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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Software analysis enabled estimation of 
the surface damaged by impact test. 

• Residual solvent was found in the sam-
ples where toluene was used as a solvent 
for the catalyst. 

• Structural changes were observed in 
Grubbs catalyst that could influence its 
catalytic activity. 

• Filled hollow-glass capillaries acted as a 
reinforcement for a fiber-reinforced 
epoxy matrix. 

• The system with dissolved healing 
agents enabled high recovery of the 
impact strength.  
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A B S T R A C T   

Nowadays, there is a very high importance of composite research and variety of their applications in the modern 
world. In that sense, we researched hollow glass capillaries filled with dissolved Grubbs catalyst (GC) and 
dicyclopentadiene (DCPD) were incorporated into a fiber-reinforced epoxy with the aim of improving the flow of 
healing agents to the crack site. The morphological investigation of the crack site was performed using field 
emission scanning electron microscopy (FESEM), showing the difference between the samples depending on the 
used solvent. The software analysis of sample photographs has been performed by calculating the fractured/ 
healed surface area of the samples, revealing that approximately 20% of the volume was affected by the impact. 
Fourier transform infrared spectroscopy (FTIR) revealed that poly (dicyclopentadiene) (PDCPD) formed at the 
healed interface. However, the FTIR investigation of catalyst stability in different solvents showed structural 
changes in GC and partial deactivation. The mechanical tests of the samples showed that a recovery of 60% after 
24 h at room temperature could be achieved through the use of a solvent and very low concentration of GC. The 
performed research results are a good base to develop the model for predicting the processes and morphology, 
with the goal to design the final mechanical and in the future, thermal, properties in advance. This opens a new 
direction for future research in the field of composite healing.  
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1. Introduction 

The self-healing ability of polymer-based materials has been recog-
nized as an important field for research due to a potential prolongation 
of materials work time and the avoidance of catastrophic failure, char-
acteristic of polymeric materials [1–4]. Over the years, materials with 
different self-healing mechanisms have been proposed and investigated 
[5]. Today, there are a number of materials with healing ability, some of 
them being able to heal without interventions like high temperature, 
UV, etc. (autonomous), and some of them needing initiation (non-au-
tonomous) [6–8]. They can also be classified as presented on Scheme 1, 
the extrinsic ones have a system implemented in the structure, while the 
intrinsic ones have a structure that enables self-healing [9–16]. Common 
classification of self-healing mechanisms is given on Scheme 1. 

Autonomous systems are developed without the use any external 
stimulus, which is a very relevant advantage. Intrinsic systems, although 
attractive due to their structural ability to promote self-healing, usually 
require external stimulus (non-autonomous) or have a low healing ef-
ficiency [17]. Extrinsic systems are usually autonomous; however, 
despite the very interesting self-healing behavior, these systems are very 
expensive due to the impossibility to use the ruthenium catalyst in a low 
amount (as catalyst dispersed in the form of molecular complex in the 
matrix). Among the materials with extrinsic healing systems, composites 
with an epoxy matrix are the most studied so far because of their good 
mechanical and chemical properties, and a wide field of application, 
especially in the aeronautical and automotive industry, where the ma-
terial is exposed to a strong mechanical tension and there is a probability 
of puncture [18–23]. The epoxy matrix is usually reinforced with glass 
or carbon fibers, which contribute significantly to the mechanical 
strength of the composite [24–30]. However, fiber-reinforced compos-
ites are also prone to the formation of microcracks that cause material 
failure. This challenge could be resolved through self-healing if liquid 
healing agents would flow efficiently into cracks, allowing a chemical 
reaction to take place, thus building an adhesive for the damaged 
composite. As many other findings in science, the self-healing of mate-
rials is based on natural processes, like bone or wound healing. As can be 
seen on Scheme 1, one candidate for storing the liquid healing agents is 
the hollow fiber/capillary. One of the first implemented systems con-
sisted of large hollow capillaries filled with monomer dicyclopentadiene 
(DCPD), while the first generation Grubbs catalysts (GC) was spread all 
over the epoxy matrix [31,32]. The self-healing systems have also been 
improved and changed in the direction of polymeric micro/-
nanocapsules filled with monomer where a small, insufficient amount of 
healing agents is being used [33–40]. In the case of the catalyst particles 
embedded in the epoxy resin, the catalyst particles which are locally in 

