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Abstract

In this work the self-healing behaviour of a supramolecular elastomer showing healing at room
temperature was studied by mechanical testing. Tensile experiments on pristine and healed samples
were conducted and a critical analysis of the material response under the testing conditions applied
pointed out that simple tensile test only allows a restricted quantification of the healing process. A
fracture mechanics approach based on the J-integral was adopted to measure the healing behaviour
across the restored interface between the original fracture surfaces. The processes involved in the
repair were identified by combining the information obtained with the different techniques. A

substantial improvement in the assessment of the interfacial healing was achieved.



1 Introduction

The field of self-healing polymers is rapidly developing and several healing concepts have recently
been presented leading to the growth of this innovative material class with potential applications in
various engineering sectors. The different approaches applied to create thermoplastic and thermoset
polymers and elastomers can be separated into extrinsic and intrinsic concepts. In extrinsic concepts
the self-healing response is achieved via the inclusion of dedicated discrete particles containing a so-
called healing agents. In intrinsic healing approaches, the ability to heal is based on reversible
chemical bonds intrinsically present in the material. These reversible bonds allow reformation of the
mechanical integrity provided the original fracture surfaces are brought into contact for a sufficiently
long time to allow adequate molecular motion across the interface. As the healing process does not
consume any healing agent, in intrinsic healing systems samples can be broken and healed at the
same place several times [1].

For intrinsic self-healing systems the polymer architecture plays a fundamental role and a sufficiently
high chain mobility in combination with a sufficient density of reversible chemical bonds is a key
requirement to obtain a material with the ability of single or multiple healing [2]. Systems showing
extensive healing at room temperature or minimally raised temperature can be based on hydrogen
bonding [3-5], disulphide bridges [6, 7], ionomers [8, 9] or other reversible bonds. More attractive
mechanical properties while maintaining a sufficient self-healing behaviour can be obtained by
blending intrinsically healing polymers with other stiffer and stronger polymers [10-12].

Elastomers, thanks to their flexible polymer network, are therefore ideal candidates for the design
and the study of new self-healing concepts, including those arising from different supramolecular
chemistries [13, 14]. Despite the significant potential for the development of self-healing elastomers
the progress in the field is somewhat limited by the absence of established testing procedures
capable of accurately quantifying healing efficiencies [15].

To date, tensile testing (in which a broken sample is reassembled in such a way that the fracture

surfaces are brought in almost perfect contact and allowed to heal for a specified combination of



time, temperature and contact pressure prior to reloading of healed sample) forms the most
common testing method and the aim is to find those conditions which restore the original tensile
strength as much as possible. However, limited information can be extracted from this test
procedure and the healing efficiencies depend strongly on sample size and perfection of the
repositioning of the two original fracture surfaces during healing. Maes et al. [16] explored the
healing behaviour of a hydrogen bonds based supramolecular rubbers through a tack-like
experiment; in this study, the relevance of fracture/healing conditions and its impact on the degree
of healing was clearly underlined. A peel test was selected by Rahman et al. [17] to investigate the
self-adhesion assisted healing behaviour of epoxidized natural rubbers (ENR) highlighting the effects
of contact time and temperature on the healing performance; a correlation between the healing
capability exhibited by ENR based systems after high energy impacts and quasi-static damages was
also proposed [18]. Finally, Keller et al. [19, 20] studied the healing response of an extrinsic
microencapsulated polydimethylsiloxane (PDMS) elastomer system by both tear and torsion fatigue
testing procedures.

More quantitative information on the healing behaviour across the interface between two former
fracture surfaces can be obtained from test protocols based on fracture mechanics, as crack
propagation can be considered an instructive case to investigate the interplay between polymer
structure and mechanical properties [21-23] allowing a quantification of the material resistance to
fracture in the presence of flaws or defects.

Early fracture mechanics studies on elastomers were performed by Rivlin et al. [24] extending the
Griffith theory for crack growth in elastic materials to the case of vulcanized rubber and
demonstrating how tear energy is strictly a material property independent by sample geometry. In
recent years, the J-integral approach, introduced by Cherepanov [25] and Rice [26], has been widely
applied to characterise the fracture properties of elastomers obtaining information on both the

resistance to crack initiation and that to crack propagation [27-29].



