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ABSTRACT 
 
Broadband dielectric spectroscopy (BDS) is introduced as a new and powerful technique to 
monitor network and macroscale damage healing in an elastomer. For the proof of concept a 
partially cured sulfur-cured natural rubber (NR) containing reversible disulfides as the healing 
moiety was employed. The forms of damage healed and monitored were an invisible damage in 
the rubber network due to multiple straining and an imposed macroscopic crack. The relaxation 
times of pristine, damaged and healed samples were determined and fitted to the Havriliak-
Negami equation to obtain the characteristic polymer parameters. It is shown that seemingly full 
mechanical healing occurred regardless the type of damage, while BDS demonstrates that the 
polymer architecture in the healed material differs from that in the original one. These results 
represent a step forward in the understanding of damage and healing processes in intrinsic self-
healing polymer systems with prospective applications such as coatings, tires, seals and gaskets. 
 
Key words: broadband dielectric spectroscopy; polymer network healing; interfacial healing; 
natural rubber; intrinsic healing; disulfide 
 
1. INTRODUCTION 
 
Intrinsic self-healing polymers make use of reversible moieties to obtain on–demand or 
autonomous repair of macroscopic, microscopic or even molecular damages leading to the loss of 
certain functionality.1 Since the emergence of the field of self-healing polymers several concepts 
using different reversible groups such as H-bonding, disulfides, Diels-Alder chemistry, and 
metalorganic ligands have attracted significant growing attention.2-6 While self-healing repair is 
not intrinsically restricted to that of mechanical performance,7 most of the published studies using 
intrinsic healing focus on the restoration of localized macroscale damages involving the creation 
of new interfaces (e.g. cracks or scratches) and the subsequent loss of stiffness and strength. Even 
though healing of macroscopic and optically detectable damage is important, the healing of 
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invisible internal damage (i.e. chain scission) to the polymer network is of equal importance. 
Hence techniques capable of determining the quality of the restoration of the polymer network 
either after macroscopic damage involving the creation of new interfaces or after (multi-cycle) 
straining not leading to any visible damage are crucial for the development of tailored self-healing 
materials having an extended lifetime. 
 
Dielectric spectroscopy is a sensitive tool for probing multi-level molecular relaxations and has 
been used extensively to deepen our understanding of the structure-property relationships in 
polymers.8-13 A broad dynamical range from 10-2 up to 109 Hz can be covered and molecular 
motions taking place at extremely different time scales can be investigated with a single technique 
over a wide temperature domain. To do so, dielectric spectroscopy uses its sensitivity to molecular 
fluctuation of dipoles within the system which can be related to the molecular mobility of groups, 
segments or whole polymer chains which show up as different relaxation processes. Information 
on the structural state of the material can then be directly extracted by taking the molecular 
mobility spectrum as a probe for the structure. 
 
In this study we use broadband dielectric spectroscopy (BDS) for the first time to follow the 
molecular dynamics evolution during healing of internal and macroscopic damage in a partially 
cured natural rubber (NR). Previous studies have shown that partially cured elastomers can 
undergo macroscopic healing by rearranging the rubber network without impairing the mechanical 
integrity.14 In this work we do not focus on the quantification of the damage and healing as such 
by BDS, but demonstrate the use of this technique to monitor the molecular processes and the state 
of the material at the end of the healing treatment. To this aim both uniform molecular network 
damage (due to multiple straining cycles of the entire sample) and localized macroscopic damage 
(a macroscopic cut in an otherwise unstrained sample) were imposed and healed by suitable 
thermal treatments. The results obtained highlight the potential use of dielectric spectroscopy as a 
powerful technique for the development and understanding of intrinsic healing polymers. 
 
 
2. EXPERIMENTAL 
 
2.1. Materials 
 
Natural rubber (NR) mainly consisting of cis-1,4-polyisoprene chains (cis-PI) was kindly supplied 
by Wurfbain B.V. under the trade name RSS3. The commercial grade ingredients employed as 
vulcanizing additives in the preparation of the NR compounds were used in the as-received state 
and are listed in Table 1. 
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Table 1. NR compound recipe. 

Ingredient Composition (phr) 
NR 100 

Zinc oxide (ZnO) 5 
Stearic acid (SA) 1 

N-cyclohexylbenzothiazole-2-sulphenamide (CBS) 0.14 
Sulfur (S) 0.7 

 
Sulfur cured NR compounds were prepared in an internal mixer (Plasticorder 350S, Brabender) 
according to the recipe given in Table 1. NR compound recipe.in parts per hundred of rubber (phr) 
in weight. A 2-step mixing protocol was followed: firstly, NR, ZnO and SA were mixed for 6 min; 
secondly, after 24 h, CBS and S were added and mixed for 4 min. Both mixing steps were done at 
50 oC and 70 rpm.  
 
