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Summary. The perspectives of using new modified polymer-based materials for the restoration of vehicle
parts are substantiated in this article. The use of binders based on epoxy diane oligomers is proved to be promising
in the formation of anti-corrosion coatings. To improve the properties of epoxy matrices at the preliminary stage
of their formation, active additives are introduced. The use of a phthalimide modifier, which contains functional
groups active before interfacial interaction, is proved to be promising as well.

An epoxy diane oligomer is selected as the binder ‘s main component in the formation of composites. The
hardener polyethylene polyamine is used for crosslinking the epoxy compositions. It allows to harden materials at
room temperatures. The choice of a phthalimide modifier for the improvement of thermophysical properties of the
developed materials is substanciated.

Heat resistance (according to Martens), glass transition temperature and thermal coefficient of linear
expansion of modified epoxy composites are studied. To form a composite material or protective coating with
improved thermophysical properties, the modifier phthalimide in the amount of ¢ = 0.25... 0.50 pts. wt. at g = 100
pts. wt. of epoxy oligomer ED-20 should be introduced into the epoxy binder. Based on the tests of thermophysical
properties of phthalimide-modified materials, the allowable temperature limits, at which it is possible to use the
developed composites, are found.

Key words: epoxy composite, heat resistance, thermal coefficient of linear expansion, glass transition
temperature.
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Statement of the problem. Due to the significant autonomy of navigation, the vessels
of the modern flotilla are marked not only by the reliability of the equipment parts, but also by
their maintainability, including in sail conditions. In this regard, the use of polymer composite
materials (CM) and protective coatings based on them is relevant. Despite the wide range of
currently known polymer composites, the most common are anti-corrosion adhesives based on
epoxy oligomers. In the formation of such materials at the stage of crosslinking, various
additives are introduced into the binder. Therefore, the degree of gelation of heterogeneous
systems increases, leading to the improvement of their properties [1-4]. It should be noted that
modern ships are affected by the dynamics of climatic loads due to operation in different time
zones in a short period of time. Thus, the operation of both hulls and machines and mechanisms
under the influence of operating temperatures is considered. The protective anti-corrosion
coatings, which are exposed to both dynamic mechanical and thermal loads and external
climatic factors, are found to be the most damageable. Therefore, the study and analysis of
thermophysical properties of polymer coatings under different operating conditions, including
under the influence of the thermal field, is a challenge of modern materials science.
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Analyses of available investigations and publications. The authors [5-9] proved that
the use of binders based on epoxy diane oligomers is promising in the formation of anti-
corrosion coatings. To improve the properties of epoxy matrices at the preliminary stage of their
formation, active additives are introduced. The use of modifiers that contain active to interfacial
interaction functional groups is promising as well. The introduction [5, 6] of homeopathic
content of such additives as 4,4-methylenebis (4,1-phenylene) bis (N, N-
diethyldithiocarbamate), 2,4-diaminoazobenzene-4'-carboxylic acid, 4,4'-methylenebis (2-
methoxyaniline), paraaminoazobenzene, benzene-1,3-diamine, etc. is known to provide a
significant improvement in the adhesive and cohesive properties of CM and protective coatings
based on them. However, the use of phthalimide as a modifier for the epoxy matrix is interesting
from a scientific and practical point of view. Such a modifier contains carbonyl and nitrogen-
containing groups. In this case, we should expect additional interaction with macromolecules
of the epoxy oligomer. This allows improving the cohesive and, as a consequence,
thermophysical properties of anti-corrosion adhesives. The use of composites will increase the
reliability and serviceability of vehicles.

Objective of the paper — is to study the influence of phthalimide content on the
thermophysical properties of epoxy composites in order to increase the maintainability and
service life of ships.

Materials and methods of research. The epoxy diane oligomer ED-20 (GOST 10587-
84) is selected as the main component for the binder in the formation of epoxy CM. The
oligomer is characterized by high adhesive and cohesive strength, low shrinkage and
manufacturability when applied to the surface of a complex profile.