contact with the oxirane rings (during the curing reactions) deactivate, 
hence reducing the actual amount of active catalyst [41]. Microencap-
sulation approach suffers from the great drawback related to the high 
cost of the catalyst (especially Grubbs and Hoveyda-Grubbs catalyst). 
However, to overcome this limitation, protected Ru-catalyst, immobi-
lized on graphene sheets, through polymeric globular shell, was pre-
pared and used for Ring Opening Metathesis Polymerization (ROMP) in 
strongly reactive environments based on epoxy resins. As a result, 
reduction from 5% to 0.3% by wt of expensive catalyst in the self-healing 
composite material was achieved [42]. Furthermore, in order to over-
come the drawback related to the high cost of the catalyst, a new stable 
initiator for ROMP reactions, suitably designed to be embedded in 
structural resins, has been synthetized [43]. 

A uniform distribution of such small amounts of a catalyst at the 
crack site is also a challenge. The dissolution of GC could enable its flow 
to the healing site, provided that the applied solvent does not disrupt the 
activity of the catalyst or the overall properties of the matrix. With the 
proper selection of a moderately evaporative solvent, once the crack is 
formed, catalyst could easily flow to the healing site. Another important 
issue that needs to be resolved is choosing an appropriate container for 
the catalyst solution, which would crack and open with the composite, 
but not during the regular operation conditions. Glass capillaries could 
serve as good testing containers, having acceptable mechanical prop-
erties. They could even serve as reinforcement for the matrix. So far, 
hollow fibers have been employed as containers for the two-component 
epoxy resins that would replace matrix at the healing site [44,45]. Some 
researchers added color in order to follow the self-healing progress in 
the matrix [46]. Most of the researches used the fact that the hollow 
fibers can provide much higher amounts of healing agents compared to 
microcapsules and vascular networks. The results of recovered bending 
strength were up to 90%, but it has been established that the resin be-
comes less active over time. The direction of storing dissolved GC in the 
hollow glass capillaries for the use in the epoxy-reinforced composites 
has not been explored, although it could enable a researcher to conduct a 
visual inspection over the GC stability during composite processing as 
well as the use of a very low amount of the catalyst. 

In this study, the epoxy-based matrix reinforced with fiberglass mat 
was used with embedded filled glass capillaries. The solvents used for 
GC were dichloromethane (DCM) and toluene (TO), commonly used 
solvents for dissolution of GC. Therefore, the catalyst is expected to 
remain stable in named solvents during processing and exploitation. 
DCPD was used as a monomer, mixed with N, N′-dimethylformamide 
(DMF). The influence of the solvents on GC stability and healing ability 
as well as the influence of filled capillaries on the mechanical properties 
of the virgin (undamaged) material were investigated. In this manner, 

Scheme 1. Classification of self-healing mechanisms.  
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flow of the catalyst using solution could be investigated and further 
research on the development of smaller containers will be performed. 

2. Experimental 

2.1. Materials and methods 

The first-generation Grubbs catalyst (GC), dimethylformamide 
99.8% (DMF), dichloromethane (DCM), and toluene (TO) were pur-
chased from Sigma-Aldrich. Dicyclopentadiene (DCPD) was obtained 
from Acros Organics. Bisphenol A diglycidyl ether (DGEBA)-based 
epoxy resin and diethylenetriamine (DETA)-based hardener were pur-
chased from R&G Faserverbundwerkstoffe GmbH, Composite Technol-
ogy, Waldenbuch. The fiberglass mat was the reused material from 
Izolma, Raca, treated with urea for the previous use. 

The glass capillaries (with the inner diameter of 1.35 mm and the 
length of 50 mm) were filled with two types of different solutions. The 
first type of solution was 10 wt% DCPD in DMF. Another type of solution 
was 1 wt % solution of GC in different solvents, DCM and TO. The ends 
of the capillaries were clogged with plasticine, which prevented leaking 
of the solution. All solvents were selected using a map of the Hansen 
solubility parameters, as well as recommendations for maintaining 
catalyst stability. 

