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ABSTRACT: Introduction. Currently the most promising type of repair uses composite materials to fill in fractures or fracture-like 
defects. In order to be effective, the composite material must possess high fluidity in its liquid state to ensure it can fill the cavity of 
the defect, adhesion to steel to bond the edges of the crack, and plasticity to compensate for any deformation caused by regular 
and static loading of the structure. Methods and materials. Composite materials with nanocarbon fillers were studied, including 
fullerenes, nanotubes, and graphene. The solutions to the problems were obtained using both standard and independently devel-
oped methods, statistical data processing techniques, and modern software complexes. Results and discussion. The composite 
material with a fullerene filler demonstrates a sustainable fluidity in comparison to other studied composites. This allows to recom-
mend such a material for fixing cracks with a slight opening. The composite with a carbon nano tube filler maintains the fluidity at 
the same level within 35 minutes on average. It can be used as a repair material in cases where the location of the defect does not 
allow for its sealing to be carried out in a short period of time. Conclusion. The conducted research allows to solve the direct and 
inverse problem: a) studying properties of a composite material and designing its structure allow to determine, if it fit to certain 
dimensions of the crack; b) a detected crack with a certain configuration of the cavity can be offered the most suitable properties 
of the composite by adjusting its content.
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INTRODUCTION

The experience of studying structures many years 
shows that many defects such as inclusions of vari-

ous origins, constellations of disturbances and vacancies, 
microcracks appear during fabrication. During operation 
areas around such defects form new cracks and spread 
existing ones due to high concentration stress. This leads 
to local or total destruction of the item. 

Currently the most promising type of repair uses 
composite materials to fill in fractures or fracture-like 
defects. . If a liquid composite material is injected in-
side such a defect, the material’s structure forms in a 
restricted way; the composite adheres to the crack edges. 
It limits further opening of the defect [2]. The compu-
tational modelling of a crack fixed with a composite 
shows that secured edges reduce stress to the apex of 
the crack. Consequently, possible value singularity is 
prevented [3–6].

Majorly, epoxy filled composites are intended for 
aviation and space equipment [7–9], instrument and 
mechanical engineering [10, 11, 29, 31], construction 
[12–15], oil & gas industry [1, 30, 32–39]. To fix the 
cracks, the composite material should be highly fluid in 
the liquid state to effectively fill the defective cavities. 
It should be adhesive to steel to secure edges of a fracture. 
It should be moldable to compensate deformative shifts, 
when the structure is exposed to regular or static stress.

METHODS AND MATERIALS

The matrix of composite material should ensure in-
tegrity of the material and distribute internal stress. The 
research uses ED-20 epoxy-diane resin as the polymeric 
matrix. The structural formula of the resin is given in 
Fig. 1. 

For the epoxy resin to cure, polyethylene polyamine 
was used. Its structural formula is given in Fig. 2. Poly-
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ethylene polyamine allows curing at the ambient air tem-
perature of 20–25оС.

The study researches composite materials with nano-
carbon fillers, such as fullerenes, nanotubes and graphene.

Carbon nanotubes are monodimensional, as their 
length is several times bigger than their diameter. They 
are folded sheets of graphene that form hollow cylindri-
cal molecules. Carbon atoms in them are in the state of 
sp2-hybridization. The specific surface area is around 
500–1000 m2/g [16]. The typical structure of carbon 
nanotubes is shown in Fig. 3b.

Graphene is two-dimensional allotropic carbon. It is 
a flat aromatic molecule with a developed and bilat-
erally accessible surface (the free surface area is up to 
2630 m2/g), the carbon atoms are in the state of sp2-
hybridization [16]. The typical structure of graphene is 
shown in Fig. 3a.

Fullerenes are three-dimensional fillers. They are 
enclosed-volume carbon molecules with high curvature. 
The specific surface area is around 1340 m2/g [40]. They 
are multi-atom molecules and have the form of pentagons 
or hexagons with common edges. The carbon atoms are 
in the state of sp2-hybridization. The typical structure of 
fullerene is shown in Fig. 3c.

The diluent is gasoline-based magnetic fluid with 
Fe2O3 magnetic particles of size from 5 to 30 nm. The 
study’s [1] authors use magnetic fluid to reduce movement 
resistance in the flow through narrow channels. 

When epoxy resins form structures and cure, the mix-
ture is heated up. To explore the pattern of how composite 
material’s components influence the flow of the exother-
mic reaction of composite polymerization, the researchers 
record the thermal effects with a thermographic camera 
Ti55 IR Flexcam.

The composites’ fluidity is defined by metering the 
velocity of one drop of the composite material moving 
down a slope plate to determine the time/distance ratio. 

