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Abstract: Transparent organic-inorganic coatings for the protection of optical glass were prepared by sol-gel processing 
using hydrogenated epoxy resin and titanium tetrabutoxide as precursors. Detonation nanodiamond (DND) was introduced 
into the sol-gel composition in situ to improve physic-mechanical and antifouling coatings properties. The processes  
of film-forming sols synthesis and organic-inorganic coatings formation, as well as the influence of DND on the processes  
of structure formation of these sols and the physic-mechanical properties of the obtained coatings, have been studied using 
IR-Fourier spectroscopy, thermal analysis combined with mass spectroscopy, and standard methods for studying paint 
coatings. The antifouling properties of the coatings on the magnifying glasses were tested in natural conditions, in the 
marine environment, at the climatic station of the Joint Russian-Vietnam Tropical Research and Test Center (Tropical 
Center, Nha Trang, SR Vietnam). 
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Аннотация: Прозрачные органо-неорганические покрытия для защиты оптического стекла получены по золь-гель 
технологии на основе гидрированной эпоксидной смолы и тетрабутоксида титана. Для улучшения их физико-
механических и противообрастающих свойств в золь-гель композиции в процессе их синтеза in situ введен 

Original papers 
Nanostructured, nanoscale materials and nanodevices 



 

J

2

д
с
л
н
м
у
Р
Ц
 
К
д
 
Д
E
m
1

 

p
p
c
t
t
[
i
t
o
c
a
s
3
m
c
e
b
n
c
t
p

Shilov

Journal of Ad

202

детонационны
спектроскопи
лакокрасочны
неорганическ
механические
увеличительн
Российско-Вь
Центр, г. Няч

Ключевые с
для защиты с

Для цитиров
Environmenta
modified with
10.17277/jamt

Sol-gel 
produce tran
purposes. Th
coatings base
titanium al
tetrabutoxide
[1–5]. If high
is not allowe
the necessar
organic-inorg
can be form
and their 
such as 
3-glycidoxypr
methyldietho
components 
ethoxy group
bonds betwee
networks. T
composites o
tetraethoxysi
phase separa

 

Fig. 1. Struct

va O.A., Glebo

dvanced Mate

ый наноалм
ии, термичес
ых покрыти
ких покрыти
е свойства п
ные стекла, и
ьетнамского 
чанг, СР Вьет

слова: золь-г
текла; морск

вания: Shilov
ally friendly a
h detonation 
t.2022.03.pp.2

1. Intr
technology

nsparent pro
his method 
ed on SiO2 
lkoxides (t
e, or titanium
h-temperatur
d to fix them

ry physical 
ganic coatin
med using 

adducts w
3-glyci

ropyltriethox
oxysilane, e
[6–10]. The 
ps, promote
en the epoxy

This is esp
obtained on t
ilane hydrol
ation [11]. 

tural formulas

ova I.B., Vosh

erials and Tec

маз (ДНА) 
кого анализа
ий исследов
ий, а также
покрытий. П
испытаны в н
Тропическо

тнам). 

гель процессы
кие натурные 

va OA, Glebov
antifouling tra

nanodiamond
201-218 

roduction 
 

y is succes
tective coati

is often u
and TiO2, u
tetraethoxys

m isopropoxid
re heat treatm

m on substrat
and mechan

ngs are syn
cold curing
with alkox
idoxypropylt
xysilane, (3-
etc., are us
latter, due to

e the format
y and organo
pecially imp
the basis of e
ysis produc
To avoid p

s of commerci

hchikov V.I., U

chnologies. 20

при варьир
а, совмещенн
ваны проце
е влияние Д
Противообрас
натурных усл
го научно-и

ы; органо-не
испытания.

va IB, Voshch
ansparent coa
d. Journal of

ssfully used
ings for var
used to pre
using silicon
ilane, titan
de) as precur
ment of coat
es and give t
nical proper

nthesized, w
g. Epoxy re
xy compou
trimethoxysil
-glycidoxypro
sed as org
o the presenc
tion of cova

osilicon struc
portant bec
epoxy resins

cts are pron
phase separa

ial epoxy resin

Ugolkov V.L., D

022. Vol. 7, N

ровании его
ного с масс-
ессы форми
ДНА на пр
стающие сво
ловиях, морск
исследователь

