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Abstract. Coatings based on epoxy diane oligomer ED-20 are being developed as environmentally benign, fouling-
resistant marine coatings. Silver oxide and carbonate (mixture) was used as filler, the dispersion of which is 0.5 µm. It 
is proved that for the formation of composites with the improved physical and mechanical properties it is necessary 
to add Mechanical Mixture of Silver Carbonate and Oxide (MMSCO) in the amount of q = 0.050…0.250 pts. wt. into 
the epoxy diane oligomer ED-20 (100 pts. wt.). The obtained values of impact toughness of composites during the in-
troduction of MMSCO into the binder increased by 2.5 times compared to the epoxy matrix. Moreover, the maximum 
capacity to resist impact loads, including fracture toughness, was demonstrated by the Composite Material (CM) with 
the filler content q = 0.050 pts. wt. Impact toughness of this CM is а = 18.53 kJ/m2. The developed materials and pro-
tective coatings based on them were used on the dry cargo ship Oles Honchar.
Keywords: ship; corrosion; epoxy composites; fracture; coatings.

Introduction 

The development of sea and river transport calls for im-
proving production while reducing the cost of produc-
tion, operation, rehabilitation, maintenance and repair 
of power equipment (Heller 1970; Zayed et al. 2013; Atta 
et al. 2008). To-date, special attention is paid to the res-
toration and protection of stern tube systems from cor-
rosive environments and wear. However, considerable 
damage is caused by corrosion, which primarily affects 
deck mechanisms. Therefore, the operation of mecha-
nisms or structural elements under low temperature 
and high humidity conditions necessitates the creation 
of new materials with high performance characteristics. 
It should be noted that of all the known thermoset-
ting polymers used as binders for Composite Materials 
(CMs), epoxy oligomers, which meet a set of require-
ments for the polymer matrix of high-strength compos-
ites, are used most often (Stukhlyak et al. 2015; Buketov, 
Krasnen’kyi 2013; Dobrotvor et al. 2009; Atta et al. 2008). 
A wide range of properties of epoxy composites allows 

them to be used as ready-made products or protective 
covers. Moreover, epoxy composites filled with binders 
of various form, nature and dispersion characteristics 
ensure such properties as durability, chemical resistance 
to the marine environment, resistance to variable tem-
peratures, low thermal conductivity, corrosion resistance 
compared to metal, when they are used in power equip-
ment of maritime transport (Buketov et al. 2015a, 2015b, 
2016; Decò et al. 2012). However, despite a considerable 
amount of information about the research on the prop-
erties of epoxy composites, increasingly more attention 
has been paid to the practical application of such mate-
rials and study of their behavior in operation. Accord-
ingly, the developed materials and protective coatings 
based on them are planned to be used on the dry cargo 
ship Oles Honchar with the deadweight of 6315 tons, 
which is operated under the influence of the aggressive 
river and sea environment.

In-service damage of the equipment of stern tube 
systems, including bearings, is commonly represented 
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by the abrasive and adhesive wear and delamination, 
which leads to a premature failure of a structural element 
(Caines et al. 2015; James, Hattingh 2015). The main ma-
terials used in the production of bearings for stern tube 
systems are bakaut, tufnol, textolite, kaprolone, babbit, 
and others. Given the main types of destruction and a 
wide range of properties, most promising in this regard 
is the application of epoxy composites that can be used 
as materials for the production of stern tube bearings, 
as well as protective coatings. This can significantly 
improve physical, mechanical, thermal, corrosion and 
other performance characteristics of stern tube systems 
and mechanisms that are operated under the influence 
of static and dynamic loads (Montemor 2014; Dong et al. 
2012).

The purpose of this work is to develop epoxy com-
posites with enhanced performance characteristics in 
order to extend the service life of the equipment of sea 
and river transport.

1. Justification of the Choice of Filler  
for Epoxy Composite

The hull of sea ships, their systems, devices, units and 
mechanisms are operated in conditions of high humid-
ity, exposure to salt spray or salt water. The effective 
protection of the ship metal from corrosion damage is 
achieved in various ways, including by means of apply-
ing protective lubricants, epoxy composite coatings, in-
hibitors and other anti-corrosion agents (Melchers 2012; 
Gudze, Melchers 2008; Melchers, Jeffrey 2008). There 
are cases of delamination of the swollen upper layers of 
paints based on the amide resin, which occur in ships, 
mainly under the influence of seawater in the form of 
precipitation (Nakai et al. 2007). Therefore, the choice 
of hybrid materials based on carbonate and silver oxide 
(MSKOS) for the sea transport is explained by the fact 
that they have a set of specific properties (Pascault, Wil-
liams 2010; Buketov et al. 2015a, 2015b, 2016):

 – mechanical properties include an increased cohe-
sion, low coefficient of friction, self-lubrication 
and wear resistance, as well as high strength of 
coatings, lack of dishing or flaking;