The epoxy resin and the DETA-based hardener were mixed in a 
volume ratio of 20:9, following the manufacturer’s procedure. Vigorous 
mixing of the epoxy precursor and the crosslinker, to ensure optimal 
crosslinking at room temperature, lasted for 2 min. Immediately after 
mixing the epoxy resin and the hardener, eight layers of the non-woven 
fiberglass mat (5.8 wt % in the composite) were soaked in the mixture. 
The composite was left in a silicone mold during 24 h in order for the 
resin to crosslink in the presence of the hardener. A series of samples 
containing only the matrix and the fiberglass mats was denoted as a 
control group 0 (C0). Control group 1 (denoted as C1) contained only the 
DCPD/DMF-filled glass capillaries in the epoxy-fiberglass composite. 
The composite with the glass capillaries alternately filled with the GC/ 
DCM and the DCPD/DMF solutions was denoted as GCDCM, while 
composite with the glass capillaries alternately filled with the GC/TO 
and the DCPD/DMF solutions was labeled as GCTO. The concentrations 
of GC and DCPD in all of the samples are given in Table 1. All of the 
capillaries were inserted in the middle of the composite samples, be-
tween the fourth and the fifth layer of the fiberglass mat; the thickness of 
the samples being 7 mm. 

The three-dimensional model of an enlarged layer of processed 
composites with alternately-arranged catalyst (purple) and monomer 
(gray) solutions is shown in Fig. 1. 

2.2. Characterization of the samples 

In order to determine the morphology of the fiberglass and the 
fracture site, each processed composite was monitored using Field 
Emission Scanning Electron Microscope (FESEM) (JSM 5800, Tescan 
Mira 3). Micrographs have been analyzed in the program Image-Pro Plus. 
FTIR was performed for the investigation of GC stability in DCM and TO 
as well as for the identification of polymerized DCPD and comparison 
with the starting components. All of the samples (C0, C1, GCDCM, and 
GCTO which were crushed into a powder) were mixed with KBr and the 
resulting powders were compressed into tablets for infrared testing. 

FTIR spectra in the range of 4000–400 cm− 1 were recorded using a FTIR 
spectrometer (BOMEM Michelfan MB-102 FTIR). In order to investigate 
self-healing efficiency, a controlled-energy impact test was performed. 
Healing efficiency, η (defined as the ability to recover a sample after the 
impact), was determined from the impact analysis based on the 
following equation: 

η=Ehealed
/

Evirgin
*100% (1)  

where Evirgin and Ehealed represent the absorbed energies (energy at 
maximum load, Efmax, or total absorbed energy, Etot) of the samples 
during the first impact and after the healing, respectively. 

3. Results and discussion 

3.1. Visual analysis of damage site digital photographs 

Photographs of the GCDCM and GCTO samples before the impact can 
be seen in Fig. 2. The images of GCDCM show the GC-solution change in 
color in some places, from purple (the original solution color) to yellow 
and brown, implying a partial loss of its activity during processing, 
which is in accordance with FTIR findings. This color change is 
neglectable in GCTO, which means it kept stability during the filling of 
the capilaries and further processing of the composites. 

The advantage of the filled glass capillary system is the visual in-
spection of damage as well as healing at the fracture site. Fig. 3 shows 
the front and back side of the GCDCM and GCTO after the healing. The 
fracture area can be seen after the healing, showing a dark-colored area 
covered by the formed poly (dicyclopentadiene) PDCPD. 

The photographs show the successful inflow of the GC and DCPD 

Table 1 
Formulations of prepared composite samples with glass capillaries.  

Sample Concentration GC, wt% Concentration DCPD, wt% 

C0 0 0 
C1 0 1.04 
GCDCM 0.035 0.52 
GCTO 0.035 0.52  

Fig. 1. 3D model of the enlarged cross-section of the composite layer.  

Fig. 2. a) GCDCM and b) GCTO before the impact.  
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solutions to the crack. At the back of the GCDCM and GCTO samples, the 
separation of the matrix along the crack border can be seen, caused by 
the cracking of the glass capillaries. Using the image-analysis software 
Image-Pro Plus, the approximate damaged surface area covered by the 
formed PDCPD was calculated. The front and the back side masks of the 
healed samples (Fig. 4) show the surface that software automatically 
calculates as a given object. 