еорганически

hikov VI, Ugo
atings based o
f Advanced M

d to 
rious 
epare 
n and 
nium 
rsors 
tings 
them 
rties, 

which 
esins  
unds,  
lane,  
opyl) 
ganic 
ce of 
alent 
tural 

cause 
s and 
ne to 
ation, 

inste
can 
151
(Fig

sol-
resin
imp
prop

into
epox
titan
can 
thes
inter
due 
(am
und
is ca
the 
stru
prov
 

(a) 
 

(b) 
 

n ED-20 (a) a

Dolmatov V.Y

No. 3  

о концентра
спектроскопи
ирования пл
роцессы стру
ойства разра
кой среде, на
ьского и тех

ие покрытия;

olkov VL, Dol
on sol-gel ‘ep
Materials and

ead of epox
be used, as 
0 resin as a 

g. 1) [12, 13]
Often, org

gel composi
n and silicon

proves the 
perties of the

Curing age
o organic-ino
xy resin, in
nium alkoxid

be divided 
se are compo
raction of the

to the pre
mines, aldehy
der the action
arried out w

formation 
ucture. Most 
vide a fairly

and its hydroge

Yu., Komarova

ации. С ис
ией, и станд
ленкообразую
уктурообразо
аботанных п
а климатичес
хнологическо

 детонацион

lmatov VYu, K
poxy/titanium 
d Technologie

xy resins, the
we did earl
hydrogenate
. 
anosilicon c
tions, includ
n and titaniu
adhesion 

e resulting co
ents of vario
organic sol-g
cluding thos
des [6–10, 1

into two la
ounds that c
e curing agen
esence of a
ydes). They

n of which th
with the open

of a thr
often, variou

y fast curing

enated analog

a K.A., Ivanov

спользование
дартных мето
ющих золей
ования золе
покрытий, на
ской станции
ого центра 

нный наноалм

Komarova KA
 tetrabutoxide

es. 2022;7(3):

eir hydrogen
ier when usi
ed analog of

compounds 
ding those ba
um alkoxide
and physic

oatings [7, 10
ous types ar

gel compositi
se containing
14]. Conven
arge groups.
contribute to 
nt with the ep
active funct
y also inclu
he polymeriz
ing of the ep

ree-dimensio
us amines are
g of epoxide

 

 

g – resin EPON

va A.G. 

ем ИК-Фурь
одов изучени
й и органо
й и физико
анесенных н
и Совместног
(Тропически

маз; покрыти

A, Ivanova AG
e’ compositio
201-218. DO

nated analog
ing EPONEX
f ED-20 resi

are added t
ased on epox
es, which als
co-mechanica
0]. 
re introduce
ions based o
g silicon an

ntionally, the
. First of al
the chemica

poxy oligome
tional group
ude catalyst
ation reactio
poxy ring an

onal networ
e used, whic

es and do no

NEX 1510 (b)

ье 
ия 
о-
о-
на 
го 
ий 

ия 

G. 
on 

OI: 

gs 
X 
in 

to 
xy 
so 
al 

ed 
on 
nd 
ey 
ll, 
al 
er 
ps 
s, 

on 
nd 
rk 
ch 
ot 

) 



 

Shilova O.A., Glebova I.B., Voshchikov V.I., Ugolkov V.L., Dolmatov V.Yu., Komarova K.A., Ivanova A.G. 

Journal of Advanced Materials and Technologies. 2022. Vol. 7, No. 3

203

require high-temperature processing. There are many 
examples in the literature of the use of  
γ-aminopropyltriethoxysilane (AGM-9), which, on 
the one hand, acts as an amine hardener, and, on the 
other hand, provides crosslinking with alkoxy 
compounds, thus preventing phase separation [15, 16]. 
Catalytic curing of epoxy oligomers is less commonly 
used. As such catalysts, Lewis acids (in particular, 
boron trifluoride) can be used, which are most promising 
for obtaining sol-gel film-forming compositions, 
since gelation processes in them occur more slowly 
than when using amine hardeners [12, 13, 17]. 

Small amounts of fillers are introduced into the 
coatings to improve the properties of coatings 
produced by the sol-gel technology, i.e. to improve 
the physical and mechanical properties, increase 
temperature stability, impart biostability, optical and 
other special properties. The most popular 
nanoparticles are SiO2, TiO2 [14–16, 18, 19], as well 
as carbon nanoparticles, including ultradispersed 
diamond (in the concentration range of  
0.25–0.75 mass parts) [14] and detonation 
nanodiamond (DND) [12, 13, 17, 20]. 