In the present work, a fracture mechanics approach based on the application of the J-integral
methodology is explored to investigate the self-healing behaviour of a hydrogen bond based
supramolecular elastomer. The comparison between the healing performances measured by means
of standard tensile and fracture experiments on virgin and healed samples revealed a different
degree of recovery of original properties. The results obtained highlight the need to combine several
experimental techniques such as mechanical, rheological and fracture microscopy measurements to
unravel the various factors playing a role in the healing process and to obtain a more quantitative

and objective determination of the degree of healing.

2 Experimental

2.1 Material and samples preparation

In the current study a commercial self-healing supramolecular elastomer previously documented in
the literature was employed [4, 30-32]. The hybrid polymer network contains both strong irreversible
covalent cross-links and weak reversible chemical bonds (hydrogen bonds).

The uncured version of the supramolecular elastomer was provided by Arkema and the samples
were prepared following the manufacturers recommended procedure. The pre-polymer was heated
at 90 °C and casted in a PTFE open mould (160 x 160 mm). Then, the mould was placed in a standard
oven at 120 °C and vacuum was applied for 1 hour in order to allow outgassing of the resin. After
vacuum release, the mould was closed with a PTFE cover to control the final sheet thickness (3+0.2
mm) and was kept in the oven for a further 23 hours. After cooling to room temperature, the square
specimen was finally released from the mould.

Dog-bone (ASTM D1708) and single edge notched tensile (SENT) samples (80x25 mm), for tensile and
fracture tests, respectively, were cut with shaped dies from the as-produced sheets. A fresh sharp

razor blade was use to introduce a notch in each of the SENT specimens. A PTFE film was then



inserted into the notched zone of the SENT samples to avoid contact between the separated surfaces
during the storage and healing phases.
All samples were stored in an environmental chamber at 23 °C and 20% RH for at least 24 hours prior

to testing.

2.2 Testing procedures

Uniaxial tensile tests were performed on an Instron Model 3365 universal testing systems equipped
with a 1 kN load cell. Dog-bone micro-tensile specimens were stretched at different constant cross
head speed between 0.1 mm/s and 10 mm/s at room temperature. Stress at break, strain at break
and strain energy density were determined in order to evaluate the healing efficiency. Data reported
represent the average value from at least three samples.

Fracture tests on SENT specimens were performed at room temperature on a Zwick mechanical
testing machine (model 1455) fitted with a 2 kN load cell following a single specimen J-testing
experimental method [27, 33]. All the experiments were performed at room temperature. Constant
cross-head separation velocity ranging from 1 mm/s to 10 mm/s were employed. Furthermore, in
order to monitor the crack evolution, sample displacements and crack opening behaviours were
recorded by two cameras positioned in front and to the side of the rectangular samples, respectively.
To make the crack evolution easier to track, the sample surfaces near the anticipated crack path
were sprayed with a white brittle paint. Fracture resistance (J) was estimated from the load-

displacement curves obtained according to Equation 1:

nUu
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where U is the energy calculated as the area under the load-displacement curves at different levels

of displacement u, n is the proportionality factor related to sample geometry; b, w and a are the



sample thickness, sample width and notch length, respectively. In the current experiments the initial
crack length was about 12.5 mm, i.e. about 50% of the sample width. Given this SENT geometry, a
selected value of 0.9 for n was employed [27, 29]. Subsequently, J-resistance curves functions of the
crack tip opening displacement (CTOD) were derived by combining the force-displacement data with
the measured CTOD evolution during the fracture tests. Resulting data were then linearly
interpolated and the value of the J-integral at crack initiation (Jic), calculated at CTOD=0 mm, was
used to analyse the fracture behaviour of (virgin and healed) SENT specimens. The morphology of the
fracture surfaces was investigated by both a scanning electron microscope (SEM) and a confocal
scanning laser microscope (LSCM) to gain further insight into the healing mechanisms. From this last
experimental technique, surface roughness values were calculated as the average distance between
peaks and valleys at the fracture surfaces. An increased surface roughness of the fracture surface of a
healed and re-fractured samples is an indication that the healing process not only involved the
reformation of physical bonds at the interface but also involved the diffusion of chains or long
polymer network segments across the interface.

