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Summary. The technological aspects of modification of epoxy oligomer DER — 331 to provide
improvement of thermophysical characteristics of composite materials and protective coatings based on them
are presented. Cold-cured triethylenetetramine TETA hardener was used to crosslink the epoxy binder (q =
10 parts by weight per 100 parts by weight of DER-331 epoxy resin). Thermogravimetric (TGA) and
differential thermal (DTA) analysis was performed to study modified composites under the influence of
elevated temperatures. A mathematical calculation of the values of the activation energy of thermal
destruction to determine the resistance to destruction of chemical bonds under the influence of temperature
factor.
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Problem statement. Nowadays, the development of new metal-energy saving
technologies to improve the performance reliability of machines and mechanisms has been
paid great attention to. The polymer composites’ development and use are quite promising
in this direction. The use of nonmetal composites for functional purposes will allow us to
refuse from applying the traditional metals and alloys and simultaneously will provide the
reliability of metal structures, parts and mechanisms of transport. In this case, it is possible
to increase their service life under temperature impact conditions due to adding some
modified substances to the epoxy matrix to provide the higher degree of cross-linking. Thus,
the binder chemical modification will allow us to obtain the material with improved
thermal — physical properties.

Analysis of the known results of the research. The considerable attention
of scientists has been paid to the study and improvement of thermal — physical properties
of epoxy binders-based composite materials [1-4]. The analysis of the authors’ papers [5—
8] has allowed us to state that the application of some small content of modified
substances to the thermo-reactive binder is necessary to improve the properties of
composite materials. The results of the study of heat conductive and fire-resistant
properties of the epoxy matrix during its cross-linking with the modified fractions
have been described in the papers [9-11]. It is shown [9], that the composition containing
some epoxy resin ED-20 (100 wt %), hardener polyethylene polyamine (10 wt %),
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plasticizer trichloroethylphosphate (10 wt %), chloramine fractions b (2...4 wt %) is
characterized by not only higher indices of heat resistance (7 =369 K), but thermal
resistance as well. The obtained value of exoeffect temperature peak was equal to
Tmax =570 K has proved their thermal stability under thermal field impact conditions.
On the contrary, reactoplastic binder 9,9% and 4,0% disperse additives application provides
an increase of composites’ heat conductivity [11]. Taking into account all the above
mentioned, we have considered the carrying out of the study of the modifier nature and
content impact on the dynamics of thermal — physical properties of composite materials to
be of great importance.

The aim of the paper is to study the impact of modifier 2-benzofuran-1,3-dione on
thermal- physical properties of epoxy composites.

Materials and technique of the study. To form some polymer materials the epoxy
binder DER — 331 (CAS No. 25085-99-8) made by «Dow Chemical Comp» (Germany) was
used. For cross-linking of epoxy binder, the hardener of cold hardening triethylenetetramine
TETA (CAS No. 112-24-3) was used whose content was equal to g = 10 wt % (it is given
per 100 wt % of epoxy resin DER — 331). The structural formulae of the components are
given on fig. 1 and fig. 2 respectively.

To improve the composites structure and properties the modifier 2-benzofuran-
1,3-dione — phthalic anhydride (PhA) (CAS No. 112-24-3) was used, which was added
to the binder of the content from q = 0,10...3,00 wt % (here and further in the text wt %
means 100 wt % of epoxy oligomer DER — 331). The molecular formula of this modifier —
CgH40s.

CI:H3 (le?
CH,—CH-0 COOCHz—CH—CHZ—O COOCHZ—CH—CHz
N A | | | N
(0) CHj; OH n CH; (0]

Figure 1. General structural formula of the epoxy oligomer DER - 331
| HN HN
/ /\/ 2
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Figure 2. Fragment of the structural formula of TETA

The formation of modified epoxy matrix in the following sequence:

- preliminary preparation and dosing of ingredients;

- heating of epoxy resin DER — 331 up to the temperature 7 =373 +2K and
holding within the specified time period z = 20 = 0,1 min;

- mechanical matching of ingredients (epoxy binder + modifier) during
7=15+0,1 min;

- ultrasonic treatment (UST) of the composition during z = 1,5+ 0,1 min;
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- cooling of the composition to room temperature 7 =273+2K during
7= 60+5 min;

- adding the hardener TETA and mixing the composition during z = 5+0,1 min;

- applying the composition either by mechanic method or by pneumatic spraying.

