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Values of the activation energy of the thermal-oxidative breakdown (E) of modified
epoxy composite materials were calculated based on thermogravimetric analysis and using
the Broido method. It is established that the composites with the SFEK modifier in an
amount of ¢ = 0.10 pts-wt. are characterized by the highest values of activation energy (E
= 144.5 kJ/mol) and composites with the modifier in an amount of ¢ = 1.75 pts-wt. are
characterized by the activation energy which is equal to E = 175.0 kJ/mol. This indicates
a significant effect of the modifier on the epoxy composites activation energy. The results
of the experiments point to the formation of relatively thermally stable intra- and inter-
molecular bonds, which proves the compaction of the macromolecule cross-linking in the
epoxy composites. The latter, in turn, leads to an increase of thermal stability and, as a
consequence, the durability of materials.

Keywords: activation energy, thermogravimetry, Broido method, modifier, epoxy com-
posite, properties.

Ha ocHOBe TepMOTpaBUMETPUUECKOTO AHAJIN3a M C TOMOIIBI0 MeTOAMKU Bpoiimo 6b1au
paccCumMTaAHbl 3HAUEHUA SHEPTHU AKTUBAIIUY TEPMOOKMCIUTEIbHON AecTpykiuu (E) moxudu-
IIUPOBAHHBIX STMOKCUKOMIIOBUTHBIX MATEPUAJIOB. ¥ CTAHOBJEHO, UTO HAMBOJBITMMM 3HaUe-
HUAMY 9Heprum aktuBamuu (E = 144,5 xk]I[;x/MoJb) XapaKTepusyOTCs KOMITOBUTHI ¢ MOau(u-
katopom CDOK B wommuectBe ¢ = 0,10 maccu., a Tak:Ke KOMIIOSUTBHI ¢ MOIU(PUKATOPOM B
Koawuuecrse ¢ = 1,75 macc-u., sHeprusi akTuBanuu Koropeix paBaserca E = 175,0 kI[x/mMmoib.
ITO CBUAETENILCTBYET O 3HAUUTEIbHOM BIMAHUYU MOAU(UKATOPA HA SHEPIUI0 aKTHBAIINN SIIOK-
CUAHBIX KOMIIOBUTOB. PesysbTaThl sKCIIEpHMEHTA TaKKe YKasbIBAIOT Ha (hopMEpoBaHVE OTHOCH-
TEJIBHO TePMOYCTONUWBBIX BHYTPH- M MEKMOJEKYJIAPHBIX CBfA3€l, UTO CBUIETENLCTBYEeT 00 YII-
JIOTHEHUU CIIMBKYU MAaKPOMOJEKYJ SIOKCHKOMIIOSBUTOB, UTO IIPUBOAUT K YBEJIWYEHUI) TEPMO-
CTOMKOCTH U, KaK CJEICTBUE, JOJTOBEYHOCTH MAaTEPHAJIOB.

crpykuii. A.B.Byxemos, C.A.Cmemankin, A.B.Akimos, A.I'.Kyniniu.

Ha ocuoBi TepmorpapBimMeTpuuHOro amaJjisdy Ta 3a JOIOMOIO MeTOAUKMU DBpoiimo OGyian
pospaxoBaHi 3HaueHHA eHepril akTuBaIlil TepMOOKUCIOY0I mecTpyKilil (F) mogudikoBanux
eIIOKCHUKOMIIOSUTHHX MaTepianie. BcramosieHo, 110 HalOinpMImMu 3HAUYEHHAMHN eHeprii ak-
TuBanii (E = 144,5 gll:x/mMoxab) xapaxkTepusymorbea Komnodutu 3 moxudiraropom CPEK B
kinbkocri ¢ = 0,10 macu., a rakox xommosuTu 3 Mogudikaropom B Kinbkocri g =
1,75 macu., eHepria axtumsamii axux gopisaoe E = 175,0 xllx/mons. Ile cBigumrs mpo
3HAYHUH BOAUB MogudikaTropa Ha €Heprilo akTHUBAIlil eNOKCUIHUX KOMIIO3UTIB. PesyabraTu
eKCIIePUMEeHTY TaKOM BKasyIOTh Ha (DOPMYBaHHS BiHOCHO TepMOCTifi KUX BHYTPINIHBLO- i
MiKMOJIEKYJAAPHUX 3B A3KIiB, 110 CBIAYNTH TPO YIiNLHEHHS 3 IIUBAHHA MaKpPOMOJEKYJ
eMOKCUKOMITOBUTIB. OcTaHHE 1110 TPUBBOAUTE A0 30iJbIIIeHHA TePMOCTiHKOCTI i, AK HACHiIOK,
JOBTOBiuHOCTI MaTepiaiis.
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Fig. 1. Structural formula of epoxy diane oligomer ED-20.