2.2. Curing of rubber compounds 
 
The rubber compounds were vulcanized in a laboratory compression press (Wickert) at 150 oC 
applying different curing times leading to 30% (t30), 50% (t50) and 90 % (t90) of the maximum 
torque as derived from the corresponding curing curves obtained by means of a rubber process 
analyzer (RPA2000, Alpha Technologies) at Tc= 150 oC. Rectangular (70 x 10 mm) samples were 
cut out from 2 mm thick press-cured sheets, and circular (20 mm diameter) samples were cut out 
from films (~200 µm). All samples were subjected to damage, healing and dielectric spectroscopy 
tests. As-produced samples were defect-free. 
 
2.3. Damage creation 
 
2.3.1. Network damage 
 
Molecular network damage was introduced to the rectangular samples by multiple (10) straining 
cycles at room temperature in a mechanical testing machine (Zwick 1455) to a maximum stretch 
ratio λ= 4 at a cross-head speed of 1 mm/s. The stretch ratio value selected was based on two 
premises: high enough to be close to the ultimate strain, but low enough so as to be on the limit of 
the strain induced crystallization of the rubber.15, 16 The initial free length between the clamps was 
40 mm. No visible damage was detectable after the cyclic deformation. 
 
2.3.2. Macroscale interfacial damage 
 
Macroscopic damage for broadband dielectric spectroscopy (BDS) measurements was introduced 
to the circular samples by creating a straight cut from the circumference of the disc to the disc 
center using a fresh scalpel blade. The cutting angle was perpendicular to the disc surface. The cut 
surface had a smooth and shiny surface. 
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Interfacial damage on samples to be evaluated by Single Edge Notched Tensile (SENT) test was 
also created for quantification of the healing efficiency. Specimens were stretched until failure and 
their Force-Displacement curves recorded. Fracture energy was then measured following a 
classical fracture mechanics approach.17, 18 Details of the testing procedure are provided as 
Supporting Information S.1. 
 
Important to mention that the 30%-cured samples were very difficult to handle due to their low 
curing degree. As a consequence it was not possible to gather information related to mechanical 
testing (either cyclic or fracture). 
 
2.4. Healing procedure 
 
2.4.1. Network healing 
 
Healing of the cyclic strained rectangular samples not showing macroscale damage was done by 
pressure-less relaxation for 3 h at 70 oC in an oven. Healed samples were spectroscopically tested 
by BDS immediately after the healing treatment, as well as re-tested mechanically under the same 
initial loading conditions. 
 
2.4.2. Macroscale healing 
 
The cut circular samples were carefully positioned inside a home-built pressurized healing cell 
between two glass plates (see Figure 1) such that the cut surfaces were in seemingly optimal initial 
contact. The cut samples were subsequently healed under a controlled temperature (T= 70 oC) for 
a fixed time of 7 h while a constant pressure (P= 1 bar) was applied to the supporting glass plates. 
The application of a pressure on the glass plates and the resulting lateral expansion of sample 
assure the presence of a light contact pressure across the cut interface during healing. The 
selection of the healing conditions was based on previously reported results with other self-healing 
based on disulfides polymer systems.3, 19, 20 During the healing treatment the morphology of the 
cut could be optically monitored. Healed samples were spectroscopically tested by BDS 
immediately after the healing treatment. 
 
In order to mechanically quantify the healing efficiency, the two separated parts of the SENT 
samples were carefully repositioned together by hand and allowed to heal in the previously 
mentioned healing cell under the specified conditions. Healed SENT samples, equilibrated at RT 
for at least 30 minutes, were retested according to the same fracture protocol. 
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Figure 1. Home-built pressurized healing cell: a) cross-section; b) final set-up. 
 
Table 2 summarizes the different samples that were damaged, healed and tested following 
comparable protocols. 
 
Table 2. Damage and healing protocols. 

Damage Sample dimensions Damage/healing 
measuring technique 

Healing efficiency 

Network damage     
(10 straining cycles) 

Rectangular 
(70 x 10 x 2) mm 

Mechanical testing eq. (3) 

Network damage     
(10 straining cycles) 

Rectangular 
(70 x 10 x 2) mm 

BDS  

Macroscale damage 
(SENT) 

Rectangular 
(70 x 10 x 2) mm 

Mechanical testing eq. (6) 

Macroscale damage 
(radial cut) 

Circular 
d= 20 mm; t= 200 µm 

BDS  

 
2.5. Material characterization 
 
2.5.1. Crosslink density 
 
The average mass of network chains between crosslinks (crosslink density, ν) was determined on 
the basis of solvent-swelling measurements in toluene by application of the Flory–Rehner 
equation21 and assuming the formation of tetra-functional crosslinks during the vulcanization 
reaction. 
 