The materials were hardened according to the mode set by experiment:

- formation of patterns and their holding within time t=12,0+0,1 hour at
temperature 7= 293 + 2 K;

- heating with the speed » = 3 K/min up to the temperature 7= 393 + 2 K;

- the patterns were held at the given temperature during t = 120 + 5 min;

- slow cooling to the temperature 7'= 293 + 2 K.

To stabilize the structural processes in the matrix the patterns were held during
t = 24 hours in the open air at temperature 7'= 293 + 2 K with the further conducting of
experimental tests.

We have studied in the paper: thermal resistance by method of thermogravimetric
(TGA) and differential-thermal (DTA) analysis, activation energy.

To study the impact of nanofiller nature on the thermal transformations of
composites the method of thermogravimetric (TGA) and differential-thermal (DTA)
analysis was applied using the derivatograph «Thermoscan-2». The study was conducted
within the temperature range AT = 298...873 K using quartz crucibles for the specimen of
volume V = 0,5 cm®. During the study the speed of temperature rising was » = 5 K/min, and
Al203 (m = 0,5 g) was used as a reference substance, the weight of the specimen under study
was m = 0,3 g. The temperature measurement error was AT = +1 K. The accuracy of thermal
effects determination is 3 J/g. The accuracy of the specimen weight change determination
isAm = 0,02 g.

The results of the study. An important aspect in protective coatings application is
their possible operation under different temperature ranges conditions enabling us to
broaden the use boundaries of polymer materials and coatings based on them considerably.
Thus, some research of the behavior of the developed composite materials under high
temperature conditions was carried out by method of thermogravimetric (TGA) and
differential-thermal (DTA) analysis (fig. 3, a-e). To study the complete process of bonds
decomposition in the polymer the speed of temperature rising 5 K/min was chosen. The
modifier content was varied within g = 0,10...3,00 wt %.

Analysis of TGA-curve allows us to state that there is no loss of materials
mass within the temperature range AT = 303...622 K (fig. 3, curve 1, table 1). Herewith,
the comparison of the mass loss initial temperature (table 1) with the thermo reactive
composites filled with antipyrine (tris-(2-monochloroethyl) phosphate, chloramine B,
sovelite powder, calcium carbonate, dichloroisocyanuratenatrium), where the indices
vary within 7, =456...581 K, has proved inhibition action of the modifier. Thus, we
can state, that the modifier is able to decelerate the thermal destruction, and some
additional application of antipyrine will allow us to provide the coating fire resistance.
It should be mentioned, that epoxy binder DER — 331 is characterized by higher
initial temperature of the mass loss (AT, = 18...23 K higher) comparing with the binder
EI-20 [2, 3, 9, 12]. Whereas, phthalic anhydride injection into the epoxy binder
of the content q =0,10...0,25 wt % provides AT, =29,7...33,3 K shift (against matrix)
of the mass loss initial temperature in the areas of high temperatures (7 = 618...622 K).
The end of the destruction process of the developed composites was observed within
the temperature range 7, = 709,2...726,7 K. Herewith, relative loss of such materials mass
iSem=57,7...72,7%.
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Figure 3. The results of thermogravimetric (1) and differential thermal (2) analysis of composites modified with
2-Benzofuran-1,3-dione: a) 0.10 wt %; b) 0.25 wt %; c) 0.50 wt %; d) 1.00 wt %; e) 2.00 wt %; €) 3.00 wt %
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Table 1

Heat resistance of composites modified with 2-Benzofuran-1,3-dione

Content of modifier, q, wt % To, K 5, K Tio, K | T2, K T, K em, %0
0 589,1 | 607,5 618,4 | 6235 | 695,6 73,3

0,10 622,4 | 628,0 632,6 643,3 | 709,2 57,7

0,25 618,8 | 624,9 628,3 638,8 | 706,1 61,0

0,50 605,3 | 614,1 623,5 634,2 | 708,5 68,0

1,00 608,1 | 618,3 624,8 636,3 | 710,2 64,7

2,00 596,5 | 613,0 619,9 632,3 | 726,7 70,0

3,00 585,5 | 607,7 616,9 630,5 | 715,2 72,7

Note: Tp— temperature of the mass loss start (start of the material destruction); 7s, Tio T20— temperatures
of the mass loss (5 %, 10 %, 20 %); T, — final temperatures of the mass loss (finish of the material destruction);
em — relative loss of mass.

Simultaneously, DTA-curve was analyzed (fig. 3, curve 2) within the temperature range
AT=303,0...600,0 K. It was found, that composites with the modifier content
g=0,10...0,25 wt % were characterized by the highest initial temperature of exoeffect
(fig. 3, curve 2, table 2). The obtained values (7n =479,4...499,4 K) allow us to state about
decrease of mobility, deformation of macromolecules and segments of polymer (comparing
with CM filled with g = 0,50...3,00 wt %), and due to this, increased thermal resistance.