Dynamic mechanical thermal analysis (DMTA) experiments were conducted with a Haake™ Mars Il
rheometer (Thermo Scientific) in shear mode. Rectangular samples (30x8.5x3 mm) were employed
for the measurement of complex modulus components as function of temperature and frequency. A
shear strain amplitude within the linear viscoelastic range of 0.5% was selected; each frequency
sweep scan (0.1-10 Hz) was collected at constant temperatures in a range between -25 °C and 180 °C.
Storage (G’) and loss (G”) modulus master curves were then generated applying the time-

temperature superposition principle (TTS).

2.3 Healing efficiency measurement
The studied supramolecular elastomer, as many rubbers, exhibits a significant softening behaviour
with the loading cycles. For this reason traditional healing tests used for brittle materials (i.e. healing

is measured on the same specimen) are not ideal. In this work a different approach is proposed.



Healing efficiencies were determined by comparing the results obtained in tensile and fracture
experiments on two sets of specimens: one with undamaged (i.e. virgin state) samples and one
broken below T, and afterwards healed at room temperature (i.e. healed state). This procedure is
further described here below.

Prior to processing and testing all samples were introduced in a freezer at -20 °C overnight. This
ensured all the samples to be well below their glass transition temperature (T,= 10+2 °C, measured
by DSC experiment setting a heating rate of 20 °C/min). The reference values for pristine samples
tested in tensile or fracture mode were obtained from samples reheated to room temperature and
equilibrated for at least 30 minutes. This yielded the values for the properties of the virgin material
(Pvirain). where P""n are stress at break (op), strain at break (g5) and strain energy density (W) for
tensile tests and J-integral at crack initiation (Jic) for fracture experiments.

For the healing experiments the samples were fractured immediately after extraction from the
freezer to induce brittle fracture leading to a smooth fracture surface [16], more or less
perpendicular to the tensile direction After fracturing, the two separated parts of each specimen
were re-positioned in shaped PTFE moulds and were laterally compressed with a constant load. Such
a load was applied that the calculated contact stress across the interface between the two sample
halves was about 0.1 MPa (hydrostatic condition). A schematic representation of the

damage/healing steps is presented in Figure 1.

Damaging, T=-20C° Positioning, T = RT Healing, T=RT
P=0.1 MPa
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Figure 1: Schematic sequence of the fracture/healing steps applied for both tensile and fracture testing. The sample

geometry is different for the two testing conditions.



After the healing treatment the samples were tested in either tensile or fracture mode and the
properties of the repaired interface (P'“?) were obtained; where P are the same reference
parameters as in P9, Unless otherwise specified a constant cross-head speed of 1 mm/s was
employed. Contact times during healing were varied from 1 min up to 72 h. All healing and testing
experiments were carried out at room temperature.

The effect of the strain rate on the healing efficiency was also investigated; both tensile and fracture
experiments were performed at different cross-head velocity (0.1 mm/s - 10 mm/s) on virgin and
healed samples. In this case a fixed healing time of 24 h was selected.

Healing efficiencies for the two experimental procedures were then calculated as the ratio between

measured properties for healed and virgin specimens according to the usual equation:

healed

Healing ef ficiency = Dolrgin 100 (2)

where P is the property of interest (failure stress, failure strain, energy at break or J-integral at crack

initiation) measured at different healing time and/or different cross-head velocity.

3 Results

3.1 Tensile experiments

Representative stress-strain curves obtained in the tensile experiments for different healing
time/constant rate (1 mm/s) and different cross-head speed/constant healing time (24 h) are shown
in Figure 2(a) and in Figure 2(b), respectively. As can be observed, a global reduction of the
mechanical properties in the damaged/repaired specimens is detected and original properties were
not completely restored even for the longest healing time (Figure 2(a)). The experiments performed
at different cross-head velocity show similar recovery values suggesting a nearly strain rate

independent behaviour of the healing efficiency in these loading conditions. In contrast, the



mechanical response of the supramolecular elastomer showed a large strain rate sensitivity, as

illustrated in Figure 2(b).
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Figure 2: Stress-strain curves obtained for virgin sample and damaged samples repaired for different times tested at

1 mm/s (a) and virgin samples and damaged sample repaired for 24 h tested at different cross-head rates (b).