Phthalimide (other names: o-phthalic acid imide or isoindoline-1,3-dione) was used as
a modifier. The modifier was introduced into the binder with a content from 0.10 to
2.00 pts.wt. per 100 pts. wt. of epoxy oligomer ED-20 (hereinafter referred to as pts. wt. are
given per 100 pts. wt. of epoxy oligomer ED-20). Molecular formula of the modifier: CgHsNO:..
The molar mass of phthalimide is 147.13 g/mol. Density — 1.47 g/cm®. Thermal properties:
melting point — 238°C, boiling point — 336°C. Molecular heat capacity is 1.21 J/(mol-K).
Phthalimide possesses the properties of dicarboxylic acids: it easily hydrolyzes under the action
of 25% aqueous NaOH solution with the formation of phthalamic acid; alkynation of alcohols
produces N-alkyl-substituted acids; amonolysis leads to the formation of phthalic acid diamide.
The modifier is soluble in water and polar organic solvents.

Epoxy composites were formed based on the following technology [5, 6]: the heating of
resin to a temperature T = 353 + 2 K and holding at a given temperature for a time
t = 20+ 0.1 min; hydrodynamic combination of oligomer and filler particles over time
=10+ 0.1 min; ultrasonic treatment of the composition for a time T = 1.5 + 0.1 min; cooling
the composition to room temperature over time t = 60 £ 5 min; introduction of the hardener and
combination of the composition components for a time T = 5 + 0.1 min. CM were hardened
according to the mode: formation of samples and their aging over time
1=12.0£0.1 hours at a temperature T =293 + 2 K, heating at a rate v =3 K/min to a temperature
T =393 + 2 K, aging for a time t = 2.0 £ 0.05 hours, slow cooling to a
temperature T = 293 + 2 K. In order to stabilize the structural processes in the composite,
samples were kept for a time T = 24 hours in air at a temperature T = 293 + 2 K. Then, the
experimental tests were conducted.

The thermal coefficient of linear expansion (TCLR) and heat resistance (HR) of CM
were studied in this work. Heat resistance (according to Martens) of CM was determined in
accordance with GOST 21341-75. The thermal coefficient of linear expansion (TCLR) of
materials was calculated applying the influence curve of relative deformation due to
temperature. The relative deformation was determined by the change in the length of the sample
with increasing temperature (GOST 15173-70).
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Research results and their discussion. The thermophysical properties were studied in
the complex. Based on the original and modified matrices, heat resistance (according to
Martens), glass transition temperature and thermal coefficient of linear expansion (TCLR) of
the samples were determined in parallel. The heat resistance of the original unmodified epoxy
matrix is experimentally found to be T = 341 K (Fig. 1). The introduction of the modifier at low
content (in the amount of q = 0.25... 0.50 pts. wt.) leads to a significant increase in heat
resistance of materials. Heat resistance (Fig. 1) compared with the original matrix increases
from T = 341 K to T = 354... 356 K. Further increase in the additive content does not
significantly reduce the heat resistance of CM; and the content of phthalimide in the amount of
g = 2.00 pts. wt. in the epoxy matrix forms a material with heat resistance 7'= 352 K.

In our opinion, the improvement of thermophysical properties of modified CM is caused
by a decrease in the intermolecular distribution of macromolecules in homogeneous systems
due to an increase in the crosslinking density of the spatial grid of modified matrices. This is
due to the interaction in the gelation of composites of the active groups of the modifier with the
functional side groups of the epoxy oligomer. Therefore, the cohesive properties of the
developed CM are improved, which is in good agreement with [10, 11].
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Figure 1. Dependence of heat resistance (according to Martens) of CM on the content of
the phthalimide modifier

Further, the dynamics of the glass transition temperature of the modified CM depending
on the content of phthalimide was analyzed. The glass transition temperature of the epoxy
matrix (Fig. 2) is proved to be 7. = 327 K. The introduction of additives at homeopathic content
(in the amount of g=0.25... 0.50 pts. wt.) leads to a slight increase in the glass transition
temperature of the modified matrices (the latter increases from 7. = 327 K to
T. = 329... 331 K). However, the introduction of the phthalimide modifier in the amount of
g = 2.00 pts. wt. provides the formation of a material with the glass transition temperature —
T. = 336 K, which is the highest among the entire range of materials under study. The obtained
results of the study of changes in heat resistance and glass transition temperature of CM
depending on the content of the modifier are not completely correlated. The best indicators of
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CM heat resistance were observed for composites containing an additive in the amount of q =
0.25... 0.50 pts. wt; and the material with a modifier with a content of
g = 2.00 pts. wt. is marked by the highest values of 7.. Based on the above, the thermal
coefficient of linear expansion of epoxy composites in different temperature ranges of tests was
additionally studied.
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Figure 2. Dependence of CM glass transition temperature on the content of phthalimide modifier