 – chemical properties include resistance to a pro-
longed exposure to corrosive environments, salt 
fog and humidity, in particular, seawater. The fill-
er acts as inhibitor of corrosion processes in case 
of immersion in the acidic environment, pro-
viding an anode and cathodic protection. There 
are also bactericidal properties and resistance to 
biocorrosion; 

 – technological properties: the filler is a catalyst in 
the crosslinking of epoxy matrix, and is deter-
mined by its activity in the interfacial interac-
tions in the formation of composites. The protec-
tive properties of such composites are associated 
with the chemical bond between the matrix and 
the filler surface, as was proved in this paper;

 – environmental properties allow avoiding the use 
of toxic anti-corrosion fillers;

 – technical properties allow increasing durability of 
coatings, reducing the number of deposited lay-
ers, increasing turnaround time.

At the initial stage, we synthesized silver carbonate 
with dispersion of 0.5 µm, whose characteristics are de-
scribed in detail in (Buketov et al. 2015a, 2015b, 2016).

This filler has a high specific surface area, significant 
activity upon interaction with the epoxy binder, which 
can significantly improve the physical and mechanical 
properties of epoxy composites developed. However, the 
technology of synthesis of such disperse particles envis-
ages their drying in a dark box (without sunlight). A 
Mixture of Carbonate and Silver Oxide (MSKOS) is easi-
er to use, because the technology of its synthesis involves 
drying the particles under the influence of sunlight in 
the air. A filler of this kind contains silver carbonate, 
which is the catalyst in crosslinking of the epoxy matrix 
and silver oxide, which is also marked with the activity 
in interfacial interactions in the formation of composites 
(Yu et al. 2013; Atta et al. 2014).

Today, the introduction of the known fillers, such 
as silicon carbide, titanium carbide, boron carbide, alu-
minum oxide, titanium oxide, brown sludge etc., also 
enhances the performance of epoxy composites. How-
ever, the chosen filler (MSKOS) is more active in the in-
terfacial interaction, which occurs in crosslinking epoxy 
composites, providing a greater volume of surface layers 
around the filler particles in the matrix (Buketov et al. 
2015a, 2015b, 2016). This, in turn, will allow increasing 
the durability of the polymer, which involves improving 
the cohesive strength of composites.

Another important aspect in the choice of the filler 
is not only its content in the composite, but the size of 
particles. Today, it is appropriate to use nanopowder par-
ticles. However, it is known that the introduction of mi-
crodisperse particles in the binder also provides an im-
proved performance of composites (Buketov et al. 2015a, 
2015b, 2016). Therefore, in this paper we used the filler 
with the size of 0.5 µm, which is between the nano- and 
microrange. In our view, introducing a low-content filler 
MSKOS (0.5 µm) in the epoxy binder will allow using 
the advantages of nano- and microdisperse particles at 
a time.

2. Materials and Research Technique

Based on the above, epoxy diane oligomer ED-20 (GOST 
10587-84) was selected as the main binder component 
in the preparation of the CM. Polietylenpoliamin PEPA 
(the hardener) (TU 6-05-241-202-78) was used for 
crosslinking of epoxy compositions, which allows for the 
material hardening at room temperatures. It is known 
(Stukhlyak et al. 2015; Buketov, Krasnen’kyi 2013) that 
PEPA is a low molecular substance, which consists of the 
following interrelated components: [–CH2–CH2–NH–]n. 
We administered 10 pts. wt. of the hardener per 100 pts. 
wt. of epoxy diane oligomer ED-20.

Silver oxide and carbonate (mixture) was used as 
the filler, the dispersion of which is 0.5 µm. Note that the 
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filler was obtained as a result of exchange (1) and decom-
position (2) reactions:

2AgNO3 + K2СО3 → Ag2СО3↓ + 2KNO3;  (1)

Ag2СО3 → Ag2О + СО2↑.                                         (2)

Characteristics of the epoxy diane oligomer, the 
filler and the hardener are given in Table. The filler was 
added to the binder in the amount of 0.025÷1.00 pts. wt. 
per 100 pts. wt. of epoxy diane oligomer ED-20. The filler 
synthesis technology is different because the material is 
dried under sunlight in the air. This enabled us to ensure 
the stability of the sediment and, accordingly, obtain sil-
ver carbonate (8÷10%) and silver oxide with a high con-
centration of the active ingredient (90÷92%). Thus, we 
obtained the filler in the form of a (MMSCO).