3.2 Fracture experiments
Examples of load-displacement curves obtained during the fracture tests performed on virgin and
healed samples are presented in Figure 3(a). As in the case of tensile testing, the healed material has

lower mechanical properties than the virgin one, yet a clear improvement in properties when going



from short to long healing times is detectable. For healing times longer than 24 hours no further
improvement was observed. In this test, after initial loading and notch blunting, the crack starts to
grow perpendicular to the applied displacement. Crack blunting and stable crack growth propagation
continued up to unstable crack growth and complete separation of the tested specimens occurred.
Some differences in the blunting shape were observed for virgin and healed specimens. In both
cases, crack initiation was easily detectable and the evolution of the CTOD was measured through
the videos obtained by the two cameras. Combining the load-displacement data and the imagine
analyses the J(CTOD) curves cab be obtained (Figure 3(b)). A linear relation between J and CTOD was

observed for all samples.
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Figure 3: Load-displacement (a) and related J(CTOD) linear data fitting (b) for virgin and healed SENT samples tested at a

constant cross-head velocity of 1 mm/s.

Results for constant cross-head speed (1/mms) fracture tests are summarised in Table 1. The fracture
resistance at crack initiation, Jic, for the virgin material is 1.26+0.15 kJ/m?. Significantly lower values
were obtained for the repaired specimens even for the longest healing time. Furthermore, analysis of
the J(CTOD) data shows that the tearing modulus (T;), calculated as the slope of the different curves,
increases with healing time even exceeding the level measured for the pristine material. This

experimental evidence suggested a more dissipative crack evolution process in healed samples.



Table 1: Measured average fracture properties for virgin and healed samples tested at 1 mm/s cross-head speed.

Healing time Critical Tearing

Sample (t) J-integral (Ji) modulus (7))
[h] [ki/m?] [ki/m?]
Virgin - 1.26+0.15 23.0£1.8
0.5 (30 min) 0.29+0.06 18.5¢1.5
1 0.45+0.09 18.8+1.1
Healed 3 0.51+0.10 34.6£1.9
24 0.56+0.09 36.1+0.9
72 0.57+0.07 38.5+1.3

The effect of cross-head speed on the fracture properties was also investigated. Load-displacement
curves for virgin and 24 h healed samples are presented in Figure 4(a); as in the tensile experiments,
a remarkable recovery of the initial strength for healed samples and a global strain rate-dependent
response was observed. The pristine and repaired samples exhibited a similar Jic trend as a function

of cross-head velocity, however, lower Jicvalues were measured for the healed samples (Figure 4(b)).
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Figure 4: Load-displacement curves (a) and related fracture resistance at crack initiation (b) for virgin and healed (24 h)

SENT samples tested at different cross-head velocity.

3.3 Healing efficiency measurement

As can be observed in Figure 5(a), the measured degree of healing significantly depends on the test
method. While a healing efficiency of around 90% healing is obtained in tensile mode (o, recovery), a
healing efficiency of only 40% is obtained in fracture mode at the lowest constant cross-head velocity
(1 mm/s). Different healing kinetics were detected for the two testing procedure: in fracture mode,
the maximum healing level is reached at shorter healing times than in tensile testing. Comparable

results in the healing efficiency in tensile mode were obtained for the other critical parameters



selected for healing measurement (g, and W,). The same rate of recovery is observed and after 24 h
healing a maximum recovery of all original tensile properties is achieved.

Tensile tests performed on 24 h healed samples revealed a slight influence of the cross-head rate on
the measured healing efficiency (Figure 5(b)). Conversely, in fracture experiments a marked
increment of the recovery performances with the deformation rate was detected; in particular a
healing level (~80%) close to the value measured in tensile mode was only reached at the highest

cross-head speed.
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Figure 5: Healing efficiency calculated for tensile and fracture experiments as a function of healing time (a) and of cross-

head velocity (b).