2.5.2. Broadband dielectric spectroscopy (BDS) 
 
BDS measurements were performed on an ALPHA high resolution dielectric analyzer 
(Novocontrol Technologies GmbH). All samples (pristine, damaged and healed) were mounted in 
the dielectric cell between two parallel gold-plated electrodes. The complex permittivity 𝜀𝜀∗(𝜔𝜔) =
𝜀𝜀′(𝜔𝜔) − 𝑖𝑖𝜀𝜀′′(𝜔𝜔) of each sample was measured by performing consecutive isothermal frequency 
sweeps over a frequency window of 10-1 < f (Hz) < 107 (where f=ω/2π is the frequency of the 

Gas Inlet Gas Outlet
Sample

a) b)
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applied electric field being ω  the angular frequency) in the temperature range from -100 to 100 ºC 
in steps of 5 ºC. The resulting relative error of each parameter is less than 3%. 
 
The dielectric relaxation processes were analyzed quantitatively by fitting the frequency spectra to 
the Havriliak-Negami (HN) function22-25 given by: 
 
𝜀𝜀∗(𝜔𝜔) = 𝜀𝜀∞ + ∆𝜀𝜀

�1+(𝑖𝑖𝑖𝑖𝜏𝜏HN)𝑏𝑏�𝑐𝑐
       (1) 

 
The difference in dielectric constant measured at low and high frequencies is the dielectric 
strength (∆ε) of the relaxation and it is related to the area under the absorption curve given by 
(∆𝜀𝜀 = 𝜀𝜀𝑠𝑠 − 𝜀𝜀∞), where  𝜀𝜀∞ and 𝜀𝜀𝑠𝑠   are the unrelaxed and relaxed values of the dielectric constant 
respectively. τHN is the HN relaxation time, representing the most probable relaxation time of the 
relaxation time distribution function,26  and b and c are shape parameters (0 < b, c ≤ 1) which 
describe the symmetric and the asymmetric broadening of the equivalent relaxation time 
distribution function, respectively. Parameters b and c can be associated to the structure and 
polymer architecture heterogeneity with respect to the bulk polymer. 
 
The HN relaxation time τHN is related to the frequency of maximum loss, fmax =1/(2πτmax), by the 
following equation:27 
 

𝜏𝜏max = 1
2𝜋𝜋𝑓𝑓max

= 𝜏𝜏HN �𝑠𝑠𝑠𝑠𝑠𝑠
𝑏𝑏𝑏𝑏
2+2𝑐𝑐

�
−1/𝑏𝑏

�𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏𝑏𝑏
2+2𝑐𝑐

�
1/𝑏𝑏

    (2) 

 
Both characteristic relaxation times coincide when the relaxation spectrum is symmetric, i.e. c=1. 
 
 
3. RESULTS AND DISCUSSION 
 
3.1. Monitoring of network damage healing 
 
3.1.1. Mechanical testing analysis 
 
Figure 2 shows representative stress-strain curves for 50%- and 90%-cured NR. For ease of visual 
comparison, only the first, second and the last (10th) load cycles of the pristine and healed samples 
are shown. As seen in the figure, there is an important dependency of the mechanical properties on 
the degree of curing for pristine systems. While the 90% cured system shows a strain-hardening 
behavior (typically of fully cured NR), the 50% one exhibits a more liquid-like behavior 
suggesting lower amount of strong interchain covalent bonds formed between sulfur and the 
rubber backbone (disulfide bridges). The latter system is thus more prone to “flow” due to the 
higher mobility ensured by the lower amount of such bonds, although the overall mechanical 
behavior is also affected by physical entanglements.28 
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We also note that the stress-strain curves change differently from cycle to cycle for the two 
systems. The 50%-cured NR shows lower mechanical properties from the 2nd cycle onwards, 
lower mechanical properties being considered as lower value of the overall stress level and a lower 
Young’s modulus as can be observed in Figure 2a). On the other hand, for the 90%-cured rubber it 
seems that the network is not drastically affected by the loading cycles since there is no substantial 
difference in the instantaneous modulus between all cycles (see Figure 2b). However, a small 
decrement in the maximum stress level is still observed. These aspects also reflect the observed 
hysteresis for the different systems. The 50% has a more viscoelastic behavior due to the minor 
chemical bonds amount and thus can dissipate more energy (large hysteresis) compared to the 
more “elastic” 90% cured system. 
 