1. Introduction

At present, under conditions of increas-
ing competition, the main task of polymer
materials producers is the constant im-
provement of their quality and, conse-
quently, the durability of the products.
Polymer products should possess not only
high physical and mechanical -charac-
teristics, but also such important properties
as thermal stability and durability.
These characteristics acquire special signifi-
cance based on the operating conditions of
ship and engineering machinery in various
climatic regions. The currently created poly-
mer composite materials (CM) are heteroge-
neous systems consisting of components of
different nature. Various fillers are used
that give a complex of properties to the
materials and stabilizers which reduce the
negative impact of environmental factors on
the materials. Such studies are very rele-
vant, since the use of their results is neces-
sary to create a scientifically based ap-
proach during selecting components and
technology for producing CM.

In this regard, it is promising to form
and use composites based on an epoxy
binder consisting of epoxy-diane resin ED-20
and a hardener of polyethylene polyamine
(PEPA) [1-3]. To improve matrix properties,
additional modifiers of various natures in
small amounts are added to the binder.

2. Materials and research
technique

The composites based on epoxy-diane
resin ED-20 (GOST 10587-93) (Fig. 1)
with a molecular weight of 860...470,
containing 21.5 % of epoxy groups are
studied. For binding the epoxy oligomer
(TU 6-05-241-202-78), a low-molecular-
weight hardener — polyethylene polyamine
(PEPA) was used (Fig. 2), which allows
hardening the materials at room tempera-
tures. The chemical formula of the PEPA is
H2N(CH2CH2NH)nH, where n=1...4, and

the dynamic viscosity is 0.9 Pa-s.
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Fig. 2. Structural formula of hardener PEPA.

As a modifier, 4.4 — sulfonylbis (4.1-
phenylene)bis(N, N-dietyldithiocarbamate)
is used (Fig. 8), characterized by reactivity
capacity to interaction with epoxide oli-
gomer molecules due to a significant num-
ber of active groups.

The modifier is added in an amount of
0.10 to 2.00 pts-wt. per 100 pts-wt. of the
epoxy oligomer ED-20 (hereinafter parts by
weight are given per 100 parts by weight of
the epoxy oligomer ED-20). The formula of
the 4.4-sulfoylbis(4.1-phenylene)bis(N, N-
dietyldithiocarbamate) modifier has the fol-
lowing form: C22H28N20285.

The epoxy CM is formed using the follow-
ing technology: dosing of components, hydrody-
namic mixing of a modifier and the epoxy-
diane resin ED-20 to obtain a homogeneous
mixture and subsequent complete decomposi-
tion of the additive for a time T = 2+0.1 min at
room temperature T = 29812 K; introduction
of a filler of a predetermined content, ultra-
sonic treatment of the composition for a time
T = 240.1 min; addition of the PEPA hard-
ener and hydrodynamic mixing of the compo-
nents for a time t = 2+0.1 min, and hardening
of the composition. The validation of the CM is
carried out according to the experimentally es-
tablished regimes: formation of samples and
holding them at a temperature T = 298+2 K
for 1 =12.0+0.1 h; heating with a rate v =
3 K/min up to the cross-linking temperature
T = 4132 K; holding the samples at this

Functional materials, 26, 2, 2019
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Fig. 3. Structural formula of modifier 4,4-sulfoylbis(4,1-phenylene)bis(N, N-dietyldithiocarbamate).

temperature for t = 2.0+£0.05 h, and slow
cooling to the temperature T = 298%+2 K. In
order to stabilize the structural processes in
matrix, the samples are held at a temperature
T = 29842 K for T = 24 h in air; then experi-
mental studies follow.

