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Abstract. This article presents the results of predicting the kinetic properties of
composite materials based on vinyl ester resin (VER) with the addition of diatomaceous
earth and dimethyl methylphosphonate (DMMP) using the Netzsch Kinetics Neo
software based on the results of thermogravimetric analysis (TGA). The VER samples
were synthesized at the University of Science and Technology of China (Hefei, China)
as part of a project funded under a targeted grant program. The kinetic characteristics
of four samples were predicted based on the results of thermogravimetric analysis: Pure
VER, VER + DE — a VER sample with a diatomite concentration of 25%, VER+DE/
DMMP — VER with physically mixed DMMP and diatomite at concentrations of 12.5%
and 12.5%, respectively, and VER + DE@DMMP — a sample with DMMP immobilized
in the pores of diatomite (25%). Based on the TGA curves, models were selected in the
Netzsch Kinetics Neo software, which allow for the prediction of the samples’ kinetic
properties under specific conditions over a defined period of time—something that is
not feasible under laboratory conditions. Models were selected in the Netzsch Kinetics
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Neo software. For the pure sample, the model corresponded to a simple first-order
reaction; for VER with diatomite, independent reactions (simple and diffusion); for
VER+DE/DMMP and VER+DE@DMMP, autocatalytic A2 and A3, and diffusion D3.

The results of the analysis showed that pure VER decomposes very slowly at low
temperatures, but quite rapidly at high temperatures, compared to the other samples.
The VER+DE/DMMP and VER+DE@DMMP samples exhibit a higher decomposition
rate in the initial stages, whereas mass loss slows down at high temperatures.

In the dynamic mode, the pure VER sample showed the shortest decomposition time
and the lowest temperature. In the immobilized sample, decomposition proceeds slightly
faster than in the diatomite sample. The composite with physically mixed diatomite and
DMMP demonstrated intermediate decomposition temperatures and times.

The results obtained open up opportunities for the development of new fire-resistant
materials with controllable functional properties.

Keywords: vinyl ester resin, diatomite, DMMP, thermogravimetric analysis, Netzsch
Kinetics Neo, degradation, decomposition time
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Annoramus. byn makana Netzsch Kinetics Neo OarmapnamacelH naiijganaHa
OTBIPBII, TepMOTpaBUMETPUsUIBIK Tasnay (TTA) HoTHKenepiHeHIH HeTi31H/e JHaTOMHT
nen gumetun metwindocponar (DMMP) kocburran BuHmHn 3¢up maisipel (VER)
HEri3iHAeri KOMIIO3MTTIK MaTepHayiIap/blH KUHETHKAJBIK KACHETTEPiH OoJpKay
3epTTeyiHiH HoTIKeNepiH ycbiHaabl. VER yirinepi Kpitailt Fouibiv jkoHE TEXHOIOTHS
yauBepcuterinae (Xo¢oii, Keirait) MakcarTsl OaraapiaMa asicblH/1a KapKbUIAHIBIPbUTFaH
xo0a menOepinge cuaTe3nenai. TepMorpaBUMETPHUSUIBIK Talay HOTHKEIEpl Heri3iHae
TOPT YJTiHIH KWHETHKAJIBIK CHIaTTaMallapblH Ooipkay >kyprisimmi: taza VER, VER
+ DE — nuaromut koHueHrtpanuscbl 25% O6omnarein VER yirici, VER+DE/DMMP —
DMMP nen auartomut 12,5% sxone 12,5% koHueHTpanusga (GU3MKAIBIK apajacKaH
VER; VER + DE@DMMP — nuaromur tecikrepinne Oekitinres DMMP-i 6ap yari
(25%). TT'A xuceikTapeina cyiieHe otbipbin, Netzsch Kinetics Neo Oarmapiamachl
apKbLIbl MOJICIIBACP TAHIANIbI, OYJ1 MOJENbEp YIriiepain Oenriii Oip *xaraainapaa
OCJNTUJICHIeH YaKbIT apajibIFblHIaFbl KHHETUKAJIBIK KACHETTEPIH OOJKayFa MYMKIHJIIK
Oeperi, a 3epTXaHalbIK JKaraaiiapaa MYHBI JKYy3ere acblpy MyMKiH eMec. Mozenbiep
Netzsch Kinetics Neo 6argapnamackinaa Tagaaisl. Taza yiuri Yo Mojieb Kaparnaibiv
OipiHII PeTTIK peakuusara colikec Keiji; AuaroMuT KockraH VER ymrin — Toyencis
peaknmsnap (kapamaiibiM xoHe aupdy3usuibik); VER+DE/DMMP xone VER+DE@
DMMP yiuin — aBrokaTanuTukaibik A2 sxone A3, nuddysusibik D3,