All the samples had the surfaces of 36 cm2 (6 × 6 cm2). The front side 
of the newly-formed polymer coverage GCDCM sample was approxi-
mately 7.34 cm2 or 20.4% of the total sample area, while the coverage of 
the back side was 9.88 cm2 or 27.5% of the total surface area. For the 
GCTO sample, the coverage is approximately 23.0% of the surface 
viewed from the front and 21.7% from the back. Considering the esti-
mated fraction of the healed crack, a considerable difference in the 
absorbed energy was expected between the samples with the healing 
agents and the control samples. 

3.2. Morphological analysis of fractured composite samples 

Residual solvent, presumably toluene, was found at the crack site in 
the GCTO samples (Fig. 5). Obviously, a portion of the low-evaporating 
solvent could not be removed in time before the sealing of the crack and 
it remained trapped inside the healed composite. Ability to observe such 
phenomena is one of the advantages of using filled glass capillaries. 

Different effects of the residual solvent in the composites have been 
reported, some of them including mechanical strength enhancement 
induced by the residual N,N’-dimethylformamide or filling of the voids 
by N,N-Dimethylacetamide and Nmethyl-2-pyrrolidone [47,48]. For-
mation of solvent drops in GCTO fracture site gives direction for further 
study of a residual solvent with high boiling temperature and its influ-
ence on the healing ability and mechanical properties of the composite. 

3.3. FTIR spectroscopy 

3.3.1. FTIR analysis of GC stability in solvents 
Infrared spectroscopy of the GC solutions in DCM and TO showed 

structural changes in GC caused by the exposure to DCM. The spectra 
obtained by the analysis are shown in Figs. 6 and 7. In order to 
emphasize the differences between spectra, the range of 4000 to 400 
cm− 1 was split into four regions:  

1) The region of 4000-2000 cm− 1, where all three spectra have identical 
bands, coming from the –OH and –CH stretching (Fig. 6a): a rela-
tively broad band around 3440 cm− 1, coming from hydrogen bonded 
hydroxyl groups, points to moisture absorption during sample 
preparation for FTIR measurements, or even during the catalyst 
dissolution [49]. 

A peak at 3055 cm− 1, from the aromatic benzene ring asymmetric 
C–H bond stretching appeared in all three spectra. In GC/TO spectrum, 
toluene gives contribution to this band as well as GC [50]. Asymmetric 
and symmetric –CH stretching from aliphatic –CH2 and –CH3 was visible 
around 2920 cm− 1 and 2850 cm− 1, respectively [51,52]. These high 
intensity bands were noticeable in all three spectra, coming from GC, 
DCM, and TO.  

2) The region of 2000-850 cm− 1, where most of the bands originate from 
aromatic ring bonds, with the exception of GCDCM, which showed 
unexpected possible structural change (Fig. 6b): in the GC/DCM two 
unexpected peaks emerged, at 1934 cm− 1 and 1890 cm− 1, both 
indicating the formation of a carbonylated Ru complex. The first 
band corresponds to Ru–CO, while the second probably comes from 
bridged –CO [53–55]. 

The reason for such decomposition of GC is the presence of oxygen in 
glassware, catalyst, or solvents [56]. The partial change in color of the 
GC/DCM solution into yellow and dark brown, observed on photo-
graphs, is consistent with this discovery. Although this reaction can 
happen in toluene as well, in this case, GC remained intact in TO during 
the same processing conditions as in DCM. The increased GC suscepti-
bility to degradation in DCM is probably caused by a higher DCM po-
larity compared to. The GC/TO spectrum showed two strong C–C 
stretches of the aromatic ring at 1606.5 cm− 1 and 1508.9 cm− 1, due to a 
dominant presence of TO [57]. A peak that appeared at 1445 cm− 1 came 
from the bending of the sp3 hybridized carbon C–H bonds. In the 
GC/DCM spectrum, a –CH2 deformation from DCM was observed. The 
bands at 1244, 1173, and 1151 cm− 1 come from the –CCH deformation 
and ring stretching [58]. An in-plane –CH bending was present at 1075, 
1044, and 1005 cm− 1. At 933 cm− 1 small, sharp peak from a –CH 
out-of-plane deformation can be seen on GC GC/TO but is missing on 
GC/DCM. Most of the bands in the region from 900 cm− 1 to 650 cm− 1 