To study the effect of the modifier
amount on the thermal and chemical trans-
formations in the composites, a thermo-
gravimetric (TGA) analysis was used with a
"Thermoscan-2" derivatograph. The change
in the mass of the studied sample was con-
tinuously recorded graphically depending on
temperature in the form of a characteristic
thermogravimetric curve (TG curve).

The study was carried out in an air at-
mosphere in the temperature range AT =
298...873 K using quartz crucibles for sam-
ples with volume V = 0.5 ecm3. During the
studies, the samples were heated in a pro-
grammed mode, the rate of temperature rise
was V=10 K/min. In order to more accu-
rately determine the temperature of the be-
ginning of product decomposition in the deri-
vatograms, along with the mass loss curve
(TG), the temperature difference between the
tested substance and the inert Al,O; sample
(m=0.5 g) was analyzed. The weighted
quantity of the tested sample was m = 0.3 g.

The error in determining the tempera-
ture was AT = +1 K. The accuracy of deter-
mining the thermal effects was 3 J/g. The
accuracy of determining the change in the
mass of sample was Am = 0.02 g.
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3. Results and discussion

The activation energy is the excess en-
ergy necessary for destruction of the chemi-
cal bonds that form the main chain of the
polymer under the influence of heat and oxy-
gen in the air. This parameter makes it possi-
ble to evaluate the effectiveness of the stabi-
lizing action, the degree of cross-linking of
epoxy composites, and it is also a universal
and fairly accurate criterion for the resis-
tance of CM to thermal-oxidative destruction.

Generally, TG is the preferred technique
for such determinations, since the relevant
mass changes are easier to measure than the
associated heat effects [5].

Therefore, the TGA method was used to
fully characterize the stability of modified
CMs to thermal-oxidative degradation.

Using the method of thermogravimetric
analysis, the change in mass of the sample
was recorded depending on the temperature.
The experimentally obtained curve of the
dependence of the mass change on tempera-
ture (thermogravimetric curve or thermo-
gram) makes it possible to judge about ther-
mal stability and the degree of destruction
of the samples under the influence of a
given temperature regime [5]. The activation
energy of the thermal-oxidative degradation E
(kJ/mol) is determined by means of TG-curves.
The obtained values are processed by calcula-
tion using the Broido method in the tempera-
ture range from 573 to 713 K (Fig. 4).

As can be seen in Fig. 4, during the heat-
ing of the samples with increasing tempera-
ture from 273 to 573 K, moisture and vola-
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Fig. 4. The results of thermogravimetric (1) and differential-thermal (2) analysis of epoxy matrix

and CM with different content of C,,H,gN,0,S5 modifier (typical curves) g, pts-wt.: 11-21) initial
matrix; 12-22) 0.10; 13-23) 0.25; 14-2%) 0.50; 1°-25) 0.75.
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Fig. 5. The results of a thermogravimetric (TGA) analysis of an epoxy matrix and CM with a
content of modifier C,,HgN,0,S5, g, pts-wt.: 1) initial matrix; 2) 0.10; 8) 0.25; 4) 0.50; 5) 0.75.

tile components are first released, then, the
materials soften gradually, which is fixed
in the form of characteristic exothermic
peaks and bends on curves I. In this tem-
perature range, polymer samples usually
remain stable and are not subjected to ther-
mal destruction. The processes of the ther-
mal-oxidative destruction proceed at a no-
ticeable rate in the range of higher tem-
peratures. In our case, the most
characteristic reactions of the thermal-oxi-
dative destruction occur in the temperature
range AT = 573...713 K; these are accom-
panied by a mass loss of samples in an
amount of 10...50 %. On this basis, and
also in accordance with the temperature in-
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terval of the location of exothermic peaks
on curves 2, the range of analysis of TG-
curves was chosen to calculate the activa-
tion energy of the ther mal-oxidative de-

struction of the CM under study [6—9].
The specified section of the diagram with

TG curves showing a characteristic bend
was used to calculate the sample mass loss
depending on the temperature. For this pur-
pose, the mass losses of the samples were
analyzed in the chosen temperature range of
the TG curves with an interval of AT =
10 K (Fig. 5 and Fig. 6 (indicated by dots)).
First, the mass of the sample in each tem-
perature range on the TG curves was deter-