DND nanoparticles are characterized by an 
isotropic structure and properties due to both the high 
symmetry of the cubic lattice of a nanodiamond 
single crystal and the random nature of aggregation 
of primary particles [21]. This distinguishes DND 
nanoparticles from different types of carbon fibers 
with their linear anisotropy, as well as from carbon 
black and fillers with a graphite structure, which have 
a pronounced layered structure. Therefore, it can be 
assumed that DND as a filler should promote the 
formation of more perfect three-dimensional 
structures of polymer composites. One should expect 
the improvement in the whole range of physic-
mechanical properties of polymer-nanodiamond 
composites, including strength, wear resistance, 
thermal and chemical stability, etc. Quite a lot of 
work has been devoted to studying the efficiency of 
introducing DND into elastomer and polymer 
matrices to improve their elastic strength and 
tribotechnical characteristics [22–25]. However, there

 are not so many works devoted to studying the 
processes occurring in sol-gel composites in the 
presence of diamond nanoparticles. The authors of 
[26] found a decrease in the defectiveness of the 
coating structure upon the introduction of 
hydroxylated nanodiamond into sols in amounts of 
0.005, 0.01, 0.02, and 0.05 wt. %. Our studies of the 
mesostructure of composites based on 
tetraethoxysilane and DND-modified epoxy resins 
have shown that DND acts as a structure-forming 
agent [12, 13, 27]. 

Studies of the DND effect on the structure of 
organic-inorganic coatings produced from sol-gel 
compositions based on epoxy resins and titanium 
alkoxides are even scarcer. In the monograph [28], 
we presented the results of studying the fungicidal 
activity and supramolecular (mesostructure) of 
coatings produced from sols based on titanium 
alkoxides, including with additives of 
photocatalytically active TiO2 nanoparticles. 

The aim of this paper is to study the 
physicochemical processes of structure formation in 
multicomponent organic-inorganic sols based on 
epoxy resin and titanium alkoxide as they mature and 
form films, including in the presence of DND 
nanoparticles, as well as to study the effect of DND 
on the thermal evolution of the composition of 
coatings and on their physico-mechanical and 
antifouling properties. 

 
2. Materials and Methods 

 

2.1. Synthesis of sol-gel compositions  
and preparation of coatings 

 

Tetrabutoxytitanium (TBT) Ti(OBu)4 was used 
as a precursor to obtain a film-forming sol, to which 
acetylacetone (AcAc), ethyl cellosolve, and  
1 N aqueous solution of nitric acid were sequentially 
added with vigorous stirring to initiate the acid 
hydrolysis of TBT (Fig. 2). Component ratio (wt. %): 
TBT, 21.3; AcAc, 6.3; ethyl cellosolve,  
42.1; HNO3, 7.2; Eponex 1510 – 21.3, BF3 – 2.8. 

 

 
Fig. 2. Structural formulas of the initial components of the epoxy-titanate sol:  

tetrabutoxytitanium (a), acetylacetone: enol (b) and ketone (c) forms, ethyl cellosolve (d), 1 N aqueous HNO3 solution (e) 

(a) (b)                                     (c) 

(d) (e)
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The choice of AcAc as a solvent is due to the 
fact that it forms strong complexes with TBT, which 
reduce the rate of TBT hydrolysis and its 
completeness [29]. This contributes to the 
sedimentation and aggregation stability of the sol, 
which remains in the stage of active film formation 
for a longer time. Ethyl cellosolve is known as a 
solvent that is miscible with almost all known 
solvents at room temperature and at the same time it 
dissolves in water. Thus, it contributes to the 
uniformity of the structure of the resulting sols and 
coatings based on them. 

Next, EPONEX 1510 epoxy resin (epoxy 
number = 20.04 %, ρ = 1.14 g⋅cm–3) was added to the 
resulting mixture (see Fig. 1) at a mass ratio of 
TBT/EPONEX 1510 = 21/21. The catalyst used was a 
solution of boron trifluoride in diethylene glycol  
(2 wt. % BF3 with respect to the epoxy resin), which 
caused the ionic polymerization reaction of the epoxy 
resin to proceed according to the cationic type. 
Before further use, the resulting mixtures were kept 
in a closed container in air for at least 1 hour.  
Sols, which were additionally processed in a vacuum 
cabinet for 2 hours and heated to 80 °C, were also 
chosen for the study. The gelation process occurred 
both at room temperature and at a temperature of 
120 °C for 2 hours. 

As a biocidal additive, DND (SKTB 
“Technolog”, St. Petersburg, Russia) was introduced 
into the prepared sols in the form of an aqueous 
suspension – 0.2 or 0.4 wt. % DND. 