Regarding the healed systems, it also seems that the extent of mechanical recovery depends on the 
degree of curing. For both rubbers the instantaneous elastic modulus appears to be completely 
recovered in the first cycle (see Table 3), thus indicating apparent similar crosslinking densities 
between pristine and healed samples. However, the global tensile behavior differs after the thermal 
healing treatment. While for the 50%-cured NR similar curves are always obtained for the pristine 
and healed conditions (Figure 2a), the 90%-cured rubber shows higher discrepancy between the 
two curves at high strains (see inset in Figure 2b) as consequence of a softening effect, probably 
indicating a less healable system. This trend is understood as follows. For the 50%-cured NR, the 
potentially higher availability of reversible bonds leads to the recovery of the original properties. 
While for the 90%-cured rubber, the rupture of permanent bonds is irreversible, causing 
permanent damage. 

 
Figure 2. Stress-strain curves of NR samples under cyclic straining showing 1st, 2nd and 10th 
cycle: a) 50%-cured; b) 90%-cured. Insets correspond to end points of each cycle. Dotted lines 
have been included as guide to the eyes for better visualizing the instantaneous modulus variation 
between different loading cycles. 

a) b)
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Since the instantaneous modulus is associated to irreversible and reversible chemical and physical 
constraints in the polymer network,29 it is selected as the reference parameter for healing 
quantification according to the following equation: 
 

𝜂𝜂bulk = ∆𝐸𝐸 
ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

∆𝐸𝐸 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 𝑥𝑥 100       (3)   

 
where ∆𝐸𝐸   

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝and ∆𝐸𝐸 
ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 correspond to the difference in instantaneous tensile modulus 

between the 1st and 10th loading cycle for pristine and healed samples, respectively. Such an 
approach was selected in order to only consider the effect of reversible bonds on the recovery of 
mechanical properties since the residual permanent bonds (related to the instantaneous modulus of 
the 10th cycle) do not contribute to the network healing. Table 3 shows the calculated values. A 
higher recovery (96%) obtained for the 50%-cured NR reflects a larger amount of available 
reversible bonds in partially cured systems. 
 
Table 3. Instantaneous moduli calculated numerically for the 1st and 10th loading cycle and 
healing efficiency values. 

Compound 
E (MPa) 

𝜼𝜼𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛 (%) pristine (1st) pristine (10th) healed (1st) healed (10th) 
t50 0.49 0.22 0.48 0.22 96 
t90 1.25 0.86 1.14 0.89 64 

 
Summarizing: less cured systems present lower mechanical performance, but higher damage when 
exposed to cyclic straining. However, such damage can be well repaired thanks to the overall 
mobility and reversibility of the sulfide bonds. On the contrary, fully cured systems show higher 
mechanical properties and smaller damage accumulation due to cycling, but lower healing 
efficiency due to the intrinsic irreversibility of such rubber network. 
 
Having determined the mechanical characteristics and bulk healing ability of the developed NR 
compounds, the next section is devoted to understanding the molecular processes involved in the 
healing treatment by means of dielectric spectroscopy. 
 
3.1.2. Broadband dielectric spectroscopy analysis 
 
NR mainly consists of cis-PI chains with low polarity. Owing to the asymmetrical structure of cis-
PI, NR has a dipole moment both parallel and perpendicular to the chain contour. Therefore, NR 
exhibits two relaxation modes.9, 30, 31 At temperatures near the glass transition temperature (Tg= -
64 ºC) the segmental mode, which is caused by the perpendicular component of the dipole and 
related to the segmental motions of the polymer chain, is observed and manifested as a maximum 
in the dielectric loss (𝜀𝜀′′) spectrum. While at temperatures well beyond Tg, a more intense process 
due to the parallel component known as normal mode is also detected. 
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These two processes are affected when NR is vulcanized. On the one hand, vulcanizing by sulfur 
induces a slowing down of the segmental dynamics, leading to a shift of the position of the 
maximum in the dielectric spectrum to lower frequencies as the formation of sulfide crosslinks 
causes restrictions on the segmental motions of the polymer chains.24, 32 It has also been found that 
the segmental dynamics of NR is not affected by the presence of entanglements or physical 
crosslinks.11 While on the other hand, the normal mode disappears due to the crosslinking itself 
and to the suppression of large-scale motions of the dipole oriented parallel to the polymer 
backbone.23 The effect of the damage and the healing steps on the segmental mode remaining after 
vulcanization is thus used in this study to analyze and understand healing by molecular dynamics. 
 