Table 2

Temperature intervals of exoeffects of modified composites 2-Benzofuran-1,3-dione

Content of modifier, Intervals of exoeffects temperatures Maximum value of
g, wt % Tn, K T., K AT1, K AT, K exoeffects, Tmax, K

0 476,7 735,6 177,6 1,81 523,1

0,10 479,4 679,6 200,2 1,65 542,7

0,25 499,4 670,3 171,3 1,68 542,9

0,50 482,5 620,4 137,9 0,62 548,3

1,00 491,1 622,1 131,0 0,69 557,7

2,00 484,1 632,7 148,6 0,38 558,0

3,00 491,8 627,8 136,0 1,29 546,6

Note: 7, — initial temperature of exoeffect; 7. — final temperature of exoeffect; AT1 — Intervals of exoeffect
temperatures; AT, — difference intemperatures between the test specimen, where some structural transformations
take place, and control specimen where there are no changes.

The analysis of maximum values of exoeffect peak temperature (7max K) has allowed
us to see a linear dependence. It means, that the higher content of the modifier in the epoxy
binder was, the higher Tmaxwas observed. As Tmax Characterizes the strength of physical-
chemical bonds against their destruction under temperature impact conditions, and the linear
dependence does not allow to make more accurate estimation of the modifier impact, we have
also calculated the activation energy of thermal destruction.

The temperature of decomposition (table 1) and relative loss of mass at heating to 713
K (table 3) were found according to the obtained data of the TGA -curve of the modified
composites, and on their basis activation energy was calculated (table 6).

The calculation of activation energy was carried out due to mathematical processing
of the TGA-curve and the technique described in the papers [13, 14]:

ISSN 2522-4433. Bicuux THTY, Ne 1 (105), 2022 https://doi.org/10.33108/visnyk_tNtu2022.01 ...........eevvvveveeeeeeeeeeeeeeeeenneen 61



Investigation of the modifier 2-benzofuran-1,3-dione content effect on the heat resistance of epoxy composites

Table 3

The results of studies of composites modified with 2-Benzofuran-1,3-dione

Change in the specimen mass, g

T,K Content of modifier, g, wt %

0 0,10 0,25 0,50 1,00 2,00 3,00
573 0,331 0,34 0,30 0,31 0,32 0,31 0,30
583 0,330 0,34 0,30 0,31 0,31 0,31 0,30
593 0,325 0,34 0,29 0,30 0,31 0,30 0,29
603 0,318 0,33 0,28 0,30 0,30 0,29 0,29
613 0,302 0,31 0,27 0,28 0,29 0,28 0,28
623 0,281 0,29 0,25 0,27 0,27 0,26 0,26
633 0,254 0,27 0,23 0,24 0,24 0,24 0,23
643 0,231 0,24 0,20 0,22 0,22 0,21 0,21
653 0,207 0,22 0,18 0,19 0,20 0,19 0,18
663 0,188 0,20 0,15 0,18 0,18 0,17 0,16
673 0,167 0,18 0,13 0,16 0,16 0,15 0,14
683 0,151 0,16 0,12 0,14 0,14 0,13 0,12
693 0,133 0,14 0,10 0,12 0,12 0,11 0,10
703 0,122 0,13 0,08 0,11 0,11 0,10 0,09
713 0,115 0,12 0,07 0,10 0,10 0,09 0,08

The results of processing of the TGA-curve and parameters required for the activation

energy calculation are given in table 4 and table 5.

Table 4

The results of TGA curve processing

Change in the specimen mass (100-Am),%
T,K Modifier content, g, wt %
0 0,10 0,25 0,50 1,00 2,00 3,00

573 -8,81 -13,33 0,34 -3,45 -5,17 -2,19 0,63
583 -8,52 -12,00 1,72 -3,10 -4,48 -1,88 0,63
593 -7,10 -11,67 3,10 -1,38 -2,41 -0,31 2,50
603 -5,11 -8,67 6,90 1,03 -1,03 2,19 4,69
613 -0,57 -4,67 11,38 5,52 3,10 5,94 7,81
623 5,40 2,00 17,93 10,34 9,66 13,44 14,06
633 13,07 11,67 25,86 20,69 20,00 20,00 22,19
643 19,60 20,67 35,52 28,62 27,59 27,81 29,38
653 26,42 27,67 42,41 37,24 35,17 35,00 36,88
663 31,82 34,33 50,69 42,41 41,38 40,31 44,06
673 37,78 40,33 57,24 49,66 48,62 47,50 50,00
683 42,33 47,67 63,79 56,55 55,17 53,44 56,25
693 47,44 53,33 69,66 63,10 61,38 58,13 62,81
703 50,57 57,33 75,86 67,24 66,21 62,19 66,88
713 52,56 60,33 77,93 69,66 68,97 64,69 69,06
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Table 5