Functional materials, 26, 2, 2019
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Fig. 6. The results of a thermogravimetric (TGA) analysis of an epoxy matrix and CM with a content
of modifier CyyH,gN,0,S5, ¢, pts-wt.: 1) initial matrix; 2) 1.00; 8) 1.25; 4) 1.50 5) 1.75; 6) 2.00.

mined and converted into percentages using
the formula (1) [10]:

+A
(100 — Am)% = (100 — [mHA_mm : 100}%(,1)

where my is an initial sample mass at the
initial tested temperature T; =573 K (mpg

= const), g; Am is the sample mass loss, g.

According to the recommendations of the
method, the sample mass at the initial tem-
perature, is taken as 100 %.

Obtained data are given in Table 1 and
Table 2.

The calculation of E is based on the
mathematical processing of the thermal analy-
sis curve using the Broido double-logarithm
method, which is quite accurate for polymers,
and is performed by the formula (2) [10]:

E

(2)

1
— + const,

100
In(ln T

100=am) R

where Am is the mass loss of the sample, %,
at each of the temperatures within the interval
of the substance destruction; R=

8.31-10% kJ/(mol-K) is the universal gas constant.

The results of the double-logarithm cal-
culations of the sample mass changes are
given in Table 3.

The condition for the applicability of the
Broido method is the first-order destruction
reaction, which is true for many polymers
[10, 11]. The mass loss of a substance is the
first-order process (n=1) if the
In(100/(100 — Am) dependence on the recip-
rocal temperature 1000/T, K1 is linear.

Functional materials, 26, 2, 2019

YV A
[Xinit5 Vinit]
A
@)
[e)
Vi
)
P
Y
[Xﬁn; yﬁn]|
X
- X B

i

Fig. 7. To graphically determination of the
activation energy.

With the known the mass loss (Am) of the
sample at temperature T, a straight line was
plotted in which E was expressed by the tan-
gent of the slope angle of the logarithmic de-
pendence of Am on the reciprocal temperature
T [10, 11]. Then the activatio n energy of de-
struction in kJ/mol was found by formula (3):

E =-R - tgo.
(3)
To determine the activation energy, the
graph should be a straight line; the activa-
tion energy E is calculated from the slope
angle (Fig. 7):

—t =y./x;,
glo) = y,;/ x; @)
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Table 1. The results of derivatograms processing (Fig. 5, Fig. 6) of the original matrix and CM

filled with SFEK modifier

T, K Mass of samples, g
Concentration of the modifier, g, pts-wt.

Matrix 0.10 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
573 0.352 0.30 0.29 0.29 0.29 0.32 0.32 0.30 0.33 0,32
583 0.353 0.30 0.29 0.29 0.29 0.32 0.32 0.29 0.32 0.32
593 0.351 0.30 0.29 0.29 0.29 0.32 0.32 0.29 0.32 0.31
603 0.349 0.29 0.28 0.28 0.29 0.32 0.31 0.29 0.32 0.31
613 0.344 0.29 0.28 0.28 0.29 0.31 0.31 0.28 0.31 0.30
623 0.337 0.28 0.27 0.27 0.28 0.30 0.30 0.27 0.30 0.29
633 0.327 0.26 0.25 0.26 0.27 0.28 0.28 0.25 0.28 0.27
643 0.310 0.23 0.22 0.23 0.24 0.26 0.26 0.22 0.25 0.25
653 0.290 0.21 0.20 0.21 0.22 0.24 0.23 0.19 0.23 0.22
663 0.273 0.19 0.18 0.18 0.19 0.21 0.21 0.16 0.21 0.20
673 0.261 0.17 0.16 0.16 0.17 0.19 0.19 0.14 0.19 0.18
683 0.249 0.14 0.13 0.13 0.15 0.16 0.17 0.12 0.17 0.16
693 0.237 0.12 0.11 0.11 0.12 0.14 0.15 0.10 0.15 0.14
703 0.225 0.11 0.10 0.09 0.10 0.12 0.13 0.09 0.13 0.13
713 0.213 0.09 0.08 0.07 0.08 0.11 0.12 0.07 0.12 0.11
Table 2. Results of studies of the initial matrix and CM filled with SFEK modifier
T, K Change in mass of samples (100 — Am), %