The coatings on the protected surfaces were 
applied by airbrush or by pouring. To study the 
properties of coatings, glass slides 75×25×2 mm in 
size were used as substrates (to determine the contact 
angle and hardness of coatings) and plates made of 
steel grade PS 08 150×70×1 mm in size (to determine 
the adhesion of coatings). For full-scale tests at sea, 
coatings were applied to hand-held magnifying 
glasses (loupes) with a diameter of 100 mm. 

 
2.2. Methodology of laboratory tests 

 

The following physico-mechanical properties of 
the coatings were investigated: contact angle, 
hardness and adhesion. 

The contact angle characterizes the 
hydrophobicity of the coating. In this study, we did 
not seek to increase the hydrophobicity of the 
coatings, since it is believed that the use of 
hydrophobic antifouling coatings does not help 
reduce the frictional resistance of the ship hull and 
marine equipment against water [30]. This statement 
is still as debatable, as the effect of hydrophobicity 
(and superhydrophobicity) on marine fouling.  

The contact angle (θ) was measured using  
an LK-1 goniometer equipped with the Drop Shape 
computer program in compliance with the Russian  
standard 7934.2. 

High adhesion and hardness are essential 
properties for marine coatings. The relative hardness 
of the coatings was found using a pendulum device 
(Persoz pendulum), in compliance with the Russian 
standard 52166. 

The adhesion of the coatings was measured 
using an adhesion meter – by the method of lattice 
cuts, and was evaluated using a four-point system, in 
compliance with the Russian standard 15140. 

The IR spectra of the initial components, sols, as 
well as coatings freshly deposited and aged in air for 
1–2 days, were recorded using an FSM 2202  
IR-Fourier spectrometer using a horizontal type 
multiple frustrated total internal reflection attachment –  
MATRT 36 in the frequency range of 4000–850 cm–1. 
The material of the MATRT prism was Ge. 

For thermal analysis, we used the material of 
coatings obtained from sols of the above 
compositions, either DND-free or DND-modified. 
Some of the sols under study were subject to 
preliminarily evacuatation and heating to 80 °C.  
A detailed description of experimental samples for 
thermal analysis is given in Table 1. 

The thermal analysis was performed on a STA 
429 CD synchronous thermal analysis unit from the 
German company NETZSCH using a platinum-
platinum-rhodium sample holder of the “TG + DSC” 
type. To analyze the decomposition products, we also 
used a QMS 403 C quadrupole mass spectrometer 
from the same company, which made it possible to 
analyze thermal decomposition products in the range 
from 1 to 121 atomic charge units. The studies were 
carried out in an air flow (50 cm3⋅min–1) with an 
increase in temperature from 40 to 1000 °C at a rate 
of 20 deg. per minute. To carry out the research, 
tablets weighing ~20 mg, 5 and 10 mm in diameter, 
and ~ 04–0.5 mm thick were pressed from the samples 
of composites under a pressure of ~1 kg⋅mm–2. 

 
Table 1. Research objects for thermal analysis 

 

No.
DND content  

in a sol  
(by synthesis), wt. % 

Pretreatment of the sol 
in a vacuum cabinet  

when heating, 80 °C, 2 h 

1 − − 
2 − + 
3 0.4 − 
4 0.4 + 
5 0.2 − 
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2.3. Methodology of full-scale tests 
 

The antifouling properties of visible-light-
transparent coatings applied to magnifiers  
(as described above) were carried out on the basis of 
the Joint Russian-Vietnamese Research and 
Technology Tropical Center – in the coastal zone of 
the South China Sea (Nyachang). 

Coated magnifiers were fixed on special stands, 
5–6 pieces each. The stands were immersed  
to a depth of 2–3 m in the marine environment.  
After some time, intervals, dictated by different 
conditions (climatic, sea waves, etc.), stands were 
raised from sea water to assess the state of the surface 
of the plates. In our experiment, this was done on the 
14th, 36th, 46th, 59th and 78th days after exposure to 
sea water. The types of the main marine foulers were 
determined. The degree of fouling was characterized 
as a percentage of the fouling area to the total surface 
area [31]. The study of experimental coatings was 
terminated when marine foulers occupied more than 
50 % of the surface area. 