come from the aromatic ring –CH out-of-plane bending [59,60]. At 896 
cm− 1, a vinylidene –CH out-of-plane bending peak shape change is 
evident in GC/DCM, compared to GC and GCTO, which could be caused 
by the loss of –C––C bond between Ru and Ph during the partial 
decomposition of GC [56].  

3) The region of 850-650 cm− 1, where the differences in aromatic peaks 
between GC/DCM and the other two samples are pronounced 
(Fig. 7a): in GCTO, an additional broad band of –CH out-of-plane 
bending appeared at 827 cm− 1. Both GC and GCTO expressed the 
–CH out-of-plane bending from monosubstitued aromatic at 750 
cm− 1, while a shift towards a lower frequency, 740 cm− 1, can be seen 
in GC/DCM spectrum. Next to that, two sharp –CH out-of-plane 
bending peaks, at 736 cm− 1 and 730 cm− 1, appeared in the GC 
and GC/TO spectra; in GC/DCM, a mild shoulder is visible at 738 

Fig. 3. Damaged zone, front (left) and back (right) side 24 h after the impact of.  
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cm− 1. All of these shifts and shape changes in peaks indicate different 
surrounding groups around phenyl in GC, as a consequence of partial 
structural change in DCM caused by the contact with oxygen.  

4) The region of 650-400 cm− 1, where one the most important peaks in 
GC has been identified as well as its shape differences between GC in 
DCM and the rest of GC (Fig. 7b): in the GC/DCM spectrum, the peak 
originating from the asymmetric C–Cl stretching from DCM appears 
at 648 cm− 1. At 521 cm− 1, GC and GC/TO have exhibited a medium 
sharp peak that originates from the Ru–P bond, which in GC/DCM 

appeared as a shoulder followed by a stronger peak at 510 cm− 1, 
present in all three spectra [61]. Ru–P is the most commonly broken 
bond during deactivation of GC. Its preservation, along with other 
characteristic GC bonds indicates that GC remained in its active form 
in TO. The diminished peak in GC/DCM means that the activity is not 
lost but only reduced due to a partial deactivation. This can also be 
observed on impact images, where only parts of the catalyst solution 
changed in color to yellow and brown. 

Fig. 4. Front (left) and back (right) side masks of: a) GCDCM; b) GCTO.  

Fig. 5. Residual solvent in GCTO.  

Fig. 6. FTIR spectra of GC, GC/DCM and GC/TO: a) Region 4000-2000 cm− 1; b) Region 2000-850 cm− 1.  
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3.3.2. FTIR analysis of composite fracture 
The spectra of DCPD and epoxy-fiberglass mat (C0) fracture site were 

compared with the GCDCM and the GCTO healed fracture sites (Fig. 10) 
in order to establish whether the polymerization of DCPD was successful 
in the presence of GC solutions. The reaction of epoxide crosslinking is 
presented in Fig. 8. 

Fig. 9 shows a presumed reaction of DCPD ring opening metathesis 
polymerization (ROMP) in the presence of GC. Being that the first gen-
eration Grubbs catalyst used in this study shows high selectivity, the 
only expected product was trans-PDCPD [62]. 

In the spectrum of C0, the C–C–O–C symmetric stretch from DGEBA 
appeared around 1181 cm− 1. The GCDCM and GCTO healed sites 
spectra did not show this band, neither did C–N stretching around 1115 
cm− 1 [63]. Additionally, C0 was the only spectrum showing the aro-
matic –CH in-plane bending at 1110 and 1035 cm− 1 and the –CH 
out-of-plane bending at 827 cm− 1. All of these differences between the 
C0 and other spectra indicate that the randomly sampled material from 
healed sites did not contain epoxy matrix. The DCPD bands in the region 
from 1000 to 600 cm− 1 are mostly associated with the –CH out-of-plane 
bending. Around 676 cm− 1, the –CH bending from the cis-cyclic double 
bond of the cyclopentene ring appeared in the DCPD and GCDCM 
spectra, while it was slightly shifted to 670 cm− 1 in GCTO [63,64]. The 
peak intensity drop is obvious between GCDCM and GCTO, which could 
be the consequence of a higher crosslinking degree in GCTO. The 