Table. Characteristics of epoxy binding

Characteristics
Epoxy diane 

oligomer 
ED-20

MMSCO PEPA

Molecular weight 340 276 215÷258
Functionality epoxy 
groups fEP

2.0 – –

The content of 
epoxide groups [%] 20.0÷22.5 – –

The content of 
hydroxyl groups [%] 1.25 – –

The content of 
nitrogen [%] – – 19.5÷22.0

The content of 
carbon [%] – 4.35 –

The content of 
oxygen [%] – 4.15 –

The content of 
argentum [%] – 91.5 –

Viscosity η [Pa·s] 13–20 – 0.9
Density ρ [gr/cm3] 1.160 6.077 1.050

The epoxy CM was formed by the following tech-
nology: predosing of epoxy diane resin ED-20, heating 
it to a temperature Т = 353±2 K and holding at a given 
temperature over time τ = 20±0.1 min; dosing the filler 
and its further addition to the epoxy oligomer; hydrody-
namic combination of epoxy diane oligomer ED-20 and 
the filler over time τ = 1±0.1 min; UltraSound Treatment 
(UST) of the composition over time τ = 1.5±0.1 min; 
cooling the composition down to room temperature 
over time τ = 60±5 min; addition of the PEPA hardener 
and mixing the composition over time τ = 5±0.1 min. 
Thereafter, the CM was hardened in the experimentally 
established mode: the formation of specimens and their 
holding over time τ = 12.0±0.1 h at Т = 293±2 K, heating 
with velocity υ = 3 K/min to a temperature Т = 393±2 K, 
holding CM over time τ = 2.0±0.05 hours, its slow cool-
ing to a temperature Т = 293±2 K. In order to stabilize 
structural processes in the CM, specimens were held over 
time τ = 24 h in the air at a temperature Т = 293±2 K, 
followed by experimental tests.

The adhesive strength between the matrix and the 
metal base was investigated by measuring fracture stress 
(‘method of fungi’) in case of uniform separation of the 
couple of bonded specimens according to the GOST 
14760-69. Research of the adhesive strength in shear 
was carried out according to the GOST 14759-69 by 
measuring the tearing strength of adhesive joints of steel 
specimens on the automated tearing machine UM-5 at 
the loading rate υ = 10 m/s. The diameter of the work-
ing part of steel specimens was d = 25 mm in isolation. It 
should be noted that the adhesion area of the specimens 
tested in isolation and shear was identical.

Residual stresses in the matrix were determined 
by the console method (Stukhlyak et al. 2015; Buke-
tov, Krasnen’kyi 2013). Coatings with thickness 
δ = 0.3÷0.8 mm were formed on a steel base. The base 
parameters were: total length l = 100 mm; working 
length l0 = 80 mm; thickness δ = 0.3 mm.

Fracture stress and modulus of elasticity in bending 
of the CM were determined according to the GOST 4648-
71 and GOST 9550-81, respectively. Specimen param-
eters were: length l = 120±2 mm, width b = 15±0.5 mm,  
height h = 10±0.5 mm.

Impact toughness was determined by the Char-
py method in accordance with the GOST 4647-80 
on the pendulum impact testing machine MK-30 at 
Т = 298±2 K and relative humidity d = 50±5%. We used 
samples with the size (63.5×12.7×12.7)±0.5 mm.

The deviation of values during the studies of the 
physical and mechanical properties of CM was 4÷6% 
from the nominal value.

IR spectra were recorded on the spectrophotometer 
IRAffinity-1 (Japan) within the region of wave numbers 
ν = 750÷1500 cm–1 by a single-beam method in the re-
flected light. Wavelength scanning by wave numbers 
λ–1 = ν was performed on the 225 mm diagram in the 
range of selected frequencies. Wave numbers, intensity of 
transmission, half-width and the area of absorption bands 
were determined using the IRSolution software. The accu-
racy in determining the wave number was ν = ±0.01 cm–1,  
and in determining the peak location it was 
ν = ±0.125 cm–1. The photometric accuracy was ±0.2% 
during programmed control of the slit over integration 
time t = 10 s. The step of integration was ∆λ = 4 cm–1. 
IR spectra were deciphered by the method described 
in (Stukhlyak et al. 2015; Buketov, Krasnen’kyi 2013).

The investigations into the material structure were 
performed on the metallographic microscope XJL-17AT 
equipped with camera Levenhuk C310 NG (3.2 mega 
pixels). Zoom range was changed from ´100 to ´1600. 
Specimens were examined at a magnification of ´200 
and ´400. For the processing of digital images we used 
Levenhuk ToupView software.