 
3. Results and Discussion 

 

3.1. Physico-mechanical properties of coatings 
 

The physico-mechanical properties of epoxy-
titanate coatings, both unmodified and DND-
modified (contact angle, hardness, adhesion), were 
studied depending on different sol synthesis 
conditions (with preliminary evacuation of sol before 
coating deposition and without evacuation, as well as 
at room temperature and sample heating temperature 

of 120 °C after coating) and coating methods 
(airbrushing and pouring). 

Our studies have shown that the adhesion value 
was equally high for all coatings and was 1 point by 
Russian Standard 15140, which is the maximum 
value for this criterion. 

The results of the study of the degree of 
hydrophilicity/hydrophobicity and hardness of the 
coatings are presented in Table 2. 

As can be seen from Table 2, all coatings, 
regardless of the synthesis conditions and coating 
techniques, both DND-modified and non-DND-
modified, are hydrophilic. The values of contact 
angles range from 51–80°. Non-DND modified 
coatings are characterized by a slight decrease in the 
contact angle as a result of additional heat treatment 
at 120 °C. This phenomenon is especially pronounced 
for a thinner coating applied under normal conditions 
with an airbrush from a non-evacuatedsol before 
applying. The modification of DND coatings (from 
0.2 to 0.4 wt. %) has virtually no effect on the contact 
angle when using an airbrush. However, when 
applied by pouring from a non-evacuated sol  
(i.e., when a somewhat thicker coating is formed), 
both without additional heat treatment and after it,  
a slight increase in the degree of hydrophobicity was 
observed upon the introduction of DND. 

The hardness of the coatings significantly 
increased with DND modification. It is interesting to 
note that the hardness of coatings with a higher DND 
content (0.4 wt. %) was higher when preliminary 
 

 
Table 2. Physico-chemical properties of coatings prepared under different conditions  

of sol synthesis and coating techniques 
 

Coating 
techniques 

Sol synthesis 
conditions* 

Contact angle, deg. Hardness, relative units 

DND-free 
DND, wt. %* 

DND-free 
DND, wt. %* 

0.2 0.4 0.2 0.4 

Airbrushing 

Outdoor 
R.T. 74 60 64 0.3 0.9 0.8 

120 °C 54 60 67 0.4 0.9 0.8 

Vacuum 
R.T. 60 52 55 0.3 0.8 0.9 

120 °C 56 53 54 0.4 0.8 0.9 

Pouring 

Outdoor 
R.T. 55 73 72 0.1 0.9 0.8 

120 °C 54 76 78 0.2 0.9 0.8 

Vacuum 
R.T. 57 56 80 0.1 0.8 0.9 

120 °C 56 51 79 0.2 0.8 0.9 

* R.T. – room temperature and non-evacuated; 120 °C – plate heating temperature after coating. 
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evacuation of the sols was used before coating 
deposition, while with a lower DND content  
(0.2 wt. %), on the contrary, it was higher when the 
sols were not pre-evacuated. Possibly, evacuation of 
the sol before coating causes its accelerated structure 
formation. Structural studies of compositionally 
identical sols based on TBT and EPONEX 1510, 
which we previously performed by the small-angle 
X-ray scattering (SAXS) method, made it possible to 
establish that evacuation at the aging stage of the sol 
promotes the formation of a fractal epoxy-titanate 
structure at the nanometer level, which, in turn, 
contributes to the strengthening of the structure [28]. 
In addition, the observed phenomenon is undoubtedly 
associated with the effect of DND on the structure of 
the emerging coating network. Thus, for epoxy-
siloxane sols, small additions of DND (0.10–0.25 %) 
contribute to compaction and strengthening of the 
structure of the resulting coatings [12, 13, 27]. 

The coating technique affects only the relative 
hardness of DND-freecoatings. At the same time, 
airbrushed coatings have greater hardness than 
poured coatings. 

 
3.2. Evolution of the chemical composition 

 of sols during their synthesis and aging 
 

The hydrolysis of titanium alkoxides (TBT or 
titanium isopropoxide) underlies the production of 
both nanodispersed TiO2as well as film-forming sols 
and thin transparent films based on them [32, 33]. 
AcAc is used as a complexing agent to reduce the 
high rate of hydrolysis that is characteristic of 
titanium alkoxides. This is especially important when 
it is necessary to obtain film-forming sols resistant to 
gelation and sedimentation. In the literature, there are 
studies devoted to the study of the hydrolysis of TBT, 
incl. in the presence of AcAc [32, 34], as well as TBT 
in combination with tetraethoxysilane and even with 
epoxy resin (bisphenol A diglycidyl ether) [5, 7].  
At the same time, when studying the processes of 
hydrolysis and film formation in multicomponent 
organic-inorganic sols, it is necessary to take into 
account the influence of all sol components, not only 
precursors, but also solvents and hydrolysis and 
polymerization catalysts. In this study, using the 
method of IR spectroscopy, we examined and 
analyzed in detail (step by step) the processes 
occurring in a homogeneous medium of organic 
solvents (AcAc and ethyl cellosolve) during the 
formation of a sol based on TBT and hydrogenated 
epoxy resin, incl. in the presence of DND additives. 

