been ob-
served in Fig. 11, the PCO-0 sample has no shape memory
properties, as well as losses dimensional stability from null
crosslinking preventing specimens from flowing like a vis-
cous liquid. However, in Fig. 12 it can be seen that the sample
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Fig. 10 Shape recovery with temperature
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with covalent bonds in polymer network is characterized by
shape memory features and subsequent exhibited self-
repairing properties.

In conclusion, when the PCO-DCP crosslinked samples
were heated above its transition temperature the surface de-
fects disappear (holes or lines/scratches), which demonstrates
the potential self-repair response under temperature of these
new polymeric materials, based on their shape memory be-
haviour, with functional or aesthetic applications.

Conclusions

Thermal-activated self-repair features of a series of
crosslinked PCO samples were demonstrated by evaluating
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Fig. 11 Measured profiles for PCO-0 sample: (a) 5 N, (b) 10 N and (c)
I5N
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the recovery of plastic deformations performed with different
indentation and scratching forces. The correlation of the in-
fluence of crosslinking density on thermal properties of these
shape memory semi-crystalline polymers with thermal-
induced surface self-repairing was evaluated. Thus, different
marking processes and recovery features were monitored by
surface and optical-confocal profilometry, together with opti-
cal microscopy, to demonstrate potential applications of this
smart performance in, for example, aesthetic or functional
related purposes, apart from other temperature-sensing
elements.
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