Fig. 1. The structural formula of ED-20

Fig. 2. The structural formula of polyethylene polyamine

Fig. 3. The typical structure of nanocarbon fillers: a – graphene, b – carbon nanotubes, c – fullerenes

a b c
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The ability to wet metal surfaces with the composite 
material is researched in the following manner. Drops of 
the composite were applied one by one to a metal plate. 
Right after the drops are photographed. Then, the photos 
are processed with Kompas-3D software to determine the 
wetting angle.

To research how metal surface roughness affects the 
adhesive strength between the composite material and 
steel, two substandard specimens are used. They are 
counter-parts. One them has a cavity to be filled with the 
composite while the other has a cylindrical stem (Fig. 4). 
The assumed scope of application of the composite mate-
rial is filling actual cracks. Therefore, the range of research 
was selected by measuring the surface roughness formed 
in the sample crack (Fig. 5). The roughness is assessed 
with a profilometer TR200. The parts’ adhesion was teste 
with a tension test machine Instron 8801.

The composite material’s shrinking due to polymer-
ization is tested filling in metal slots with the researched 
material and measuring the distance between the slot top 
edge and the hardened composite. The measurements are 
made with a beam-compass. 

RESULTS AND DISCUSSION

When epoxy resin hardens due to interaction of epoxy 
and aminogen groups, chemical and thermodynamic pro-
cesses happen and form cross-linked networks (Fig. 6). 
Liquid oligomer turns hard stage-wise. The first stage is 
branched macromolecules. They form and then start to 
interact with one another to form nodes of the network 
while the mixture becomes thicker. Then, the material 
completely loses its fluidity [18].

V.A. Gafarova in her study [1] used thermograms to 
research how composite material components interact. 
The findings show that this method can be used to study 
how the dispersion phase is distributed in the composi-
tion. Therefore, a series of experiments is arranged to 
determine the pattern of how composite material’s com-
ponents influence the flow of the exothermic reaction of 
composite polymerization.

Fig. 4. The substandard test specimens used to research 
how metal surface roughness affects the adhesive strength 
between the composite material and steel: a – specimen 
appearance; b –specimen with various stem roughness

Fig. 5. Specimen surface with formed crack whose 
roughness was assessed with a profilometer TR200

Fig. 6. Epoxy resin hardening reaction with polyethylene polyamine hardener

a b
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There a few hypotheses on how nanosized fillers influ-
ence composite materials.

The authors [19] claim, that when a filler is injected 
in the epoxy base it may alter the stoichiometric ratio at 
the surface joining the matrix and the filler. Hardening 
may lead to extra links between the resin and the filler or it 
may lead to changes in the structure of the formed matrix 

resulting in impact on the hardening completeness or the 
mechanical properties of the resin. 

It is displayed [41–47], that the high modifying power 
of the nano-fillers is determined by the significant spe-
cific surface area. Due to that fact that nano-particles 
have the high surface energy, they tend to adsorb various 
macromolecules [16]. The authors [15, 20, 9] assume 

Fig. 7. Temperature curves of composites with carbon fillers: graphene (a), fullerenes (b), carbon nanotubes (c):  
X, X’ – amount of the hardener in the mixture; Y, Y’ – amount of the diluent in the mixture

a

b

c
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that if the epoxy base and the filler enter an adsorption 
process, it may reduce the mobility of macromolecules 
and consequently their reactivity. 

Besides, the authors [9] suggest that the high adsorp-
tion capacity allow nano-particles to become centers of 
chemical linking in polymers. 

To check-prove the above hypotheses they studied 
how nano-sized carbon fillers influence hardening of the 
composite material. 

The component ration in composites is selected based 
on the earlier complete factorial experiment [17]. The 
experiments find the best recipes ensuring the best sought 
adhesion and cohesion strengths of the composite ma-
terials. 

The composite temperature curves during polymeriza-
tion are presented in Fig. 7. The nature of temperature 
changes during polymerization can be described with 
two stages. At the stage one temperature of the mixture 
increases until it hits the peak. During stage two the mix-
ture is cooling down.

All graphs show that polymerization curves for the 
developed composite materials (mixtures 2, 5 and 3) are 
higher than curves of epoxy resin+hardener+filler mix-
tures (mixtures 8, 9, 10). This can be related to the fact 
that carbon nano-materials (fullerenes, graphene and car-
bon nanotubes) have the high surface energy, intense ad-
hesion properties and tend to form agglomerates hundreds 
of micrometers big. The more the agglomerate is getting, 
the less adsorbing it becomes due to the decreasing spe-
cific surface area. As the result, the number of oligomer 
macromolecules in the intermediary-phase structures 
drops. If a diluent is added in to reduce the mixture’s 
viscosity, it breaks the agglomerates down and makes the 
particles distribute evenly in the composite material.