Figure 3 shows the IR spectra of the initial 
components of the investigated sols. Compared to the 
functional groups of the initial components inherent 

in TBT and AcAc, their interaction produces bands at 
1584 cm–1 with a shoulder of 1523 cm–1, which  
are characteristic of the chelate ring (see Fig. 4), 
which indicates the formation of the complex 
compound [Ti(OC4H9)4–х (O2C5H7)x] [34, 35, 36]. 
When TBT interacts with AcAs, butyl alcohol is 
formed – the absorption bands at 3500 and at 1075 
and 1024 cm–1 correspond to the stretching and 
bending vibrations of the OH group of butyl alcohol. 

According to the IR spectra in Fig. 5, one can 
track the influence of the ethyl cellosolve solvent and 
an aqueous solution of HNO3, which was supposed to 
initiate the process of hydrolysis of the titanium 
complex compound [Ti(OC4H9)4–x (O2C5H7)x] 
formed as a result of the interaction of TBT with 
AcAc.  

As can be seen from Fig. 5 (curve 2), the band of 
vibrations of bound OH groups becomes more 
intense. The bending vibrations of OH-groups related 
to alcohols (1064 cm–1) become wider and more 
intense. There are bond vibrations related to the  
C—O (1583 cm-1) and C—C (1530 cm–1) chelate 
ring, while there is a shift in the absorption band of 
the C—C bond vibration by 7 cm–1 to a higher 
frequency region. Stretching asymmetric and 
symmetric vibrations of CH3, stretching asymmetric 
vibrations of CH2, bending vibrations of CH2 and 
CH3, and stretching vibrations of C—O bonds are 
preserved. The shifts along these bands are almost 
invisible. There is a shift to the low-frequency region 
by 10 cm–1 (from 1124 to 1114 cm–1) of the 
absorption bands of vibrations of С—О—С and  
Ti—O—C bonds. Such a shift in the absorption 
bands of bond vibrations to high-frequency  
and low-frequency regions of the spectrum probably 
indicates the interaction of the intracomplex 
compound [Ti(OC4H9)4–х (O2C5H7)x] with  
ethyl cellosolve to form the complex –  
[Ti(OC4H9)4–х–у  (O2C5H7)x (OC2H5)у] [37]. 

The emergence of a characteristic absorption 
band at 1717 cm–1 was due to the vibration of the 
C=O bond, probably related to the partially oxidized 
solvent, ethyl cellosolve [40]. 

As can be seen from Fig. 5 (curve 3), the 
addition of an aqueous acid solution did not cause 
significant changes in the composition of the 
solution: the shifts of the absorption bands were 
insignificant, and the emergence of new bands was 
not observed. Probably, the titanium acetylacetonate 
complex in the presence of ethyl cellosolve  
becomes more resistant to hydrolysis and  
subsequent polycondensation than the 
[Ti(OC4H9)3.617(O2C5H7)0.383] complex [34]. 
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and organic solvents, i.e. with drying coating.  
The epoxy rings are completely opened, as evidenced 
by the disappearance of the bands at 920 and  
872 cm–1, and the bands characteristic of the  
Ti—O—C chelate ring (1585 and 1533 cm–1) become 
less intense.  

This indicates the formation of a cross-linked 
polymer structure of the composite coating based on 
epoxy resin and TBT. It was of interest to study the 
effect of DND on the composition of the resulting 
coatings prepared from DND-modified sols  
(0.4 wt. %) (Fig. 8).  

Figure 8 shows that DND did not have a 
significant effect on chemical interactions in the sol, 
only the peak belonging to OH vibrations increases, 
since DND was introduced into the sol in the form of 
an aqueous suspension. As is known, DND  
is a structuring agent that affects the supramolecular 
structure of sols and coatings [13, 40]. At the same 
time, apparently, it does not enter into chemical 
reactions with the components of the epoxy-titanate 
sol. 