3. Research Results and Their Discussion

To determine the optimal filler content in the epoxy ma-
trix with improved properties, the adhesive strength in 
isolation σа, shear τ and residual stresses σres were deter-
mined at the initial stage of the investigation. 
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It is established experimentally (Fig. 1, curve 1) that 
the adhesive strength of the matrix in the above modes of 
crosslinking was σа = 24.4 MPa. The addition of the filler 
in the amount of q = 0.025 pts. wt. to the epoxy oligomer 
leads to a monotonic increase in the adhesive strength to 
σа = 38.0 MPa in isolation. The maximum on the curve 
showing the dependence of the adhesion joints in isola-
tion was observed during the administration of MMSCO 
in the amount of q = 0.050 pts. wt. (Fig. 1, curve 1). The 
value of the adhesive strength in isolation of the CM 
was σа = 40.05 MPa. It was believed that the enhance-
ment of the adhesion characteristics with increasing the 
filler content causes the formation of physical links in 
the structural grid due to the interaction between the 
oligomer segments and the active centers on the surface 
of the filler particles. This increases the velocity of physi-
cal and chemical process of polymerization during the 
formation of the CM structure. As a result, the adhe-
sion properties of such materials are improved. Further 
addition of the filler in the amount of q = 0.100÷0.500 
pts. wt. leads to a slight decrease in the adhesive prop-
erties in isolation. Moreover, the material is character-
ized by the adhesive strength within the range of σа = 
36.10÷37.35 MPa. It should be noted that filling the CM 
with MMSCO particles in the amount over q = 0.500 pts. 
wt. causes a decrease in the adhesive strength, and the 
value of the CM adhesion (σа = 26.95 MPa) becomes ap-
proximated to the adhesion of the epoxy matrix (σа = 
24.4 MPa). This allows stating the inappropriateness of 
using the CM with such a content of MMSCO. It was 
believed that a decrease in the adhesive strength in case 
of the above filler content is caused by the oversaturation 
of the reactive groups, which, in turn, leads to an incom-
plete crosslinking of macromolecules of the system com-
ponents. At the same time, it should be noted that the 
obtained research results make it possible to conclude 
that, in order to obtain materials of various functional 
purpose, it is possible to use CMs with the MMSCO con-
tent within the range of q = 0.100÷0.500 pts. wt., since 
the adhesive strength is reduced insignificantly (within 
Dσа = 1.25 MPa).

Additionally, the studies of the adhesion strength 
in shear were conducted (Fig. 1, curve 2). It is estab-
lished that the addition of the filler in the amount of 
q = 0.025÷0.100 pts. wt. leads to a monotonic increase 
in the adhesive strength in shear. The value of the adhe-
sive strength is τ = 9.03÷9.89 MPa. The occurrence of a 
maximum on the curve showing the dependence of the 
adhesion strength in shear (τ = 12.83 MPa) on the filler 
content was found after adding the latter in the amount 
of q = 0.250 pts. wt. It was believed that an increase in 
the adhesive strength was due to an increase in the veloc-
ity of physical and chemical processes of polymerization 
due to the activation of functional groups of the binder 
ingredients. Subsequent addition of a higher filler con-
tent leads to a decrease in the adhesive strength of the 
CM in shear.

As a result, of experimental studies it was found 
that the maximum on the curve showing the adhesion 
strength in shear does not match the location of the 
maximum on the curve showing the dependence of the 
adhesive strength in isolation on the filler content (Fig. 1, 
curves 1 and 2). This indicates a different magnitude and 
mechanism of action of normal and tangential stresses on 
the adhesive strength of the epoxy composite (Stukhlyak 
et al. 2015; Mouritz et al. 2001). Normal stresses are 
maximal in isolation; moreover, a significant number of 
links are broken. However, the angles between atoms and 
macromolecules of the epoxy binder become elongated 
in shear, which contributes to the occurrence of trans-
verse forces during the movement of one body along the 
surface of another body, resulting in shear and normal 
stresses. Thus, the adhesive strength with different ab-
solute values in isolation and shear are associated with 
the action of various forces during fracture of materials.

Special attention was paid to residual stresses, 
which are directly affected by the nature of the filler.

It is established that the residual stress in the ma-
trix treated with ultrasound was σres = 1.4 MPa (Fig. 1, 
curve 3). When adding MMSCO in the amount of q = 
0.025÷0.100 pts. wt., a decrease in residual stresses in the 
CM to σres = 0.95÷0.98 MPa was observed. Subsequent 
increase in the filler content from q = 0.100 pts. wt. to q = 
1.000 pts. wt. contributes to a slight decrease in residual 
stresses (relative to the CM with the filler content of q = 
0.025÷0.100 pts. wt.), indicating a complex mechanism 
of relaxation processes after the CM polymerization. The 
values of residual stresses were σres = 0.90÷0.98 MPa. 
Minor residual stresses in the CM at the maximum ad-
hesive strength (σа = 40.05 MPa (with the filler content 
q = 0.050 pts. wt.) and τ = 12.83 MPa (with the filler con-
tent q = 0.250 pts. wt.)) indicate the durability of the pro-
tective coatings in operation, as well as their enhanced 
resistance to delamination.

Therefore, based on the experimental research 
and given the economic efficiency of using the devel-
oped materials, we can say the following. It is advis-
able to use CMs with the minimal MMSCO content of 
q = 0.050 pts. wt. In addition, the maximum adhesive 
strength of materials is: in isolation σа = 40.05 MPa, 
in shear τ = 9.45 MPa, and residual stresses are σres = 

Fig. 1. Dependence of adhesive strength and residual stresses 
of the epoxy matrix on the filler content MMSCO:  

curve 1 – adhesive strength in isolation σа;  
curve 2 – adhesive strength in shear τ;  

curve 3 – residual stresses σres
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0.95 MPa. At the same time, when it is necessary to use 
CMs or protective coatings to be operated in conditions 
of normal and tangential forces, it is advisable to use the 
CM with the MMSCO content of q = 0.150 pts. wt. The 
maximum adhesive strength in this case is: in isolation 
σа = 36.60 MPa, in shear τ = 11.80 MPa, and residual 
stresses σres = 0.96 MPa.