In the range of temperature tests 47 = 303... 323 K, TCLR of the original matrix was
experimentally found to be a = 6.3 x 10° K* (Fig. 3, Table 1). The introduction of the modifier
reduces the TCLR of materials by 2.3... 2.6 times, while the TCLR indexes decrease
to a=(2.4... 2.7) x 10° K1, A similar pattern was observed in the study of TCLR samples in
the temperature range A7 = 303... 373 K. The introduction of phthalamide regardless of the
concentration leads to a decrease in TCLR CM from a = 6.8 x 10° K (for epoxy matrix) to
o=(2.8... 2.9) x 10° KL, This indicates a significant effect of the additive on improving the
thermophysical properties of materials that operate at higher temperatures. It is important to
analyze the results of the study of CM in the temperature range that is higher than the glass
transition temperature of composites. The range of temperature tests is A7 = 303... 423 K,
TCLR of the original matrix is o = 9.9 x 10 K (Table 1). The maximum decrease in TCLR
was observed in this temperature range for samples with a modifier content in the amount of
g =0.25... 0.50 pts. wt. For such materials, TCLR is o = (4.4... 4.8) x 10®° K. Increase in
the content of the modifier to g = 2.00 pts. wt. leads to an increase in TCLR materials to
o=353x10°K%

The results of the study of TCLR material in the temperature range A7 = 303... 473 K
revealed the following. TCLR of the original and modified matrices does not differ
significantly, since the values are in the range — o= (10.0... 11.1) x 10 K. This indicates the
destruction of physical bonds at such temperatures in both the original and modified materials,
which is in good agreement with Sperling's work [12].

Based on studies of the thermophysical properties of composites in the complex, it can be
stated that the modifier significantly affects the structure and characteristics of materials. The
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content of the phthalimide additive in the amount of q = 0.25... 0.50 pts. wt. per 100 pts. wt. of
epoxy oligomer ED-20 is considered optimal.
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Figure 3. Dilatometric curves of CM with different content of phthalimide modifier

Table 1

Thermal coefficient of linear expansion (TCLR) of CM at different temperature ranges of the study

Thermal coefficient of linear expansion,
Ne Filler content, a x107°, K1
B q, pts.wt. Test temperature ranges, A7, K
303...323 303...373 | 303...423 | 303...473

1 matrix 6.3 6.8 9.9 10.9
2 0.25 2.6 2.8 4.4 10.4
3 0.50 2.4 2.8 4.8 10.0
4 2.00 2.7 2.9 5.3 11.1

To confirm the above tests, CM was additionally examined by IR spectroscopy. The
spectra of the original matrix and CM with the content of the modifier in the amount of
g = 0.50 pts. wt. (Fig. 4) were analysed. The absorption bands available on the spectra of the
matrix 2873.94 cm™ and 918.12 cm™ are characteristic for the valence vibrations of the epoxy
ring. It should be noted that the absorption band at the wave number 2873.94 cm™ can also
characterize the valence oscillations —CH.. The absorption band at 918.12 cm™ is absent in the
spectrum of the composite, and the absorption band at 2873.94 cm™ is shifted to the band
detected at a wave number of 2870.08 cm™ (Table 2.). The displacement of the absorption band,
which characterizes the presence of hydroxyl groups, from 1049.28 cm™ to 1037.70 cm?
is found. This indicates the interaction of the epoxy groups of the binder with the active groups
of the modifier.

Intense symmetric and asymmetric valence oscillations of the —CH> groups were
observed at 2966.52 cm™ and 2873.94 cm™, respectively. At the same time, the corresponding
deformation modes look like less intense absorption at 1454.33 cm™. The CH2 groups could
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form part of the basic polymer network, and the carbonyl group is part of the ester bond
that connects the active centers of the filler with the main chain of macromolecules.
In addition, in the CM spectrum, the valence fluctuations are absent at wave numbers
1126.43 cm™, 2542.18 cm™ and 3417.86 cm™, which correspond to the deformation oscillations
C-O-H, —OH-valence oscillations and —CH- valence oscillations, respectively. The main
difference between the spectra is observed in the site of the absorption bands corresponding to
C-H tensile oscillations (2700... 3100 cm™) and aromatic C-H deformation oscillations (700...
900 cm™). The intense absorption band at 3035.96 cm™ indicates that the aromatic rings are
substituted selectively. Site analysis at 700... 900 cm™ also provides information on the
substitution of the aromatic ring. The intensity of the absorption bands decreases at 810.10 cm™
and 840.96 cm?® on the CM spectrum at a content of 050 pts. wt Of
the filler with the subsequent formation of a wide absorption band at 829.39 cm™.
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Figure 4. IR spectra of materials under study: 1 — epoxy matrix;
2 — CM with a content of 0.50 pts. wt. of the modifier