 
3.3. Evolution of the chemical composition 

 of coatings during heat treatment 
 

The physico-mechanical properties and thermal 
stability of coatings are significantly affected by the 
conditions of their formation. In our case, this is 
evacuation of the sol at an elevated temperature 
before coating and/or modification of the DND epoxy 
coating (with a DND content in sols of 0.2 or  
0.4 wt. %, according to synthesis). In addition, during 
the operation of coatings, it is important to know the 
thermal and thermal-oxidative stability of coatings in 
air. Therefore, a thermal analysis of the coating 
material was performed. In addition, the results of 
thermal analysis make it possible to indirectly 
characterize the composition of the resulting coatings. 

During the thermal analysis, changes in the mass 
of the sample in % of the sample size (curve TG), 
differential curve TG (curve DTG) and changes in 
enthalpy accompanying thermal transformations 
(curve DSC) were measured simultaneously. Also, 
curves of changes in the values of ion currents 
(curves IC) due to different masses of ions in the 
products of thermal decomposition were obtained. 

Thermal analysis curves for TG, DTG, and DSC 
combined with IC mass spectrometric analysis (ion 
current due to ions with a mass of 18.44) are shown 
in Figs. 9–11. 

Figure 9 shows the effect of preliminary 
evacuation (when sols are heated to 80 °C) on DND-
free coatings. As was shown earlier (see Section 3.1, 

Table 2), this technique affected the physico-
mechanical properties of DND-free coatings. 

Analyzing the curves in Fig. 10, it is possible to 
evaluate the effect of preliminary evacuation and 
heating of sols on thermal effects in coatings 
containing the same amount of DND in sols  
(0.4 wt. %). 

Studying the thermal effects in Fig. 11, it is 
possible to establish the effect of changing the DND 
concentration in sols from 0.2 to 0.4 wt. %.  
The preliminary evacuation and heating of the sols 
were not performed in this case. 

In general, analyzing Figs. 9–11, it can be 
concluded that the physico-chemical processes 
accompanying the thermal-oxidative degradation of 
epoxy-titanate coatings under non-isothermal 
conditions with the access of atmospheric oxygen 
proceed in several stages. At the first stage, the 
studied coatings are characterized by the appearance 
of weak broad endothermic peaks on the DSC curves 
due to the removal of chemically unbound volatile 
components (water, organic solvents, unreacted sol 
components). The second stage refers to the 
carbonization of the organic part of the composites 
[5–8, 14]. At this stage, it is possible to distinguish 
the temperature interval where an intense mass loss 
occurs. In this temperature range, processes occur 
that are accompanied by an exothermic effect and  
a large loss of mass associated with the burnout of the 
organic component. At the third stage, carbon (coke) 
burns out, accompanied by exothermic processes and 
a relatively small weight loss. At this stage, one can 
distinguish temperature intervals with a noticeable 
heat release, but with a small loss of mass. The sharp 
maximum of the complex exo-effect at the second 
stage and the maximum of the exo-effect at the third 
stage coincide with the corresponding two maxima on 
the differential curves for the yield of volatile 
products (both carbon dioxide and water).  
This coincidence indicates that the carbonization of 
the epoxy-titanate coating proceeds in two stages. 

A detailed analysis of the thermal characteristics 
for these coatings during their heating is given in 
Tables 3–5. 

As can be seen from Table 3, preliminary 
evacuation and slight heating of the sols up to 80 °C 
affect the course of thermal processes in the coating 
material. Significantly less weight loss was observed 
in evacuated and heated samples in the temperature 
range from RT to 180 degrees. For heated and 
evacuated samples, the maxima of exothermic effects 
associated with carbonization processes, especially at 
the 3rd stage, are shifted towards higher 
temperatures, which proceed with a significantly 
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Table 4. Thermal characteristics of epoxy-titanate coatings prepared  
from sols containing DND 0.4 wt. %, prepared from sols with preliminary evacuation  

and heating and without these effects 
 

Characteristics 
Additional acting on sols  

Characteristics 
difference No effects Evacuation  

and heating to 80 °С 

Temperature range, °С: Max on DSC 
curve,°С: Weight loss Δm, % 

Stage 1: 
RT-180  − 6.8 2.1 −4.7 

Stage 2: 
180–375 

220, 332 
223, 337 66.6 55.3 −11.3 

Stage 3: 
375–830  

474 
493 24.3 18.6 −5.7 

Total weight loss 97.7 76 −21.7 
Max on mass spectrometric curves Temperature, °С 