trans-double bond of the open, polymerized, DCPD ring was identified 
with the –CH out-of-plane bending at 973 cm− 1 in both GCDCM and 
GCTO [64–67]. Being that the concentrations of GC and DCPD have 
been very low in the composite samples, the intensity of the peaks and 
the missing high-intensity bands from the used solvents (DCM, TO, 
DMF) led to a conclusion that the solvents have mostly evaporated from 
the fracture surface, although the FESEM images show residual solvent 
in GCTO. Obviously, the solvent has not been captured during the 
sampling of FTIR measurement being that it was observed only in one 

Fig. 7. FTIR spectra of GC, GC/DCM and GC/TO: a) Region 850-650 cm− 1; b) Region 650-400 cm− 1.  

Fig. 8. Formation of epoxy matrix.  

Fig. 9. ROMP of DCPD catalyzed by GC.  

Fig. 10. FTIR spectra of the C0, GCDCM, and GCTO fracture sites and the liquid 
monomer DCPD. 

I. Radovic et al.                                                                                                                                                                                                                                 



Materials Chemistry and Physics 256 (2020) 123761

7

region of the FESEM sample. 

3.4. Controlled energy impact test 

The shape of the load-time curves obtained by a controlled energy 
impact test showed a ductile fracture for all the virgin samples (Fig. 11), 
which is expected because the samples were not exposed to a subsequent 
crosslinking of epoxy at high temperatures after 24 h at room temper-
ature in order to avoid the boiling of DCM and the deactivation of GC. 

After the second impact, the control sample C0 (a composite epoxy- 
fiberglass mat) showed ductile-brittle fracture (Fig. 11a), which is a 
direct consequence of the resulting crack that contributes to the 
destruction of the sample upon the second impact. A C0 virgin absorbs a 
lower amount of energy (Fig. 12) compared to C1 (the composite epoxy- 
fiberglass mat with DCPD/DMF glass capillaries), indicating that the 
filled capillaries have the role of reinforcement in a composite material, 
which was already confirmed in previous studies, where they used 
different filling agents in epoxy and tested bending strength [46]. 
However, after the first impact, a larger crack and the separation of the 
matrix along the brim of the crack were created in the sample C1 
compared to C0, due to the fractured capillaries break on the sample 
surface. As a consequence, C1 had reduced ability to absorb energy 
during the second impact (Fig. 12). Also, the transition from a ductile to 
a brittle fracture is a direct consequence of an existing crack that ex-
pands and leads to a sudden, catastrophic fracture (Fig. 11a). GCDCM 
retains ductile behavior (Fig. 11b), indicating that DCPD is not fully 
crosslinked [68]. The degree of crosslinking can be increased by the 
exposure to high temperatures, where self-healing efficiency would 
probably increase, but the system would lose autonomy which was not 
the goal of this research. The GCTO sample exhibits a more brittle 
fracture during the first impact and retains this type of fracture during 
the second impact, due to an influence of PDCPD with higher degree of 
crosslinking that was indicated in the FTIR analysis with a low-intensity 
band for the cis-cyclic double bond of the cyclopentene ring. The other 
factor that could influence healed GCTO curve shape is the unfilled crack 
volume at the healing site. 

Fig. 12 illustrates changes in absorbed energy at the maximum load 
(Efmax) and the total absorbed energy (Etot) where the former represents 
energy absorbed until the damage initiation and failing and the latter 
stands for the energy absorbed during the complete test [69]. In the case 
of a sudden failure, characteristic of brittle materials Efmax and Etot can 
be equal. The difference between the two can indicate the type of a 
fracture. 