Concentration of the modifier, g, pts-wt.

Matrix 0.10 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
573 -14.77 | -1.00 3.79 3.10 2.07 -7.50 -6.25 1.00 -7.88 -5.31
583 -15.06 | -0.33 4.83 3.45 2.41 -6.88 -6.56 2.67 -6.97 -5.00
593 -14.49 0.67 4.83 4.14 2.76 -5.94 -6.25 3.33 -6.36 -3.75
603 -13.92 2.33 6.55 5.52 3.45 -5.00 -4.38 4.00 -4.85 -2.50
613 -12.50 3.67 8.28 6.90 4.48 -3.75 -2.81 5.33 -3.03 -0.31
623 -10.51 6.33 11.72 10.00 7.24 -0.63 0.00 8.67 0.30 3.13
633 -7.67 12.33 17.24 15.17 11.72 5.00 5.63 16.00 6.36 10.00
643 -2.84 22.00 26.21 23.45 19.31 13.13 14.06 26.33 14.24 16.88
653 2.84 29.33 34.83 32.76 27.93 20.31 21.25 37.00 20.61 24.06
663 7.67 37.33 42.76 42.07 36.90 28.44 28.75 45.67 27.27 30.31
673 11.08 44.67 50.00 50.00 44.83 35.00 35.31 53.33 33.64 36.56
683 14.49 52.00 57.59 57.24 53.10 42.50 41.56 59.33 39.70 42.81
693 17.90 59.00 64.83 65.17 60.69 49.69 48.13 65.67 46.36 48.75
703 21.31 64.67 70.69 71.72 68.28 55.94 53.44 71.67 51.21 54.06
713 24.72 70.67 75.86 78.28 74.48 60.31 57.81 75.33 55.76 59.06

are given. The processing consists in per-
E=R-y;/x; (5) forming a mathematical transformation pre-

where x; = x;, —x, is the length of the line
along the abscissa; y; = y, —y, is the length of
the line along the ordinate; [x;; y,] and [x,;
y,] are coordinates of the beginning and the
end of the line, respectively.

In Table 8 the results of processing the
derivatograms (TG-curves) and the parame-

ters necessary for calculating the activation
energy of CM filled with the SFEK modifier
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sented in Excel. Below the Am logarithmic
plots are shown depending on the reciprocal
temperature 1000/T (Fig. 8, Fig. 9).

Using the diagram and the obtained
equations, the activation energy of the ther-
mal oxidative destruction of the investi-
gated composites were calculated. The re-
sults of the graphical determination of the
activation energy are given in Table 4. For
clarity, the plot of the activation energy E

Functional materials, 26, 2, 2019
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Table 3. The results of calculating the value of double logarithm of the sample mass change