To discuss the dependence of the dielectric loss (𝜺𝜺′′) on frequency it is useful to consider its value 
normalized to its maximum value.23 The un-normalized curves are presented as Supporting 
Information S.2. Figure 3 shows the normalized dielectric loss spectra of NR samples vulcanized 
for different curing times (t50 and t90) over a wide frequency range and at a selected temperature 
(T= -40 oC) for pristine and after cyclic deformation damage and healed samples. This 
temperature is chosen since at this point, the segmental mode process is well centered and well 
resolved within the frequency window, and manifests itself as a relatively broad and asymmetric 
peak. Nevertheless, the trends obtained at this selected temperature can well be applied to the 
whole temperature range where the segmental mode is present. The temperature dependence of the 
segmental relaxation times derived from the Havriliak-Negami (HN) fitting will be addressed later 
in this section. Moreover, it can be seen how the molecular mobility of the polymer segments in 
the pristine samples is influenced by the crosslinking degree since the position of the maximum 
moves to lower frequencies (restricted dynamics) with increasing curing time due to the inherent 
constraints to the segmental motions imposed by the crosslinks (see Figure 3-a). The crosslink 
density values compiled in  Table 4 further support this explanation. 
 

 
Figure 3. Normalized dielectric loss 𝜺𝜺′′ vs. frequency of NR samples in the region of the 
segmental mode at a selected temperature (T= -40 oC) for: a) pristine 50%- and 90%-cured; b) 
pristine, damaged and healed 50%-cured; c) pristine, damaged and healed 90%-cured. 
 
Table 4. Crosslink density (ν) of pristine, damaged and healed samples, as a function of curing 
time. 
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Curing time  
(%) 

Sample Crosslink density, 
ν x104 (mol/g) 

50 
pristine t50 2.53 ± 0.02 
damaged t50 2.35 ± 0.02 
healed t50 (70 oC, 7 h) 2.54 ± 0.01 

90 
pristine t90  2.70 ± 0.01 
damaged t90 2.52 ± 0.03 
healed t90 (70 oC, 7 h) 2.61 ± 0.05 

* t30 compounds were not measured due to partial dissolution of the samples 
 
Two additional results can be extracted from Figure 3: i) the damaged samples show slightly faster 
dynamics, as follows from the shift of the position of the maximum of the dielectric loss to higher 
frequencies (Figure 3-b and-c), and ii) the loss spectra of the healed samples do not present any 
significant shift in frequency with respect to the pristine ones (Figure 3-b and -c). Such a behavior 
can be explained by the state of the polymer network after damage and after healing. When 
damaged, the rubber network undergoes chain scission, and so the chain dynamics are less 
hindered, being this effect more notorious for the 50%-cured sample. On the contrary, the healed 
NR shows a higher network constraint (slower dynamics) than the damaged which can be 
attributed to the reformation of bonds restricting and/or restoring the initial dynamics of the 
system. Again, crosslink density values compiled in Table 4 support these BDS interpretations. 
 
Other interesting fact to discuss is the dissimilar broadening of the dielectric loss peak; towards 
high frequencies when damaged and towards low frequencies when healed (Figure 3-b). As 
previously stated, when damage takes place the crosslink density of the rubber compound 
decreases due to a partial destruction of the network. From a network dynamics point of view, and 
considering that the dielectric spectrum represents the average of all chain motions, it is thus 
expected that the damaged network spectrum should shift to high frequencies (less restricted 
motions) due to the increase of unconnected chains produced during scission. 
 
On the contrary, the healing reaction involves not only changes in molecular mobility due to the 
reconnection of the chains, but also to some redistribution of the structure which leads to the 
formation of a new network with different architecture with respect to the pristine NR. In this 
case, the main contribution to the dynamics comes from larger scale motions (low frequencies) 
with increasing hindrance due to higher intermolecular interactions, while the higher dynamic 
events detected at high frequencies due to unconnected chains or dangling chains are reduced. 
These interpretations can be described by Schönhals and Schlosser33 phenomenological model in 
which the shape of the dielectric loss peak is related to the behavior at low and high frequencies 
controlled by inter- and intra-molecular interactions, respectively. 
 
In order to quantitatively analyze the changes, the relaxation parameters (∆ε,  b, c and τHN) of each 
sample were calculated. Figure 4 shows the dielectric strength values for 50%- and 90%-cured 
pristine, damaged and healed NR in the temperature range of the segmental mode. An increase in 
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∆ε with increasing curing time can be seen. In a first and rather simplified approach considering 
the system complexity, changes in ∆ε can be discussed based on the Frölich- Kirkwood (FK) 
equation:24 

 
∆𝜀𝜀 ∝ 4𝜋𝜋𝜋𝜋𝑁𝑁A

9𝑘𝑘𝑘𝑘𝑘𝑘
𝑔𝑔𝜇𝜇2 ∝  𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒2          (4) 

 
Where ρ is the density, µ is the dipole moment, M is the molecular weight of the repeating unit, 
NA is the Avogadro´s number, k is the Boltzmann constant and g is the correlation factor which 
contains contributions of both inter and intra chain dipolar correlations and indicates the angular 
correlation between the dipole groups. The g factor is frequently referred to as a reduction factor 
since the term gµ2 corresponds to the effective dipole moment, 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒2  , of the material. The 
vulcanization reaction refers to the formation a crosslinked network of rubber chains. In sulfur 
vulcanizates, the following polar groups are reported to be present: (a) carbonyl groups; (b) mono- 
di- or polysulfide cross-links; (c) S-C bonds in the form of heterocyclic groups in the main chain.24 
Thus, it is expected than when the rubber is vulcanized the total number of polar groups involved 
would increase and consequently the dielectric strength as well as the restrictions in the rubber 
chains mobility would increase. It is important to mention that the other additives introduced in 
the rubber compound (stearic acid, zinc oxide, CBS) do not give any individual signal in the 
temperature/frequency range where the segmental relaxation of NR appear. 
 