At the next stage, we investigated the physical and 
mechanical properties of the CM filled with MMSCO.

As stated previously, the above exchange reac-
tion resulted in the formation of argentum carbonate 
(Ag2СО3) in the form of a sediment and potassium ni-
trate (KNO3), which are present in the binder. As a result 
of the decomposition reaction, silver oxide (Ag2O) and 
carbon dioxide (СО2↑) were formed. Therefore, with a 
view to studying the structure of the polymer matrix fol-
lowed by confirmation of the above assumption, the IR-
spectral analysis of MMSCO was performed in the range 
of wave numbers ν = 1650÷750 cm–1 (Fig. 2).

The IR spectrum analysis of the filler allowed re-
vealing the absorption bands with the frequency ν = 
786.96÷810.10 cm–1 (the relative value of the peak area 
is S = 47.68%), which is typical of ion nitrate (in our 
case KNO3). Absorption bands in the frequency range 
ν = 1199.72÷1072.42 cm–1 indicate valence vibrations 
of C–O bonds, and the relative value of the peak area 
S = 28.39% (at ν = 1072.42 cm–1) indicates their signifi-
cant amount. An absorption band in the frequency range 
ν = 1377.17 cm–1 indicates the presence of acidic resi-
due (СО3)2–, and the relative value of the peak area S = 
40.19% also indicates their significant amount. An ab-
sorption band at a frequency ν = 1496.76 cm–1 indicates 
the presence of nitro-bond R–NO2 (the relative value of 
the peak area is S = 59.67%).

It was further established that fracture stresses in 
bending for the epoxy matrix are σb = 48.00 MPa (Fig. 3, 
curve 1). The addition of the filler in the amount of q = 
0.025÷0.250 pts. wt. did not significantly affect fracture 
stresses, since their value is σb = 48.0÷48.10 MPa.

It was believed that lower values of properties un-
der the above filler content indicate the presence of im-
purities in the CM (KNO3). As a result, the content of 
sol-fraction in the CM increases. Further addition of the 
filler in the amount of q = 0.400÷0.500 pts. wt. leads to a 
monotonic increase in fracture stresses in bending from 
σb = 60.42 MPa (q = 0.400 pts. wt.) to σb = 70.00 MPa 
(q = 0.500 pts. wt.). An increased filler content leads to 
an increase in the amount of the active centers capable 
of interacting with the epoxy binder, and the amount 
of C–O bonds (Fig. 2, ν = 1072.42 cm–1). This explains 
an increase in fracture stress in bending of the CM. 
The maximum value of fracture stress in bending (σb = 
74.45 MPa) was observed at the MMSCO content of 
q = 1.000 pts. wt. It was believed that the mechanism 
of increasing fracture stresses in bending is as follows. 
The critical filler content (q = 1.000 pts. wt.) creates the 
conditions for the formation of a material with a large 
density of the spatial grid. Macromolecules, which are 
a part of supramolecular structures, change their shape 
(elongation, twisting, etc.) under load. Therefore, due 

to the flexibility of the polymer chain, a high elastic-
ity of the CM as a whole is provided. Due to this, the 
material is characterized by an ability to resist deforma-
tion. This assumption is confirmed by the IR-spectral 
analysis. As shown previously, a significant amount of 
C–O bonds was revealed in the frequency range ν = 
1273.02÷072.42 cm–1.

The dependence of the elasticity modulus in bend-
ing on the MMSCO content was investigated in parallel 
(Fig. 3, curve 2). It is established experimentally that the 
elasticity modulus of the modified matrix in bending is 
Е = 2.90 GPa. When adding MMSCO in the amount of 
q = 0.025 pts. wt., an increase in the elasticity modulus 
was not observed (Е = 2.90 GPa), moreover, this is con-
sistent with the results of the investigation into fracture 
stress in bending of the CM (Fig. 3, curve 1). Introducing 
the filler in the amount of q = 0.050÷0.100 pts. wt. con-
tributes to a maximum increase in the elasticity modulus 
to Е = 3.24÷3.48 GPa. Further introduction of the filler 
in the epoxy binder (with the content over q = 0.100 pts. 
wt.), namely, q = 0.250÷1.000 pts. wt., leads to a decrease 
in the elasticity modulus of materials in bending to Е = 
2.51÷3.00 GPa.