To make the composite material fill in the crack cavity, 
the composite should be very fluid. They study how the 

composite’s fluidity alters in terms of time since polym-
erization started. The findings are given in Fig. 8.

The fluidity of composite material with nanocarbon-
tube-filled composite filler remains at the same level for 
35 minutes, after which it sharply decreases (Fig. 8). 
This can be attributed to the fact that the temperature 
of the nanocarbon-tube-filled composite material is 
significantly higher at the beginning of the experiment 
compared to other investigated composites. Addition-
ally, throughout the 39-minute testing period, there is 
a self-heating of the mixture which prevents the fluidity 
from decreasing in this particular composite. (Fig. 9). 
This property allows to recommend the nanocarbon-
tube-filled composite material for fixing defects that 
take long to fix because of their complex location. The 
fullerene-filled composite material demonstrates sus-
tainably high fluidity in comparison to other reviewed 
composites (Fig. 8), therefore, it is recommended to fix 
cracks with slightly op en edges.

When the composite material flows down the metal 
surface, it is one of the factors affecting the adhesion 
strength between the adhesive and the substrate [23]. 
Fig. 10 displays a few options for wetting differently rough 
surfaces with a liquid.

If the liquid is good at wetting a highly rough surface, 
the area of actual contact increases in comparison to the 
smooth surface, as it is shown in Fig. 10a and 10b. 

If the liquid is bad at wetting a highly rough surface, 
the outcome is opposite. The area of actual contact 
decreases in comparison to the smooth surface, as it is 
shown in Fig. 10c and 10d. 

Thus, wetting the crack walls with the composite ma-
terial plays the vital role in its filling degree: the less the 
wetting angle is, the higher the crack filling degree is [28]. 

The study considers how the composite wets the metal 
surface. The findings are given in Table 1.

Fig. 8. Dependence of composite material fluidity on time since polymerization started
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All the reviewed composite materials effectively wet 
the metal surface, as the wetting angle lays in the range 
0о < θ < 90о. 

There is a hypothesis [23, 24] suggesting that the 
rougher the surface is, the better the adhesion strength 
is between a liquid and a metal in connection with 

the bigger actual contact area. The check-prove this 
hypothesis a series of experiments is conducted. The 
findings allow to display how the adhesive strength 
between the composite material and metal correlates 
with the metal surface roughness. The findings are 
given in Fig. 11.

Fig. 10. Wetting of surfaces with different roughness by a liquid: smooth surface, good wetting (a); rough surface, 
good wetting (b); smooth surface, bad wetting (c); rough surface, bad wetting (d) [23]

Fig. 9. Patterns of temperature changes in composite materials with three types of nano-sized carbon fillers

Table 1 
Angle of wetting metal surface with composite

Angle of wetting, о
Filler

Carbon nanotubes Graphene Fullerenes

№ 1 55 55 56
№ 2 53 55 55
№ 3 50 53 53
average 53 54 55

a b

c d
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As it is shown in Fig. 11, all reviewed recipes of com-
posites demonstrate better adhesive strength between 
the composite and the metal, if the surfaces are rougher. 
It is confirmed by the fact that having roughness around 
Ra = 12 µm, composites with all types of filler tend to 
cohesive destruction. 

While composite materials are hardening, certain 
amounts of volatile components are produced, which 
leads to shrinking. Under the shrinkage stress the layer of 
polymer materials forms irreversible deformations lead-
ing to residual stress. They substantially affect the com-
posite’s properties leading to a worse strength, cracks 
and defects [25, 9, 15]. The findings of measuring the 
composite shrinkage during polymerization are given 
in Table 2.

All reviewed materials demonstrate little-to-none 
shrinkage, which speaks for minor residual stress caused 
by composite polymerization.

CONCLUSION

The conducted research allows to solve the direct and 
inverse problem: a) studying properties of a composite 
material and designing its structure allow to determine, 
if it fit to certain dimensions of the crack; b) a detected 
crack with a certain configuration of the cavity can be 
offered the most suitable properties of the composite by 
adjusting its content.

The analysis shows that the composite material with 
a fullerene filler demonstrates a sustainable fluidity in 
comparison to other studied composites. This allows to 
recommend such a material for fixing cracks with a slight 
opening.

The composite with a carbon nano tube filler main-
tains the fluidity at the same level within 35 minutes on 
average. It can be used as a repair consumable, if the de-
fect does not allow fixing within a short period of time. 

Table 2
Measurements of composite shrinkage during polymerization

Carbon filler
Shrinkage, mm

Experiment No. 1 Experiment No. 2 Experiment No. 3 Average

Graphene 0.05 0 0.05 0.03

Carbon nanotubes 0.02 0.01 0.02 0.02

Fullerenes 0.01 0 0 0

Fig. 11. How the adhesive strength between the composite material and metal correlates with the metal surface 
roughness
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