In sulfur-vulcanized NR as the crosslinking process continues from 50% to 90%, the fraction of 
sulfide bonds created between rubber chains increases. The increasing strength with curing can 
then be understood in terms of an increasing number of dipoles involved in the relaxation. The 
presence of di- and polysulfide crosslinks was confirmed by Raman and thiol-amine probe tests.34 
Disulfides are expected to give prominent Raman bands near 500 cm-1, as confirmed from the 
spectra presented as Supporting Information S.3. Nonetheless, it is worth mentioning that the 
number of crosslinks compared to the total unsaturation level in NR is low, thus the variation on 
this band with curing time and with ageing is hard to quantify. 
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Figure 4. Dielectric strength ∆ε versus temperature for 50% and 90%-cured NR: pristine (solid 
symbols), cyclic damaged (star symbols) and healed (hollow symbols). Inset corresponds to 
pristine and pristine aged 50%-cured NR. 
 
Figure 4 also shows that ∆ε decreases upon damage while it increases upon healing for the 50%-
cured NR. Based on the previous statement, it could be argued that the increase observed for the 
healed 50%-cured NR reflects that further curing has taken place. Extra BDS tests on pristine 
(non-damaged) samples subjected to the same healing thermal treatment (70 oC, 7 h) were also 
done as control tests (pristine aged samples, see inset Figure 4). In BDS it is generally complex to 
accurately compare the signal strength ∆ε among different samples. This is because, for instance, 
inaccuracies in the sample thickness determination affect the signal. To overcome this problem 
and to facilitate the  interpretations of the shifts and for being allowed to compare to other polymer 
systems, the difference of the dielectric strength of the pristine rubber to the dielectric strength of 
the damaged/healed ones was considered.  Figure 5 shows  the dielectric  strength  difference   
(∆∆𝜺𝜺 = ∆𝜺𝜺𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩 − ∆𝜺𝜺𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝𝐝/𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡) for the 50%- and 90%-cured NR accordingly, at a fixed 
temperature (T= -40 oC).  
 
In Figure 5 it can be seen that a damaging event leads to a negative variation of ∆∆𝜀𝜀 suggesting a 
decrease of the network polarization contradicting the expected result when pending groups are 
formed. Despite the fact that a direct relation cannot be fully explained based on the current results 
it may be that the dipolar contribution from the C-S bonds is partially cancelling out. On the 
contrary, with healing, small scale dipolar contributions seem to appear and so a positive variation 
is reflected on the chart. It should be realized that this is not the case for the 90%-cured sample. 
Seemingly, there is no complete recovery of the network when it is fully cured (no positive 
variation). Finally, the negligible ∆(∆ε) for the pristine aged samples suggests that no further 
crosslinking takes place under the selected thermal healing conditions.  
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Figure 5. Dielectric strength difference ∆(∆ε) for 50%- and 90%-cured NR at T=-40 oC under 
different conditions:  pristine, pristine aged, damaged, and healed. (*) Value calculated as 
∆∆𝜺𝜺 = ∆𝜺𝜺𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩 𝟗𝟗𝟗𝟗%  − ∆𝜺𝜺𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩 𝟓𝟓𝟓𝟓%. 
 
The temperature dependence of the segmental relaxation times (τmax) was also studied. This 
dependency is well stated by the Vogel-Fulcher-Tammann (VFT) equation:35-38 

𝜏𝜏max = 𝜏𝜏0𝑒𝑒𝑒𝑒𝑒𝑒 �
𝐵𝐵

𝑇𝑇−𝑇𝑇0
�       (5) 

 

where τ0 and B are temperature-independent parameters, and T0 is the so-called ideal glass 
transition or Vogel temperature which is found to be 30-70 K below Tg.39 To reduce the effect of 
misleading parameters on data fitting to the  VFT  equation  over a  limited  frequency  range, a  
value of  𝜏𝜏0≈10-14 s was assumed, according to the values empirically found for many polymer 
systems lying between 10-14 and 10-12.8, 31, 40-42 The dependence of τmax with temperature is 
depicted in Figure 6 and the VFT parameters listed in Table 5.  This temperature dependency 
shows a clear curvature typical for cooperative motions. In this sense, all samples have 
comparable dynamics at high temperatures, whereas this behavior diverges at low temperatures, 
showing the 90%-cured NR the slowest dynamics. The curves for the pristine aged samples 
overlap with those of the pristine samples; indicating that the mild healing treatment does not lead 
to detectable further curing. 
 