Fig. 2. IR-spectrum of the MMSCO filler in the range  
of wave numbers ν = 1650÷750 cm–1

Fig. 3. Dependence of physical and mechanical properties 
of the matrix on the MMSCO content: curve 1 – fracture 

stresses in bending σb; curve 2 – modulus of elasticity  
in bending Е

T 
[%

]

1650 1500 1350 1200 1050 900 750

6.
76

13
77

.1
7

11
99

.7
2

10
72

.4
2

81
0.

10
78

6.
96

1/cm

15

20

25

30

35

40

2

1

40

50

70

60

Е [GPa]

2.6

2.8

3.0

3.2

0

 

0.1

  

0.2

  

0.3

  

0.4

 

0

 

0.5 1.0

 
 

q [pts. wt.]

a [MPa]s



338 A. Buketov et al. Enhancing performance characteristics of equipment of sea and river transport ...

To confirm the above results, impact toughness of 
epoxy composites filled with different content of MMSCO 
was investigated at the next stage (Fig. 4). It is established 
experimentally that in case of adding MMSCO in the 
amount of q = 0.025 pts. wt., impact toughness increases 
relative to the original matrix (а = 7.27 kJ/m2) and is а = 
15.45 kJ/m2. The maximum on the curve showing de-
pendence of impact toughness on the MMSCO content 
а = 18.53 kJ/m2 was found in case of adding MMSCO in 
the amount of q = 0.050 pts. wt., which is consistent with 
the results of investigations into the elasticity modulus 
in bending and indicates the intensification of crosslink-
ing processes at the given filling rate of the CM. Further 
addition of the filler in the amount of q = 0.100 pts. wt. 
contributes to a slight decrease in impact toughness (а = 
17.93 kJ/m2). Further increase in the filler content to q = 
1.000 pts. wt. leads to a glut of the composite with the 
additive, and deterioration of its wetting. In turn, this 
causes intense crack propagation in materials during im-
pact and, consequently, a decrease in impact toughness. 
In this case, impact toughness is а = 8.00÷15.65 kJ/m2.

Based on the results of the investigations into the 
physical and mechanical properties of the MMSCO-
filled epoxy CM, it was found that the maximum value of 
fracture stresses in bending of the CM is σb = 74.45 MPa 
(for content q = 0,100 pts. wt.), the elasticity modulus in 
bending is Е = 3.48 GPa (for content q = 1.000 pts. wt.), 
and impact toughness is а = 18.53 kJ/m2 (for content q = 
0.050 pts. wt.). The following should be noted. Despite 
the fact that during the experimental studies the maxi-
mum values of fracture stresses in bending of the CM 
were attained (Fig. 3, curve 1), attention should be paid 
to the elasticity modulus in bending (Fig. 3, curve 2) 
and impact toughness (Fig. 4). Their values at the criti-
cal MMSCO content are quite different. This indicates 
thermodynamic instability of materials. In view of the 
above, to obtain a CM with a set of the necessary physi-
cal and mechanical properties, it is advisable to add the 
MMSCO filler in the amount of q = 0.050÷0.250 pts. wt. 
to the epoxy binders.

At the final stage, fracture surfaces of the epoxy ma-
trix and MMSCO-filled composites were investigated by 
the method of optical microscopy (Fig. 5). The analysis 
of photos at magnification ´200 and ´400 reveals the 
presence of shallow lines of chipping in the epoxy ma-
trix, which form the surface relief, with the ductile char-
acter of fracture and a significant stress state (Fig. 5 a, b).

The analysis of photos of the MMSCO-filled com-
posites in the amount of q = 0.025 pts. wt. allowed re-
vealing microcracks across the fracture surface (Fig. 5 c, 
d). A homogeneous nature and a small size of microc-
racks allows stating that the material was formed with 
an insignificant stress state (relative to the epoxy matrix) 
and residual stress.

While increasing the filler content in the binder 
to q = 0.050÷0.100 pts. wt., a fracture structure was ob-
served, which is characterized by large ‘main’ cracks, 
which for the most part, do not become microcracks 
(Fig. 5e–h). This suggests slowing down of the crack 
propagation process upon interaction of the filler parti-
cles or their agglomerates with the epoxy binder. Howev-
er, under the influence of critical loads, ductile fracture 
was observed, which is typical of the CM with a high co-
hesive strength. It should be noted that under the given 
content of MMSCO, the maximum values of the elas-
ticity modulus in bending (Fig. 3, curve 2) and impact 
toughness (Fig. 4) were observed. This further confirms 
the above assumptions.

The study of fracture patterns of the CM filled with 
MMSCO in the amount of q = 0.250÷1.000 pts. wt. re-
vealed a fracture pattern slightly different from that 
described above, in which needle formations dominate 
(Fig. 5i–m). We can assume that an increase in the filler 
content prevents the development of local shears and 
cracks due to the placing of macromolecules in the near 
surface layers in the process of the CM formation.