T, K | 10%/T, In{In[100/(100 — Am)]}
K Concentration of the modifier, ¢, pts-wt
0 0.10 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
573 1.75 - - -3.25 | —3.46 | —3.87 - - -4.60 - -
5883 1.72 - - -3.01 | -38.85 | -8.71 - - -3.61 - -
593 1,69 - -5.01 | —-3.01 | -3.16 | —3.58 - - -3.38 - -
603 1,66 - -3.75 | —2.69 | —-2.87 | —-38.35 - - -3.20 - -
613 1,638 - -3.29 | —2.45 | -2.64 | —-3.08 - - -2.90 - -
623 1,61 - -2.73 | -2.08 | -2.25 | —2.59 - - -2.40 | —-5.80 | —3.45
633 1.58 - -2.083 | -1.66 | -1.80 | —2.08 | -2.97 | —-2.85 | -1.75 | -2.72 | -2.25
643 1.56 - -1.89 | -1.19 | -1.832 | -1.64 | -1.96 | -1.89 | -1.19 | -1.87 | —-1.69
653 1.53 -3.55 | -1.06 | -0.85 | -0.92 | -1.12 | -1.48 | -1.43 | —0.77 | —-1.47 | -1.29
663 1.51 -2.583 | —-0.76 | -0.58 | -0.61 | -0.78 | -1.09 | -1.08 | —0.49 | —1.14 | —-1.02
673 1.49 | -2.14 | -0.52 | -0.37 | -0.37 | —0.52 | -0.84 | —0.83 | —-0.27 | —0.89 | -0.79
683 1,46 | -1.85 | -0.31 | —0.15 | -0.16 | —0.28 | —0.59 | -0.62 | —-0.11 | —0.68 | —0.58
693 1.44 -1.62 | -0.11 0.04 0.05 -0.07 | -0.38 | —0.42 0.07 -0.47 | -0.40
703 1.42 -1.43 0.04 0.20 0.23 0.14 -0.20 | -0.27 0.23 -0.33 | -0.25
713 1,40 -1,26 0,20 0.35 0.42 0.31 -0.08 | -0.15 0.34 -0.20 | -0.,11
200 + matrix
1.00 p y=-16.057x + 21,475
000 - = = -m0.10 g, pts.wt.
5 135 y = -17.39x + 25.126
g -1.00 i | =-=--40.25 g, pts.wt.
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400 T TN N ====== ¥ 0.75 g, pts.wt.
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-6.00 L

X=10*/T-K"

Fig. 8. The logarithmic dependence of Am on the reciprocal temperature 103/T, K™ at thermal

breakdown of CM with the SFEK modifier.

depending on the concentration of the modi-
fier in the CM is shown below (Fig. 10).

The activation energy of the destruction
processes of the epoxy matrix has been ex-
perimentally established as E =
133.440.2 kJ/mol. (Table 4, Fig. 10). The
introduction of the SFEK modifier in an
amount of ¢ = 0.10 pts-wt. increased the ac-
tivation energy of the thermal oxidative de-
struction to E = 144.510.2 kJ/mol.

The result obtained with the introduction
of the modifier in a small amount can be
explained by the initial interaction of the
reactive modifier macromolecules and their
partial cross-linking with the active groups

Functional materials, 26, 2, 2019

of the ED-20 oligomer in the presence of the
PEPA hardener. Further introduction of the
modifier in an amount of ¢ = 0.25 pts-wt.
leads to a significant decrease of the activa-
tion energy to E = 97.3£0.2 kJ/mol, which is
significantly lower than in the initial matrix.
The subsequent introduction of the SFEK modi-
fier at concentrations of ¢ = 0.50...1.50 pts-wt.
results in a monotonous increase of the activa-
tion energy to E = (105.3...123.6)+0.2 kJ/mol,
which is also lower than the value charac-
teristic of the initial matrix.

The maximum value of the activation en-
ergy (E =175.1£0.2 kJ/mol) is established
when the modifier was introduced into the
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Fig. 9. The logarithmic dependence of Am on the
breakdown of CM with the SFEK modifier.

binder in an amount of ¢ = 1.75 pts-wt; this
indicates the active participation of the
modifier in the physical-chemical processes
of epoxy matrix structure formation. The
modifier has a wide range of chemical ele-
ments, among which carbon (C) and sulfur
(S) prevail in percentage (Fig. 3).