Calculated Tg values are also reported. By convention Tg is obtained by extrapolating the VFT fit 
to the temperature at which τmax is equal to 100 s.43 The calculated values are compatible with 
literature data validating the fitting.28, 44 Although variations in Tg are  within the range of 
experimental error, a slight reduction with damage due to the partial destruction of the network by 
chain scission and reduction in the segment length between cross-linking points would have been 
expected, while the reconnection of chains when healed would induce the recovery of Tg.  
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Figure 6. Temperature dependence of the average relaxation time for the segmental mode of 
pristine, cyclic damaged and healed NR samples vulcanized at different curing times. Dotted lines 
correspond to the VFT fit. 

Table 5. VFT parameters and glass transition temperature (Tg) (calculated at τmax = 100 s) of 
pristine, cyclic damaged and healed samples. 

Compound 
t50 t90 

B(K) T0 (K) Tg (oC) B T0(K) Tg (oC) 
pristine 2008 149 -69 1938 154 -66 

damaged 2001 147 -71 2010 150 -68 
healed 2015 150 -68 2007 150 -68 

 
 
3.2. Monitoring of macroscale damage healing 
 
3.2.1. Mechanical testing analysis 
 
We also studied the healing of a macroscopic crack in both systems. A testing protocol based on 
fracture mechanics was used. It was recently demonstrated that such an approach provides more 
realistic measure of the interfacial healing achieved compared to tensile experiments.18 
 
Results from fracture tests performed on pristine and healed samples are shown in Figure 7. The 
50%-cured material has lower mechanical properties and potentially a higher healing capability 
compared to the 90%-cured NR. We quantified the mechanical recovery on SENT samples by: 
 

𝜂𝜂fracture = 𝐺𝐺𝑐𝑐healed

𝐺𝐺𝑐𝑐
pristine 𝑥𝑥100       (6) 
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were 𝐺𝐺𝑐𝑐

pristine is the average fracture energy of the pristine SENT samples and 𝐺𝐺𝑐𝑐healed is the 
average fracture energy for the healed ones. The 50%-cured grade showed a recovery of the 
fracture energy to 63%, while for the 90%-cured material this was only 36%. The difference in 
healing efficiency is clearly related to the number of reactive bonds available. 
 

 
Figure 7. Stress-strain curves of pristine and healed SENT samples for different degrees of curing. 
 
3.2.2. Broadband dielectric spectroscopy analysis 
 
Figure 8 shows the normalized dielectric loss spectra of pristine and healed (7 h at T= 70 oC) NR 
samples vulcanized at different curing times (t30, t50 and t90). The samples cured at 30 and 50% 
showed interfacial healing with disappearance of the macroscale interface (see Figure 9) and 
retention of the mechanical integrity after tension (see Figure 7). A possible explanation to this 
behavior could be that interfacial diffusion of mobile rubber chains (adhesion of two surfaces) 
across the boundary faces has taken place. Nonetheless, the 90%-cured sample only showed 
partial interfacial healing and lower mechanical integrity retention, as stated in previous section. 
Such lack of sufficient interfacial healing for the 90%-cured NR made it impossible to measure its 
BDS spectrum. It is worth mentioning that this was also the case with all the as-damaged samples 
(contrary to those exposed to cyclic straining damage); the presence of air gaps between the two 
cut faces inhibited the completion of the BDS measurement already highlighting the potential of 
this technique for evaluating sufficient interfacial healing since only samples without macroscopic 
interfaces can be measured. 
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Figure 8. Normalized dielectric loss 𝜺𝜺′′ vs. frequency for the segmental mode (T= -40 oC) for 
pristine and healed NR samples vulcanized at different curing times. Filled symbols relate to 
pristine samples while hollow relate to healed ones. 
 

 
Figure 9. Photographs of a 50%-cured NR sample at different conditions: a) pristine; b) damaged; 
and c) healed. 
 
The relaxation parameters (∆ε, b, c and τHN) of each compound were calculated and plotted. Figure 
10 shows a representative set of  relaxation curves and their fits (Figure 10-left) and fit parameters 
as a function of temperature (Figure 10-right) for the 50%-cured pristine and healed samples. 
 