Tannay notmxenepi raza VER-n1iH TeMeH Temneparypaja ote 0asy blAbIPaUTHIHBIH,
al JKOFapbl TemIieparypaia Oacka yariiepre KaparaHia CalbICTBIpMallbl TYpAE Te3
bIIBIpalThIHBIH - KopceTTi. VER+DE/DMMP  sxone VER+DE@DMMP  yurinepi
OacTarnkpbl Ke3eHJIep/e bIIbIPay KbUIaMIBIFBI JKOFaphl 00JICa, JKOFaphl TeMIlepaTypajia
MacCCaHbIH JKOFaIybl 09CCH IS/,

Junamukanslk pesxxumzae Taza VER yiirici biibipay yaKbITBIHBIH €H KbICKa OO0JIYbIH
JKOHE €H TOMEHTI TeMIlepaTypaHbl KepceTTi. IMMoOUIM3ausiIanran yaTije blIbIpay
JMAaTOMHUT KOCBUIFAH YJTIre KaparaHaa Col JKbUiaMm kypedi. DU3nKanblK KOIMEH
apaJIacThIpbUIFaH JuaToMuT eH DMMP kocnacel bIbIpay/ibIH OpTalla TEMIIEPATYPACHI
MEH YaKbITBIH KOPCETTi.

AJBIHFaH HOTHXKeJep OacKapbuIaThiH (QyHKIIMOHAIIBIK KachueTTepi Oap jkaHa OTKa
TO3IM/Ii MaTepralIap/bl 93ipieyre MyMKIiH/IK Oepei.