Table 2

Spectral characteristics of CM

CM at a contant of

Band characteristics Matrix 0.50 pts.wt. of the
modifier
Group Vl_l T, v’_l T)
cM % cM %
1 2 3 4 5
—C—H- oscillations in the benzene ring 578.64 | 15.918 | 557.43 36.92

pendulum -CH- oscillations, -NH- oscillations, -
NH: oscillations of the primary amino group
pendulum -CH- oscillations, -NH- oscillations, -
NH: oscillations of the primary amino group

73295 | 17.88 | 727.16 45.44

767.67 | 17.32 | 767.67 43.81

_ . .. 810.10 | 16.63 — —
E))esrtlzzl Ielra]ttelons of a para-substituted aromatic ring of — — 82939 >8.84

840.96 | 15.18 — —

valence oscillations of the epoxy ring 918.12 | 15.85 — —
secondary hydroxyl groups 1049.28 | 15.20 | 1037.70 | 29.78

deformation oscillations C-O-H 1126.43 | 15.17 — —
\é?(ljirg;e oscillations of -C-C-, -C-N-, -C-O- 1188.15 | 14.94 | 118236 | 29.83
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(to be continued)

1 2 3 4 5

scyglmetrlc and asymmetric valence oscillations — 145433 | 15.26 | 145433 3258

Osc_lllat_lons of the benzeqe ring, C=C valence 1516.05 | 13.83 | 1504.48 | 2738
oscillations of the aromatic ring group

C=0 valence oscillations - 1581.63 39.58

C=0 valence oscillations 1612.49 | 14.77 | 1606.70 36.98

oscillations of triple C=C, C=N-groups 2067.69 | 19.53 | 2063.83 | 56.76
valence oscillations of the epoxy ring 2873.94 | 14.85 | 2870.08 | 36.55

—CH valence oscillations, symmetric and

: 0 2966.52 | 14.42 | 2964.59 | 35.38
asymmetric valence oscillations —-CH>

Oscillations of methylene and methyl groups of the
oxirane cycle, valence oscillations —CH groups of | 3035.96 | 15.75 | 3035.96 | 42.97
aromatic cycles

—OH- valence oscillations, —-CH- valence

el 3417.86 | 15.17 — —
oscillations

Conclusions. Based on the research results of the thermophysical properties of
composites with consideration of the content of the phthalimide modifier, the conclusions are
made:

1. For the formation of a composite material or protective coating with improved
thermophysical properties in the epoxy binder, it is advisable to introduce the modifier
phthalimide in the amount of g=0.25... 0.50 pts. wt. at g = 100 pts. wt. of epoxy oligomer ED-
20. In this case, materials are formed in which, compared with the unmodified matrix, the heat
resistance increases from T =341 Kto T =354... 356 K. The improvement of cohesive and, as
a consequence, thermophysical properties of modified matrices are caused by the increase in
the crosslinking density of the spatial grid of materials. This is due to the interaction in the
gelation of composites of the active groups of the modifier with the functional side groups of
the epoxy oligomer, which leads to improved properties of the developed composites.

2. The modification of the epoxy binder phthalimide in the amount of g = 2.00 pts. wt. is
substantiated to provide the maximum increase in the glass transition temperature of the
material from 7. = 327 K (for the original epoxy matrix) to 7. = 336 K. Composites containing
an additive in the amount of g = 0.25... 0.50 pts. wt. possess the best heat resistance indexes,
and a material with a modifier with a content of g = 2.00 pts. wt. are marked with the highest
T. indicators. Therefore, the thermal coefficient of linear expansion of epoxy composites in
different temperature ranges of tests was additionally studied.