First of all, an increase in the dielectric strength ∆ε with healing is observed, as expected. Despite 
the reported changes may appear small, it should be noted that the ∆∆ε values for these 
macroscopic damaged samples are in the same order of magnitude (0.02-0.03) as those obtained 
for the network damaged samples (see Figure 5), giving reliability to the results. Also worth 
mentioning that samples with more than one cut (4 cuts in the center of the disk sample) were 
prepared. Results on such samples showed the same trend as that here (see Supporting Information 
S.4).  
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Figure 10. Left) Deconvolution results for the dielectric loss 𝜺𝜺´´ of pristine (top) and healed 
(bottom) 50%-cured NR samples. Solid lines represent the HN fitting curve, dashed lines the 
individual processes and dotted lines the conductivity contribution. Right) HN fitting parameters 
for the segmental mode of pristine and healed 50%-cured NR samples. 

 
Secondly, with regard to the relationship between shape parameters (b and c) and the healing 
process, the general trend is that the 𝜀𝜀′′ curves presented in Figure 8 broaden (especially towards 
the low frequency side) as healing occurs. This broadening is expressed as a decrease in b value 
and an increase in c value tending to 1, as seen in Figure 8-right. The broadening and asymmetry 
of the segmental mode upon healing can be related to the presence of defects (i.e. network 
heterogeneities) due to differences in the polymer network architecture at the healing interface1 
despite the fact that optical observations suggest that the crack is fully healed. Based on this 
hypothesis, a molecularly 100% healed sample should show the same b and c values as the 
pristine, while a sample partially healed would show asymmetry, as in our case. Other examples of 
this heterogeneity (broadening) have be found when comparing the segmental mode of 
homopolymers and their corresponding copolymers45 or blends.46 The same effect is also observed 
when comparing the segmental mode of an amorphous polymer with its semi-crystalline peer.47 In 
that case, the broadening is ascribed to the heterogeneity between the amorphous and semi-
crystalline phases where the chain segments relax. 
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From the previous statements and having in mind that the ∆ε, b and c parameters (i.e. width and 
shape) depend on structure of the chains or crosslink density, it becomes clear that the network 
structure at the interface has changed with the healing process. Nonetheless, if we consider that the 
τHN relaxation times do not vary with healing (Figure 10-right), it could be anticipated that the 
dynamics of the rubber compounds remained unaltered after healing. This fact can be confirmed 
by Figure 11. 
 

 
Figure 11. Temperature dependence of the average relaxation time for the segmental mode of 
pristine and healed NR samples vulcanized at different curing times. Dotted lines correspond to 
the VFT fit. 

As it can be seen, τmax gets bigger in the whole temperature range of the segmental mode as curing 
time increases, demonstrating a more restricted dynamics during the curing. Kramarenko et al 
examined the effect of crosslinking on the segmental dynamics in model polymer networks and 
concluded that the segmental motions above Tg experience growing hindrance and shift towards 
higher temperatures as the crosslinking density increases.48 Therefore, the slowest segmental mode 
relaxation should be expected for the longer curing times (t90). It is also clear that the relaxation 
times hardly vary with the healing process in the whole temperature range of the segmental mode 
for curing degrees up to 50%. Calculated Tg values listed in Table 6 confirm this statement. The 
negligible variation of Tg between pristine and healed samples points out the maintenance of high 
mobility of NR chains also after healing. It is also important to mention the similar calculated Tg 
values (Table 5 vs. Table 6), reflecting the consistency of the technique and the independence on 
sample geometry. 
 
Table 6. Glass transition temperature (Tg) of pristine and healed samples vulcanized at different 
curing times, calculated from BDS measurements at τmax = 100 s. 
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Compound Tg (oC) 
 pristine healed 

t30 -70 -70 
t50 -69 -69 
t90 -66 ---* 

*not measured 
 
 
4. CONCLUDING STATEMENTS 
 
The potential of broadband dielectric spectroscopy, with its unique ability to describe mobility as a 
function of polymer architecture, has been explored and used as a powerful tool to assess 
macroscale and network polymer healing processes. The dynamic relaxations analysis of sulfur-
cured NR compounds gives evidence on the formation of a heterogeneous network structure at the 
healed interface or in the bulk after the partial recovery of the macroscale damaged interface 
and/or strained polymer network. The crosslink density seems to be the limiting factor for the 
relatively slow healing kinetics of the studied systems. A good correlation has been found between 
crosslinking density, Tg and healing efficiency, when monitoring the healing process at a scale 
close to the relevant molecular processes. This proof of concept and findings are quite remarkable 
and represent a step forward in the understanding of the formation of new heterogeneous networks 
during the healing process, especially during the restoration of macroscopic damages. Further tests 
with different polymer networks will give more light to the potential of BDS to analyze and 
quantify the degree of interfacial and bulk healing based on the dynamics and on the level of 
heterogeneity formed during damage-healing. 
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