4 Discussion

Tensile and fracture experiments on virgin and healed samples led to different measured healing
performances showing a difference in the recovery of original properties depending on the testing
conditions. However the properties measured in the two tests all depend on the same chemical,

physical and topological characteristics of the polymeric network at the interface [34].



A first physical model, describing the time evolution of the new polymer arrangements and the
related mechanical properties of the healed interface, was developed by Wool et al. [35, 36]; this
model takes into account surface rearrangement and approach, wetting, chain inter-diffusion and
randomization. Taking the proposed double random walk process as a mathematical representation
for the actual molecular rearrangement at the two fracture surfaces the result of the healing
treatment can best be analysed on a time scale of t%% (where t is healing time). The results are
shown in Figure 6 and, focusing on tensile experiments, three distinct regions can be individuated: (i)
for short healing times, up to 5 min, mechanical properties evolve negligibly; (ii) greater repair times
(from 5 min to 24 h) lead to an increase of op up to a critical level (iii) where no additional increment

is observed. This behaviour can be descripted by the following equation:

( g  ift < 5min
op(t) = 4Kt°'25 if 5min <t < 24h (3)

O ift >24h

where op and o, are the failure stress measured for the shortest and longest healing time,
respectively, K is a parameter depending on the total number of chain constraints per unit volume
and on the chain diffusion coefficient [35].

The fracture test data show a slightly different behaviour yet the plateau in the measured recovered

properties is also reached after about 24 h.
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Figure 6: Evolution of stress at break and fracture resistance at crack initiation for different healing time.

Some insight into the different processes involved in the polymer interface healing and their time
evolution can be deduced analysing these results. The three individuated steps in the recovery of
mechanical properties can be then related to the different phenomena. In the first stage, thanks to
an optimal surfaces contact ensured by low temperature fracture, wetting process rapidly took place;
hydrogen bonds re-association at the interface is then responsible for the initial mechanical
properties recovering promoting the following healing steps. Chain inter-diffusion may start at this
stage, however its effect on the mechanical properties is still marginal due to the short diffusion
distance at the interface [37]. Conversely, in the second region, the longest healing times allow large
chain movements through the polymer/polymer interface. Physical and topological chain constraints
formation is then possible leading to the measured strength increment. Moreover, the additional
hydrogen bonds, which can be formed as a result of the chain inter-diffusion, may affect the healing
process. Their formation contributes to the material strength recovery, however a reduction in the
dynamics of the polymer chains cannot be excluded [38, 39].

The measured healing performances between tensile and fracture experiments suggest a difference
in the failure mode of the repaired material. In both experiments the crack evolution at the healed

interface occurs by disentanglement of the minor chains or by chains scission [23, 40]. In all tensile



tests performed at different deformation rate, polymer chains are globally stretched and when the
local stress exceeds a critical level, a deformation zone with a marked anisotropy, containing
mixtures of partially interpenetrating or entangled chains, is generated [41]. Subsequently fracture
propagates and its rate is dominated by bond rupture. At high cross-head displacement rate the
constrained chains having crossed the interface and diffused into the opposite sample half act like
cross-linked ones. In this condition, the healed interface can exhibit mechanical properties close to
the pristine material. On the other hand, for low cross-head displacements rates the crack
propagates slowly and the competition between chain scission and chain pull-out is more prominent.
In these conditions, chains slip promoting their pull-out at the interfaces takes place; thus, the higher
T, observed for the healed SENT samples may be related to this process being consistent with the
nature of the physical bonds and chain constraints reformed at the fracture plane.

The evolution of fracture properties with deformation rate observed for the virgin and healed
material can be better understood by examining the rheological behaviour of the supramolecular
polymer. The storage shear (G’) and the loss shear modulus (G”) over a wide frequency range
resulting from the rheological experiments and subsequent TTS analysis are plotted in Figure 7. At
intermediate frequencies, viscous response exhibited by the material promoted the flow behaviour
of the polymer network; dissipative events such as slip between polymer chains or chain
disentanglement can occur. On the other hand, at higher frequencies (short time scale), the elastic
component dominated the mechanical response of the material: rearrangement and relaxation
processes of the polymer network are less effective and the physical constraint between the polymer
chains act as apparent cross-links. A transition between these material response is individuated at a
characteristic frequency (f.) of ~1.9 Hz as the crossover point between G’ and G”’; the resulting
characteristic time (tc) of ~0.5s, calculated as the inverse of f, is in the same timescale range of
crack propagation phenomena in fracture experiments (from 2 s to 40 s for the highest and the
lowest cross-head velocity, respectively) giving a possible explanation for the rate dependent