Estimated values of the logarithm of the change in the mass of the samples using the double logarithm

In{In[100/(100-Am)]}

T.K Modifier content, g wt %

0 0,10 0,25 0,50 1,00 2,00 3,00
573 - - -5,67 - - - -5,07
583 - - -4,05 - - - -5,07
593 - - -3,46 - - - -3,68
603 - - -2,64 -4,57 - -3,81 -3,04
613 - - -2,11 -2,87 -3,46 -2,79 -2,51
623 -2,89 -3,90 -1,62 -2,21 -2,29 -1,94 -1,89
633 -1,97 -2,09 -1,21 -1,46 -1,50 -1,50 -1,38
643 -1,52 -1,46 -0,82 -1,09 -1,13 -1,12 -1,06
653 -1,18 -1,13 -0,59 -0,76 -0,84 -0,84 -0,78
663 -0,96 -0,87 -0,35 -0,59 -0,63 -0,66 -0,54
673 -0,75 -0,66 -0,16 -0,38 -0,41 -0,44 -0,37
683 -0,60 -0,43 0,02 -0,18 -0,22 -0,27 -0,19
693 -0,44 -0,27 0,18 0,00 -0,05 -0,14 -0,01
703 -0,35 -0,16 0,35 0,11 0,08 -0,03 0,10
713 -0,29 -0,08 0,41 0,18 0,16 0,04 0,16

The graphic dependences of the rate of destruction

inverse temperature are shown on figures 4 a) and b).
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Figure 4. Graphic dependence of the rate of destruction of modified composites
on the inverse temperature
Due to the obtained results and conducted mathematical calculations

(fig. 4, a, b, table 6) it is found, that the increased activation energy of thermal destruction
provides the decrease of constant of destruction reaction rate. It means, that the composite
materials of the phthalic anhydride q=0,10...0,50 wt % are characterized by the biggest
activation energy of thermal destruction.

Table 6

The calculated value of the activation energy during thermal destruction of modified composites

Modifier

content, Xnou Xiin Xi Y nou Y win Yi tqq) |Ea, kd/mol
g, wt %

Matrix 1,605 | 1,403 | 0,202 | 0,017 |-2,302 | 2,319 | 11,480 95,4

0,10 1,605 | 1,403 | 0,202 | 0,382 | -2,723 | 3,105 | 15,372 127,8

0,25 1,745 | 1,403 | 0,342 | 0,382 | -4,355 | 5,440 | 15,907 132,2

0,50 1,658 | 1,403 | 0,255 | 0,759 | -3,272 | 4,031 | 15,809 131,4

1,00 1,631 | 1,403 | 0,228 | 0,56545 | -2,577 | 3,143 | 13,783 114,5

2,00 1,658 | 1,403 | 0,255 | 0,507 | -2,935 | 3,442 | 13,497 112,2

3,00 1,745 | 1,403 | 0,342 | 0,84803 | 4,5976 | 5,446 | 15,923 132,3

The values of activation energy of the above-mentioned composites is

Ea=127,8...132,2 kJ/mol that is associated with the chemical bonds resistance to the
temperature influence due to the restriction of mobility of macro chains and epoxy binder
segments caused by the modifier bonds C-O, C=0 strengthening.
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Conclusions. It was found by the methods of thermogravimetric (TGA)
and differential thermal (DTA) analysis that the materials containing the modifier
phthalic anhydride (PhA) of the content q =0,10...0,25 wt % per 100 wt % of epoxy
oligomer DER — 331 within the range of temperature AT = 585,5...726,7 K 0se mass
within em =57,7...72,7 % lost their mass within the boundaries &m=57,7...72,7 %.
Herewith, among the composites under study, the value of exoeffect peak temperature was
equal to Tmax =542,9 K. AT =19,8 K displacement of the temperature value of the
exoeffect peak into the area of high temperatures has proved the thermal stability under
high temperature impact conditions. We can state, that the activation energy of the
developed composites increased from Ea = 95,4 kJ/mol (matrix) to Ea = 132,2 kJ/mol
under the modifier adding conditions of content g = 0,10...0,25 wt %, that has proved the
restriction of mobility of the composite kinetic elements and provides thermal resistance
of the modified composites.