Water: 
Imax  on the ion current curve 
IImax on the ion current curve 

 
~325 
~470 

 
~330 

very weak effect ~500 

 
+5 

+30 
Carbon: 

Imax  on the ion current curve 
IImax  on the ion current curve 

 
~330 
~460 

 
~330 
~490 

 
0 

+30 

 
Table 5. Thermal characteristics of epoxy-titanate DND-free coatings and coatings containing different 

amounts of DND prepared from sols without preliminary evacuation and heating 
 

Characteristics DND content in sols, wt. % Characteristics 
difference 0 0.2 0.4 

Temperature range, °С: Max on DSC 
curve, °С: Weight loss, Δm, % 

Stage 1: 
RT-180 – 7.8 4.0 6.2 −3.8 

−1.6 
Stage 2: 
180–375 

 
225, 295, 330 
223,    −   336 
220,    −   332 

54.8 58.7 55.9 +3.9 
+1.1 

Stage 3: 
380–900 

449 
453, 474 

472 
15.8 20.2 23.6 +4.4 

+7.2 

Total weight loss 78.4 82.9 85.7 +4.5 
+7.3 

Water: 
Imax   on the ion current curve 
 
IImax  on the ion current curve 

 
~325 

 
~450  

 
~325 

 
~450 

 
~330 

 
~460 

 
0 

+5 
0 

+10 
Carbon: 

Imax  on the ion current curve 
 
IImax on the ion current curve 

 
~325 

 
~450 

 
~325 

 
~470 

 
~325 

 
~450 

 
0 
0 

+20 
0 
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After about 14 days of being in the water, a 
bacterial film appeared; it serves as the basis for the 
attachment and nutrition of marine foulers. At the 
same time, its presence is an indicator that the coating 
is not toxic. 33 days after the dive, no signs of fouling 
were detected. Foulers began to appear after 45 days 
in sea water, but in small numbers. After 59 days, an 
increase in macrofouling was recorded to varying 
degrees by different types of foulers. After 78 days 
the foulers occupied a little more than 50 % of the 
total surface area. This percentage is a signal to stop 
further research. During this period, the following 
marine foulers were discovered: oysters, balanus, 
bryozoans, serpulids. For the use of “soft biocides” a 
period of 78 days is good enough. Research in this 
direction is ongoing. 
 

4. Conclusions 
 

Sedimentation and kinetically stable film-
forming epoxy-titanate sols were synthesized using 
the methods of sol-gel technology, starting from 
EPONEX 1510 aliphatic epoxy resin and a solution 
of tetrabutoxytitanium in acetyl acetone and ethyl 
cellosolve, in the presence of an aqueous solution of 
nitric acid and a catalyst for the cationic 
polymerization of BF3 epoxy resin. 

It was shown by IR spectroscopy that weakly 
hydrolyzable titanium intracomplex compounds are 
gradually formed in the sols. For a more complete 
opening of epoxy rings and the formation of a 
polymeric structure of coatings, exposure to air at 
room temperature for at least 1–2 days is necessary. 

Transparent epoxy-titanate coatings prepared by 
pouring or airbrushing on the surface of optical glass 
substrates are hydrophilic and have good adhesion to the 
glass surface (1 point according to Russian Standard 
15140). Modification of the epoxy titanate sol with a 
small amount of detonation nanodiamond (0.2 and  
0.4 wt. % DND) reduces the degree of hydrophilicity of 
the coatings and significantly increases the relative 
hardness of the coatings (from 0.1–0.4 to 0.8–0.9, 
according to Russian Standard 52166). 

The method of applying coatings by airbrushing 
or pouring, other things being equal, does not affect 
the relative hardness of DND-modified coatings, but 
does affect the relative hardness of DND-free 
coatings, applied by airbrush, which have a higher 
relative hardness than coatings applied by pouring. 

The results of thermal analysis, coupled with the 
study of physico-mechanical properties, enable to 
state that preliminary evacuation and heating of the 
sols to 80 °C, as well as the addition of DND, 
contribute to the densification of the structure of the 

coating material and increase their thermal stability. 
In addition, the introduction of DND into the sols 
intensifies the hydration processes in the sols. 

Marine field tests in tropical sea conditions of 
transparent antifouling epoxy-titanate coatings 
obtained from sols modified with 0.2 wt. % DND  
(by synthesis) deposited on glass surfaces showed that 
DND can be considered as a mild biocide or synergist 
that weakly inhibits the process of marine fouling. 
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