fracture properties of both virgin and healed material. At the lower frequencies the storage modulus



reaches again a plateau, an indication of the existence of a permanent (non-reversible) covalent
network. This is in line with the fracture tests suggesting the impossibility of a full restoration of the

interface as the irreversible network cannot be reformed during the healing process.
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Figure 7: G’ and G” master curves (25 °C) obtained from DMTA analysis.

The hypothesis of chain inter-diffusion through the polymer/polymer interface during the healing
process could be further supported by image analysis of the fracture surfaces obtained for SENT
samples tested in various experimental conditions. As shown in Figure 8 (SEM analysis) and Figure
9(a) (surface profiles), the fracture surfaces for the pristine sample broken at a low temperature and
the fracture surfaces of healed surfaces (re-fractured at room temperature) exhibited different
morphologies. In particular, the initial low temperature fracture surface and the one healed for a
short time showed a flat and smooth fracture plane (Figure 8(a),(c)). On the other hand, wavy
fracture surfaces were observed for both RT fractured and long healing time samples (Figure
8(b),(d)). The fracture surface roughness evolution with the healing time confirmed a partial recovery
of the pristine material properties (Figure 9(b)). It is very interesting to note that the time at which
the surface roughness increased significantly with respect to the roughness of the initial fracture

surface corresponds very well with the minimal time required to reach the recovery of the fracture



toughness. The development of a surface roughness is indicative of the chain density and total bond
strength across the healed interface locally reaching such high values that fracture test induced a
wavy crack path comparable to the one observed for the virgin material. Creation of surface
roughness is an indication of a more substantial healing action that pure recovery of the tensile
strength. The use of the surface roughness as an indicator of the healing process as demonstrated
here is new may also be informative for other self-healing systems, in which the initial fracture

surface is relatively smooth.
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Figure 8: Micrographs of fracture surfaces obtained at low temperature (a) and room temperature (b) for the virgin

material and arising from fracture experiments on repaired samples after 30 min (c) and 24 h (d) healing time.
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Figure 9: Representative fracture surfaces profiles for samples tested in different experimental conditions (a) and related

surface roughness evolution with healing time (b).

From these results is becomes clear that the restoration of physical bonds at the interface does not
lead to a complete healing, which can only be reached when the new interface region has the same
network conformation statistics as the bulk material. For any elastomeric material consisting of a
stronger permanent covalent network and weaker dynamic network such a partial recovery is
unavoidable. The research presented here makes it clear that the almost complete recovery of
mechanical properties under tensile testing at relatively higher deformation speed gives a misleading

impression of the actual recovery of structure and properties across the interface. The fracture



mechanics experiments reflect the partial nature of the healing even after long annealing times more
clearly. However, the tensile test results made it easier to separate the different stages involved in

the healing process.

5 Conclusions

The degree of healing as measured by tensile and fracture mechanical testing of a supramolecular
elastomer was demonstrated to be rather different yet to follow the same time dependence. While
the tensile tests showed an almost complete recovery of the initial properties for all straining rates,
the recovery of the fracture mechanical properties was only 40% for the lowest deformation rate. For
conditions leading to substantial recovery of the fracture mechanical properties an increase in the
fracture roughness with respect to that of the original fracture surface was measured. The
combination of the two mechanical testing methods in combination with rheological and surface
roughness measurements allowed a clearer separation of the processes taking place during healing.
The results presented here suggest that the fracture procedure provides a more reliable
measurement of the real degree of healing (defined as the recovery of the original polymer network).
Since not all chemical bonds are reformed across the healed fracture surface, a full recovery of all
mechanical properties for a hybrid polymer network based supramolecular elastomer by annealing at
room temperature is impossible even though the strength of healed samples as measured in a

tensile test can reach the same value as that of the undamaged pristine material.
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