The analysis of fractograms of fracture surfaces of 
materials obtained by optical microscopy revealed the 
correlation between research results on the physical and 
mechanical properties of the CM, which confirms the re-
liability of the results obtained. For a more detailed study 
of the crosslinking processes of epoxy composites and 
confirmation of the results of physical and mechanical 
properties of the developed materials, the infrared spec-
tral analysis was conducted. We considered it appropri-
ate to conduct the infrared spectral analysis of a CM with 
the MSKOS particles content of q = 0.050 pts. wt., since 
an improvement of properties was observed with this 
content (Fig. 6).

Based on the IR-spectra analysis (Fig. 6, spectrums 1 
and 2), we established a reduction in the studied parame-
ters (transmission intensity – by DT = 1.5%, half-width – 
by Db = 36.1 cm–1, relative value of the peak area – by 
DS = 35.5%) at the wave number ν = 582.50 cm–1.  
This indicates an increase in the density of the spa-
tial grid of the polymer as a result of introducing the 
MSKOS particles, which limits the mobility of segments 
of the epoxy binder. Under these conditions, the rigid-
ity of the system increases and, consequently, the indica-
tors of the physical and mechanical properties improve.  

Fig. 4. Dependence of impact toughness of CM  
on MMSCO content
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It should be noted that a decrease in parameters T, b, 
S was observed at wave numbers ν = 732.95 cm–1, ν = 
767.67 cm–1, ν = 918.12 cm–1, ν = 1261.45 cm–1, ν = 
1886.38 cm–1, ν = 2067.69 cm–1. This indicates the in-
terfacial physical and chemical interaction between ac-
tive centers on the surface of the particles and functional 
groups of the epoxy binder, resulting in the limited mo-
bility of –NH–, –CH– groups (at ν = 732.95 cm–1, ν = 
767.67 cm–1), –C–C–C–N– bonds, –C–O– and epoxy 
groups (at ν = 918.12 cm–1), –O–H, –C–N– bonds, 
–C–O–, epoxy, aminogroups –NH2, and NH–R (at ν = 
1261.45 cm–1). Additionally, a reduction in parameters 
T (by 0.4%), b (19.2 cm–1), S (by 22.0%) at the wave 
number ν = 2067.67 cm–1 was observed, indicating the 
crosslinking of triple groups C ≡ C, C ≡ N. Of particular 

note is the reduction in parameters T, b, S in the range of 
wave numbers ν = 2873.94÷3035.96 cm–1. The analysis 
of papers (Stuhlyak, Buketov 2009; Buketov et al. 2015a, 
2015b; Kortaberria et al. 2011) allows stating that –C–H 
groups, groups of methyl radical (CH3–C) and hydroxyl 
groups participate in the reactions with the active centers 
on the surface of the MSKOS particles. At the same time, 
a reduction in the relative value of the peak area (by DS = 
29.2%) at ν = 3441.01 cm–1 indicates that groups OH 
and –NN– are involved in the reactions of interfacial in-
teractions. Under these conditions, the physical and me-
chanical properties of the filled polymer are enhanced.

4. Practical Using

The results obtained allow using CMs or protective coat-
ings based on them to restore the process equipment 
and corrosion protection of deck machinery (Gudze, 
Melchers 2008; Slater 1994). The developed materials are 
planned to be used on the dry cargo ship Oles Honchar 
with the deadweight of 6315 tons (Fig. 7) to improve the 
corrosion properties of deck machinery (Fig. 8), as well 
as to restore and improve performance characteristics of 
stern tube systems (Fig. 9).

An increased resistance to corrosion is planned to 
be achieved by using a two-layer epoxy composite coat-
ing. The protective epoxy composite coating is applied to 
the elements of deck machinery by the method of pneu-
matic spraying of the adhesive layer with a thickness of 
0.1÷0.3 mm (MMSCO content q = 0.150 pts. wt.), which 
allows to significantly increase the adhesive strength and 
corrosion resistance of protective coatings. Under oper-
ating conditions of the ship, it is not always possible to 

a) b) c) d) e)

f) g) h) i) j)

k) l) m) n)

Fig. 5. Fractograms of fracture surfaces of the original matrix and MMSCO-filled epoxy CMs: a, b – epoxy matrix (control 
specimen); c, d – q = 0.025 pts. wt. of the filler; e, f – q = 0.050 pts. wt. of the filler; g, h – q = 0.100 pts. wt. of the filler;  

i, j – q = 0.250 pts. wt. of the filler; k, l – q = 0.500 pts. wt. of the filler; m, n – q = 1.000 pts. wt. of the filler;  
(´400 – a, b, d, f, h, j, l, m, n) and (´200 – c, e, g, i)

T 
[%

]