In our opinion, the introduction of the
SFEK modifier in this amount led to the
formation of stable covalent carbon bonds
with elements of the additive, as well as
with activated epoxy oligomer macromole-
cules during the processing of the USO. It
should be added, that the interaction of sul-
fur with other elements of both the modi-
fier and the epoxy binder, results in the
formation of covalent polar bonds in macro-
molecules of polymers; these bonds signifi-
cantly strengthen the three-dimensional
PCM network as a whole. At the same time,
activation of epoxy and carboxyl groups
also leads to an improved interaction of
both the oligomer ED-20 and the modifier
with the hardener during polymerization.
This in turn leads to a decrease in the seg-
mental mobility of the polymer macromole-
cules. Consequently, it is possible to ascer-
tain the increase in the heat resistance of
the material, as well as the inhibitory effect
of the modifier on the processes of thermal
oxidative destruction of CM.

As a confirmation of the reliability of
the data obtained, the thermal coefficient of
linear expansion (TCLE) of the CM was in-
vestigated. The results of the TCLE calcula-
tion in the predetermined temperature
ranges are given in Table 5.

As can be seen from the Table 5, the
modified values of CM with an additive in
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Fig. 10. Dependence of the activation energy E
on the concentration of the modifier in the CM.

the amount of ¢ = 0.10 and 1.75 mass parts
are optimal, which indicates the validity of
the above results.

Further introduction of the modifier in
the amount of g = 2.00 pts-wt. leads to a
significant decrease in the activation en-
ergy to E =119.740.2 kJ/mol) (Fig. 10). It
was believed that such results were ob-
tained due to the saturation of the CM with
the active groups of the modifier, which
led to deterioration in the degree of cross-
linking of the macromolecules of the epoxy
composite.

4. Conclusions

Based on the experimentally obtained
thermogravimetric curves of the mass
change depending on the temperature, and
also using the Broido method of double
logarithms, which was quite accurate for
polymers, the activation energy of the ther-
mal-oxidative destruction of the initial
epoxy matrix and modified composite mate-
rials were calculated. It was established
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Table 4. The results of the graphical determination of the activation energy E at the thermal
oxidative breakdwon of CM with the SFEK modifier

¢, pts-wt. Xgp Xp X Yp Yi tq() | E, kJ/mol

0 1.531 1.403 0.128 -1.053 -3.108 2.055 16.057 133.5
0.10 1.686 1.403 0.283 0.728 -4.194 4.921 17.390 144.6
0.25 1.745 1.403 0.342 0.728 -3.516 4.001 11.698 97.3
0.50 1.745 1,403 0,342 0.536 -3.793 4.329 12.659 105.3
0.75 1.745 1.403 0.342 0.459 —-4.264 4.723 13.811 114.8
1.00 1.580 1.403 0.177 0.197 -2.434 2.632 14.868 123.6
1.25 1.58 1.403 0.177 0.113 —-2.3278 2.441 13.791 114.7
1.50 1,745 1,403 0.342 0,741 —4.292 5.033 14.717 122.4
1.75 1.605 1.403 0.202 0.478 —-3.7743 4.253 21.055 175.1
2.00 1.605 1.403 0.202 0.211 —2.698 2.909 14.402 119.7

that the composites with the 4.4-sulfoylbis
(4.1-phenylene) bis(N,N-dietyldithiocar-
bamate) modifier in the amount of ¢ =
0.10 ptswt. (E = 144.520.2 kJ/mol) and ¢
=1.75 pts-wt. (E =175.1£0.2 kJ/mol) were
characterized with the greatest values of
the activation energy. This indicates a sig-
nificant effect of the modifier on the cross-
linking degree and the activation energy of
the composites. This also indicates the for-
mation of relatively thermally stable intra-
and intermolecular bonds, which leads to an
increase of thermal resistance and, at the
same time, the durability of the developed
materials. It has been proved, that the intro-
duction of the SFEK modifier in the specified
quantity results in formation of stable carbon
covalent bonds with both the elements of the
additive and the epoxy oligomer macromole-
cules activated during the USO processing.

In turn, the interaction between sulfur,
which is also one of constituent elements of the
modifier, and an epoxy binder results in the
formation of covalent polar bonds in polymer
macromolecules; this significantly strengthens
the bulk polymer network as a whole. At the
same time, the activation of epoxy and carboxyl
groups leads to an improved interaction of both
the oligomer ED-20 and the modifier with the
hardener during polymerization.
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