Tyiiin ce3mep: Bunwi 3¢up maiibipsl, guatomut, DMMP, TepMorpaBuMeTpHsuIbIK
tannay, Netzsch Kinetics Neo, aerpaaiusi, biIbipay yaKbIThI
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AnHoTtanus. B crarbe mpencTaBieHbl pe3ylbTaThl MPOTHO3UPOBAHUSI KUHETHYE-
CKMX XapaKTEePUCTHK KOMIIO3HUTHBIX MaT€pHajOB HAa OCHOBE BUHHID(QHUPHON CMOJIBI
(VER), MmomnduuupoBanHoi auatoMuToM M auMmetwiMeTuiapocdonarom (Dimethyl
Methylphosphonate, DMMP), ¢ ucnonszoBanuem nporpaMMHOro Komriekca Netzsch
Kinetics Neo Ha ocHOBe AaHHBIX TepMorpaBumerpuueckoro anamusza (TTA). Obpas-
(bl BAHWII(UPHOW CMOJIBI OBIITM CUHTE3UPOBAHBI B YHUBEPCUTETE HAyKH M TEXHOJO-
ruii Kuras (. Xadoit, KHP) B paMkax BbIMOMHEHUS! IPOEKTa MPOTrPaMMHO-1IEIEBOTO
¢unancuposanus. [IpoBeaeHo MonenIMpoBaHWE KWHETHYECKHX MapaMEeTPOB YEThIpeX
TunoB 00pa3nos: Pure VER (uucras Bunumsupnas cmona), VER + DE (obpaszern ¢ co-
nep>kanuem auatomuta 25 %), VER + DE/DMMP (o6pazen ¢ ¢pusnyeckn cMeIaHHbI-
Mu quaromutoM 1 DMMP B konnenTpanusix no 12,5 %), a rakxe VER + DE@DMMP
(o6pazenr c DMMP, nMMOOMIN30BaHHBIM B MOpaxX AMATOMHUTA, C OOLIMM COAEPKaHHEM
Haronuutens 25 %).Ha ocnoBanun xpusbix TT'A B mporpamme Netzsch Kinetics Neo
ObUTH TTOAO0OpaHbl KHHETUYECKHE MOAECIIH, MTO3BOJIAIONINE MPOrHO3UPOBATH TIOBEICHHE
MaTeprasoB IPH Pa3InIHbIX TEMIIEPATyPHBIX PEKUMAX U IPOIOIKUTEIBLHOCTH BO3IEH-
CTBHS, YTO 3aTPYIHUTEIBHO PEaTn30BaTh B 1a00paTOpHBIX yCIOBHAX. J[1g uncToii cMo-
JIbl HanOoJIee aJeKBaTHON OKa3anach MOJIENb IPOCTON peakuy MepBoro nopsaka. s
o6pasua VER + DE ycranoBnena koMOWHauMsi HE3aBUCHUMBIX PEaKIMi IEPBOTO MOPSI-
ka u aug¢ysnonnoro Mmexanmsma. s oopasnos VER + DE/DMMP u VER + DE@
DMMP nanbonee cOOTBETCTBYIOIIMMHE OKa3aJHCh aBTOKaTaJUTHUECKUE MoAenH A2 u
A3 B couerannu ¢ quddy3noHHON Moaebio D3. Pe3ynsraTsl mokasasm, YTo YUCTAast BU-
HWIQHUPHAS CMOJIa XapaKTepU3yeTCst MEJICHHBIM Pa3IoKeHHEM NPU HU3KUX TeMIlepa-
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Typax u 0ojee MHTeHCUBHOM Jierpajanneil Ipy BEICOKMX TeMIeparypax 1o CpaBHEHHIO
¢ moguunrposanusiMu odpasuamu. Komnosutst VER + DE/DMMP u VER + DE@
DMMP neMOHCTpUPYIOT MOBBIIIEHHYO CKOPOCTh PA3JIOKEHHS HA HAYAIIBHBIX CTaJUAX
Ipolecca, TOTAa Kak IPU BBICOKMX TEMIIEPATypax CKOPOCTb IMOTEPU MACCHI CHUIKAET-
cs. B muHaAMU4eCKOM peXuMe YUCTask CMOJA XapaKTepU3yeTCss MUHUMAJIbHBIM BpeMe-
HEM TEPMUYECKOTO Pa3IoKeHUs] U HanOosee HU3KOH TeMIlepaTypoil JecTpyKuuu. J{ns
obpasua ¢ uMMoOmIn3oBanHEIM DMMP npornecc pa3noskeHus: IpOTEKaeT HECKOIBKO
ObIcTpee, YeM I KOMIIO3UTa, COAEPIKaIlero Tonbko auatoMuT. O0paser ¢ pu3ndecku
cMemaHHbIMU auaromuToM 1 DMMP xapakrepusyercss IpoMeKyTOYHbIMY 3HAYCHUS-
MH TEMIIEPATYPBI U BPEMEHU pa3noxeHus. [loryueHHbIe pe3ylbTaTbl CBUACTEIbCTBYOT
0 MEPCHEKTUBHOCTH MCIIOIb30BAHMSI JUATOMHUTA U TUMeTUIMeTHIdochonara s co3-
JIaHUSL HOBBIX OTHECTOMKUX MOJUMEPHBIX MATEPUAIOB C PETYIUPYEMBIMU JKCILIyaTa-
LIUOHHBIMY CBOWCTBAMH.

KiroueBsble ciioBa: BuHwmupHas cmona, auatomut, DMMP, TepmorpasumeTpu-
yeckuii ananu3, Netzsch Kinetics Neo, nerpananus, Bpems pa3ioKeHus

Introduction. Polymer composites are a special class of materials that combine a
polymer matrix with reinforcing or functional fillers, enabling the production of materials
with predetermined physical, chemical, mechanical, and performance properties. Due
to their low weight, low cost, and desirable thermal properties, they are widely used
in industries such as construction, transportation, aviation, energy, and the chemical
industry (Wu et al., 2023).

A significant drawback is the rapid flammability and combustibility of the polymer
matrix, as well as rapid heat release. To address this issue, the development of flame
retardants that create a protective barrier during combustion and prevent the formation
of carbon residue is becoming increasingly relevant (Wang et al., 2023).

Vinyl ester resins (VER) are unsaturated polyester resins with enhanced chemical
resistance and strength (Paczkowski et al., 2022). These materials are produced by
reacting epoxy resin with methacrylic acid. The resulting epoxyacrylates dissolve in
monomers. The resulting liquid resins can be used similarly to unsaturated polyester
resins (UPR) (Nodehi et al., 2022).

Vinyl ester resins can be viewed as a compromise between unsaturated polyester and
epoxy resins (Todjiyev et al., 2026).