The publication contains the results of research conducted in the framework of research
and development of young scientists «Directional control of the formation of nanocarbon-
containing polymer composites to improve the performance of transport» (0121U107610).
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YK 667.64:678.026

AOCIIKEHHSI BILTUBY BMICTY MOJU®PIKATOPA
2-BEH30®YPAH-1,3-J1IOHY HA TEPMOCTIUKICTb ENIOKCHUIHUX
KOMIIO3UTIB

Ousexcanap Canponos!; Birauiii Couenko!; Auna Canponosa’;
IaByo Bopo6iios!; Mukosa Bpainol; Bitaniit Slurox?

Xepconcoka depacasna mopcovra axademis, Xepcon, Ykpaina
2Teproninbeovkutl Hayko60-00CaiOnutl Kpuminaricmuunutl yenmp MBC Yipainu,
Tepuonins, Ykpaina

Pe3ztome. Hagedeno mexnonoeiuni acnexmu moougpikayii — mepmMopeakmusHo2o 38’°a3yeaua Ons
3a6e3neueHHs NoANULeHHs Mena0Qi3uIHUX XapaKmepucmuK KOMNOIUMHUX MAMePIanie i 3aXucHux NOKpUmmis Ha
ix ocnogi. /[na ghopmyeanHs enoKCUKOMNOZUMHUX MAMEPIANi8 8UKOPUCHOBY AU enoKCUOHUl 36 'a3yéay DER —
331 supoonuymea «Dow Chemical Compy (Himeuuuna). [{na 3uiusants enokcuoH020 38 '3y8a4a 6UKOPUCIIAHO
meepoHUK x0100H020 meeponenns mpuemuienmempamin TETA (g = 10 mac.u. na 100 mac.u. enoxcuonoi cmoau
DER - 331). [nsn moougixysanns enokcuonozo onicomepy DER — 331 euxopucmosysanu moougikamop
2-Fenzogypan-1,3-0ion-gpmanesuni aneiopuo, sikuii eeoounu y 36’szysau 3a emicmy 6io q = 0,10...3,00 mac.u.
Monexynapna gpopmyna oanozo moougixamopa — CgHaOs. [Iposedeno komniexchi 00CaioNceHHs: menioQizuuHux
enacmueocmeti, 3a pe3yibMamami SIKUX 6CMAHOBNIEHO ONMUMAIbHULL emicm Moougikamopa manesozo
aneiopudy y peaxmonaacmuuniu mampuyi, axuti cmanosums q = 0,10...0,25 mac.u. na 100 mac.u. onicomepA
DER — 331. [ocrioscenna mooughiko8anux KOMRO3UmMIie 8 yMo8ax eniugy Ri0SULeHUx memnepamyp nposoouiu 3
suxkopucmanuam mepmoecpasgivempuurnozo (TI'A) ma ougepenyiiino-mepmiunozo ([TA) ananizy. Ilpu yvomy
MOOUGIKOBAHI KOMNO3UMU XAPAKMEPUSVIOMbCA MAKUMU BIACIMUBOCHAMU: MEeMNepamypa nOYamKky empamu
macu (nouamox decmpykyii mamepiany) — Tn = 618...622 K; kinyeea memnepamypa empamu macu (3a6epuieHts
decmpykyii mamepiany) — T, = 706,1...709,2 K; sionocha empama macu maxkux Mamepianie CmaHO8UmMb
em = 57,7...61,0%. Bukonano mamemamusnuil po3paxyHoK 3HaveHb enepaii akmusayii mepmiunoi decmpykyii ons
BUBHAYEHHST CMIUKOCMI 00 PYUHYBAHHSL XIMIUHUX 36 SI3KI6 NpU 6NAUGI memnepamypHo2o akmopa. J{osedeno, ujo
eHepeis akmueayii po3pobaenux komnozumie niosuwyemocs v 1,3-1,4 paza npu esedenni mooughixamopa 3a
emicmy q = 0,10...0,25 mac.u., o ceiouums npo mepmiuHy Cmitikicms MOOUDIKOBAHUX KOMNOZUMIS.

Kniouogi cnosa: enoxcuonuil 38’s3y8au, moougixamop, meepoHuK, mepmMocmiuKicms, O0ecmpyKyis,
enepeis akmusayii.
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