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400

1

2

1/cm

10

15

20

25

30

35

34
41
.0
1

30
35
.9
6

29
66
.5
2

28
73
.9
4

25
42
.1
8

20
67
.6
9

18
86
.3
8

17
66
.8
0

16
12
.4
9

15
16
.0
5

14
69
.7
6

12
61
.4
5

11
88
.1
5

11
26
.4
3

10
49
.2
8

91
8.
12

84
0.
96 76

7.
67

73
2.
95

58
2.
50

Fig. 6. IR spectra of the epoxy matrix (spectrum 1) and  
the composite with the MSKOS (spectrum 2) content  

of q = 0.050 pts. wt. in the range of wave numbers  
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use thermo cabinets to withstand the temperature and 
time regimes. In this case, it is necessary to perform a 
preliminary polymerization of the adhesive layer at a 
temperature T = 293÷323 K over time τ = 30÷120 min, 
which provides for a high degree of crosslinking of mac-
romolecules to form a spatial grid. This, in turn, leads 
not only to improvements in the adhesive strength, but 
also in the physical and mechanical properties of the 
coating. The application of the adhesive layer with the 
thickness, which is 0.1 mm less, worsens the course of 
diffusion processes during polymerization of the protec-
tive coating. The application of the adhesive layer with 
the thickness, which is 0.3 mm greater, reduces the val-
ue of the adhesive strength in heterogeneous materials 
(Stukhlyak et al. 2015).

The functional layer (with the MMSCO content q = 
0.050÷0.250 pts. wt.) with a thickness of 1.5÷2.0 mm 
should be applied to the adhesive layer after a prelimi-
nary polymerization. The available experimental results 
of comparative tests of physical and mechanical, thermal 
properties and corrosion resistance of the developed 
and known protective coatings indicate high perfor-
mance and appropriateness of using new materials in 
shipbuilding (Mouritz et al. 2001). Restoration of the 
stern tube bearing (Fig. 9b) and increasing performance 
(through replacement) of the intermediate shaft bearings 
is planned to be achieved by using compositions with 
the MMSCO content q = 0.050 pts. wt., since with such 
content an enhancement of the adhesion, physical and 
mechanical properties of the CM was observed. Recov-
ery was performed after pre-cleaning and degreasing of 
surfaces, and then the recovery layer was applied using 
the above technology (pulverization spraying).

To replace the thrust bearing (Fig. 9c), the dam-
aged material (babbit) was dismantled, then the CM 
was formed using the above technology in the tempera-
ture and time regimes of polymerization and ultrasonic 
treatment. Then the preformed epoxy composition was 
poured into a cold or hot form by means of free cast-
ing with subsequent polymerization without pressure. 
Moreover, the preset mode of hardening was main-
tained. Upon completion of the above operations, the 
bearing was installed with the observation of the preset 
dimensions and tolerances.

Fig. 7. Dry cargo ship Oles Honchar with the deadweight  
of 6315 tons (MarineTraffic 2015)

Fig. 8. Some types of damage of deck machinery due  
to corrosion fracture on dry cargo ship Oles Honchar
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Conclusions

The optimum MMSCO content in the epoxy ma-
trix with improved adhesive properties is determined. 
The maximal adhesive strength of the CM in isolation 
(σа = 40.05 MPa) was observed at the filler content q = 
0.050 pts. wt. However, the maximal adhesive strength in 
shear (τ = 12.83 MPa) was observed in the CM with the 
MMSCO content of q = 0.250 pts. wt. To form the coat-
ings of different functions, namely with the maximum 

values of σа and τ, it is advisable to use the CM with the 
MMSCO content q = 0.150 pts. wt. A material of this 
kind has the following properties: adhesion strength in 
isolation σа = 36.60 MPa, in shear τ = 11.80 MPa, re-
sidual stresses σres = 0.96 MPa.

It is proved that for the formation of composites 
with the improved physical and mechanical proper-
ties it is necessary to add MMSCO in the amount of 
q = 0.050÷0.250 pts. wt. into the epoxy diane oligomer 
ED-20 (100 pts. wt.). In this case the material is formed 
with the following properties: fracture stress in bending 
σb = 48.00÷50.00 MPa, elasticity modulus in bending 
Е = 3.00÷3.24 GPa.

Additionally it was found that the obtained values 
of impact toughness of composites during the introduc-
tion of MMSCO into the binder increased by 2.5 times 
compared to the epoxy matrix. Moreover, the maximum 
capacity to resist impact loads, including fracture tough-
ness, was demonstrated by the CM with the filler con-
tent q = 0.050 pts. wt. Impact toughness of this CM is а = 
18.53 kJ/m2.

The method of optical microscopy was used to in-
vestigate fracture surface of the epoxy matrix and the de-
veloped CMs. The analysis of fractograms of the fracture 
surface of the epoxy matrix allowed us to determine the 
surface topography with a ductile nature of fracture, and 
a significant stress state. Fractograms of fracture surfaces 
of the filled composites are characterized both by the 
presence of homogeneous microcracks and the forma-
tion of elongated needle-like structures, which indirectly 
suggests the improved cohesive properties of materials.

Epoxy CMs and coatings based on them are devel-
oped with a view to improving the corrosion properties 
of the deck machinery of the sea and river dry cargo ves-
sels, as well as restoring and improving the performance 
characteristics of structural elements of stern tube sys-
tems.
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