3. In the range of temperature tests AT = 303... 323 K, the introduction of the
phthalimide modifier in the amount of g = 0.25... 0.50 pts. wt. was proved to cause a decrease
in TCLR materials by 2.3... 2.6 times. Additionally, it was found that in the temperature range
AT = 303... 423 K, which are higher than the glass transition temperature of materials, the
lowest values of TCLR are characterized by the same composites with a modifier content in the
amount of g =0.25... 0.50 pts. wt. Besides, a material is developed, whose TCLR is 2.1... 2.3
times smaller compared to the epoxy matrix (TCLR decreases from o= 9.9 x 10° K to a =
(4.4...4.8) x 10° K.
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JOCJAIJKEHHS TEILIOCTIMKOCTI MOIU®IKOBAHOI
®TAJIIMIJOM ENOKCUJHOI MATPUIII JIJISA 3AXUCTY 3ACOBIB
TPAHCIIOPTY

Annpiit Bykeros!; Ouekcanap lllapko!; Tersina Yepnsscenkal;
Tersina IBuenko’; Bitaniit Slurox?; Irop Okinumii®

Xepconcoka depacasna mopcwvra akademis, Xepcon, Yrpaina
2 TepHoninbCbKull HAyKo80-00CTiOHUT eKCNePMHO-KPUMIHATICMUYHULL YeHmD
MBC Vkpainu, Tepnonins, Ykpaina
3Teproninvbcokuil HayionansHuil mexuiunuti yHigepcumem imeni leana ITynios,
Tepnonins, Ykpaina

Pestome. [loxazano nepcnekmueu GUKOPUCMAHHSA HOBUX MOOUDIKOBAHUX mamepianie Ha NONIMepHIl
OCHO8I 07151 8IOHOBNIeHHA Oemalell 3acobie mpancnopmy. IlepcnekmusHum npu popmysanHi aHMuKopoO3IUHUX
NOKpUMmMI@ € BUKOPUCMAHHA 36 513Y8a4i6 HA OCHOBI eNOKCUOHUX OiaHO8uX onicomepis. [[nsa noxpawjenHs
61acmMuBoCcmell enoKCUOHUX MAampuyb HA NONepeoHiu cmaodii ix GopmysanHs 6800amb AKMUEHI O000ABKU.
TepcnexmusHum € 3acmocysants Moougikamopa omanimioy, aKuii MiCmums akmusHi 00 Mixcghazo80i 63aemo0ii
@yukyionanvui epynu. K OCHOBHUL KOMNOHeHm O 38 A3y8aud npu Qopmy8aHHi KOMNO3UMIE GUOPAHO
enoKcuoOHull  Oianosull  onitomep. [ 3WUBAHHA  eNOKCUOHUX KOMAO3UYIL BUKOPUCIAHO — MEePOHUK
NONIeMUNEHNONIAMIH, WO 3ameepodCcye mamepianiy npu KiMHamuux memnepamypax. O0pynmoeano eubip y
su2na0i Mooupixamopa Gmanimioy Oas NONINUIEHHS MENJIOQIZULHUX GIACMUBOCHEl PO3POOLEHUX MaAMePIais.

Jlocniooiceno mennocmivixicms (3a Mapmencom), memnepamypy CKIy8aHHs ti mepMivHull Koe@iyicum
JUHITHO20  PO3UUPEHHST MOOUDIKOBAHUX eNnOKCUOHUX KOMRo3umis. Bcmanoeneno, wo 0as  ¢opmysanns
KOMRO3UMHO20 MAMEPIALY YU 3AXUCHO20 NOKPUMMS 3 NOJNUEHUMU MENI0DIZUUHUMU BIACIUBOCAMU 6
EeNnOKCUOHUTL 36°513Y8au OOYLIbHO 6800umu Mmoougixamop @manimio y xirekocmi (= 0,25...0,50 mac.u. na
g =100 mac.u. enoxcuonozo onicomepy EJ[-20. Ha ocnosi nposedenux eunpobyearnv menioQisuurux
eracmusocmeil MOOUQDIKOBAHUX GMAnimioom mMamepianie 6CMAHOBIEHO OONYCMUMI Medci memnepamypu, npu
SAKUX MONCIUBO BUKOPUCIOBYBAMU PO3POOIEHT KOMNO3UMUL.

Knrwuosi cnoea: enokcuouuii Komnosum, MenioCMIUKiCmb, mMepMiYHull Koe@iyienm JiHIUHO20
PO3WUPEHHS, MeMNepamypa CKy8aAHHs.
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