Both virgin GCDCM (4.51 J) and GCTO (4.43 J) absorbed a higher 
amount of energy (Etot) than C0 (4.03 J), which confirms the reinforcing 
effect of the filled capillaries seen in C1 (Fig. 12a). After being placed to 
heal for 24 h in a room temperature-adjusted chamber (25 ◦C), healed 

GCDCM and GCTO absorbed around 2.5 times more energy than C0, and 
around 4 times more than C1. The Etot values indicate that, despite the 
separation of the matrix by capillary eruption, a high percentage of the 
initial impact strength can be recovered by healing. GCDCM showed 
60%, while GCTO exhibited 51% of the Etot recovery. With only 0.035 
wt% of the catalyst, up to 60% of recovery was achieved, which can be 
considered as very high-healing efficiency. 

The Efmax values revealed an interesting behavior of GCTO. Namely, 
its highest value (4.20 J) shows that it can absorb more energy compared 
to other samples before the crack initiation and can be considered the 
toughest. Furthermore, after the healing, recovery of Efmax is over 53%, 
while GCDCM showed 47.5%, which means that the healed GCTO has 
the highest Efmax among all of the damaged samples. The close values of 
Efmax and Etot for GCTO healed indicate a brittle fracture which is ex-
pected based on the assumption from FTIR and shape of impact test 
curves – higher degree of crosslinking of DCPD was achieved compared 
to the fracture site of GCDCM. 

All of these results and analyses give us the new research opportu-
nities for processing, morphology and structural changes by effected by 
a variety of solvents. In composites investigated, the fractures appearing 
play very important role on the structural integrity. Therefore, we 
consider extending further research towards the application of fractal 
nature analysis within the fractures. 

4. Conclusion 

This study provides insight in the solvent influence on the Grubbs 
catalyst (GC) stability and the composite healing ability. The system of 
filled glass capillaries was used for the healing agent delivery and the 
additional reinforcement of the fiber-reinforced epoxy matrix. In order 
to ensure the stability of the catalyst during processing, it was dissolved 
in the most commonly used solvents for synthesis involving GC – toluene 
and dichloromethane. A morphological investigation showed a residual 
high-boiling temperature solvent at the fracture site of the GCTO sample 
which could influence mechanical and healing behavior of the com-
posite. On the other hand, an infrared spectroscopy analysis showed two 
unexpected peaks in the spectrum of the GC/DCM solution, both indi-
cating formation of the carbonylated Ru complex due to the presence of 
oxygen in the working environment. These peaks, along with the loss of 
different aromatic bands were supported by a change in color, from 
purple to yellow and brown, in a few of the capillaries which proves a 
partial deactivation of GC. The formation of a poly (dicyclopentadiene) 
(PDCPD) was confirmed with a trans-double bond of a polymerized 
DCPD ring in both GCDCM and GCTO. The Cis-cyclic double bond peak 
intensity difference between GCDCM and GCTO indicates a higher 
crosslinking degree in GCTO which leads to a more brittle mechanical 
behavior. The controlled energy impact test showed that the filled 

Fig. 11. Impact test load-time curves for: a) C0 and C1; b) GCTO and GCDCM.  

I. Radovic et al.                                                                                                                                                                                                                                 



Materials Chemistry and Physics 256 (2020) 123761

8

capillaries serve as reinforcement for the composite during the initial 
stroke. After the 24 h-healing at room temperature, GCDCM kept ductile 
fracture which is in accordance with the infrared spectroscopy finding of 
a low DCPD crosslinking degree at the healing site. On the other hand, 
due to a higher crosslinking degree, the healed GCTO sample exhibited 
more brittle behavior. The total absorbed energy values (Etot) showed 
that with only 0.035 wt% of GC in the samples, a satisfactory percentage 
of the initial impact strength can be recovered by healing: GCDCM 
showed 60%, while GCTO exhibited 51% recovery. Energy at the 
maximum load (Efmax) provided new insight in the GCTO behavior, 
which was able to absorb the highest amount of energy before the 
damage initiation, thus opening the door for further investigation into 
the reinforcing influence of the residual solvent potential. All of the 
findings in this research show that the system with solutions of GC 
should be further explored being that they can potentially offer high 
healing efficiency along with interesting scientific phenomena. These 
research results also open the new frontiers in predicting the composite 
structures by solvent influence. 
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