However, due to their polymer matrix, ECMs are not sufficiently fire-resistant,
which limits their application (Hu et al., 2022). This problem has been partially solved
by physically adding fire-retardant substances to the resins or chemically introducing
fire-retardant groups into their network structure (Zhang et al., 2020). However, while
flame retardants increase the material’s fire resistance, they simultaneously contribute to
the deterioration of certain physicochemical properties (Li et al., 2022).

One of the fillers that minimally degrades the properties of the polymer matrix of
the fire-retardant material is dimethyl methylphosphonate (DMMP), which possesses
flame-retardant properties through

the interaction of the generated radicals with He and OHe radicals (Xavier et al.,
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2025). Due to its volatility, DMMP does not remain in the polymer matrix for long, and
its effect is short-lived.

Scientists from the University of Science and Technology of China have found a
way to ensure the long-term flame-retardant properties of DMMP by immobilizing
DMMP in the micro- and nanoporous channels of diatomaceous earth (DE) and then
incorporating it into vinyl ester resin (VER) (Xie et al., 2026).

The choice of diatomite was justified, first, by its widespread occurrence in
Kazakhstan (Aktobe Region), and second, by its porous structure, which stems from its
origin in sedimentary rocks and algae (Xu et al., 2019). The fire-retardant and flame-
suppressing properties of diatomite are well known (Bi et al., 2024).

When characterizing new materials using analytical methods to determine thermal
properties, thermogravimetric analysis is employed, which allows for the determination
of mass loss at various temperatures under a specified heating rate. In the Netzsch
Kinetics Neo software, based on the analysis data, it is possible to determine predictive
kinetic characteristics, such as the degree of degradation over a very long period of time
that cannot be analyzed under laboratory conditions, the calculation of the degradation
temperature, the degradation time at very high heating rates that cannot be set on a
laboratory instrument, and other characteristics (Harter et al., 2022).

This study presents data on the prediction of kinetic characteristics of VER-based
composites with diatomite and DMMP additives based on thermogravimetric analysis
using the Netzsch Kinetics Neo software.

Materials and Methods. Composite materials based on vinyl ester resin with
the addition of diatomaceous earth and DMMP were prepared at the University of
Science and Technology of China (Hefei, China) as part of a project funded by the
Science Committee of the Ministry of Science and Higher Education of the Republic of
Kazakhstan (Grant No. BR28712729) [[16]].

Four VER samples were used to record and study the kinetic characteristics:

Pure VER, VER + DE — a VER sample with a diatomite concentration of 25%,
VER+DE/DMMP — VER with physically mixed DMMP and diatomite at concentrations
of 12.5% and 12.5%, respectively, VER + DE@DMMP — a sample with DMMP
immobilized in the pores of diatomite (25%).

The composite containing DE@DMMP was prepared by first vacuum-immobilizing
DMMP within the pores of DE (producing DE@DMMP), after which the resulting
filler was incorporated into vinyl ester resin (VER) with stirring until a homogeneous
dispersion was achieved. The mixture was degassed under vacuum, then a curing
accelerator and initiator (each at 1.5 wt.% relative to the resin) were added, poured into
molds, and cured at room temperature until the composite was fully formed.

Thermogravimetric analysis was performed on a NETZSCH TG 209 F1 Libra
(Germany) instrument, dynamically heating the sample in a 40 mL/min flow of inert
nitrogen gas from room temperature to 800 °C. The heating rate was 10 °C/min.

Kinetics analysis was performed using the NETZSCH Kinetics-Neo (Germany)
software. The program works as follows: first, TGA data obtained under real-world
conditions—that is, up to a temperature of 800 °C with a heating rate of 10 °C/min—are
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loaded into the program. Then, based on the TGA data, the program selects a model
corresponding to a single reaction or several parallel reactions. Using this program, it
is possible to predict the thermal properties of a material under certain conditions that
cannot be replicated in a laboratory, such as very high temperatures, high heating rates,
isothermal conditions, and the behavior of the material over an unlimited period of time.

Results and Discussion. We obtained the thermogravimetric analysis results of the
four samples and performed modeling in the NETZSCH KINETIC NEO program. The
following figures show the models (Figures 1, 2, 3, and 4).

Figure 1 — Model| Based: Pure VER

100

¢ Experimental data
—— Model fit

60

Mass / %

40

L 1 L 1 L 1 L 1 L 1 L f
0 100 200 300 400 500 600 700 800
Temperature / °C

Figure 1. Model of pure VER.

The TGA curve shows that significant mass loss in the pure VER sample begins at
300 degrees, and by 400 degrees, half of the sample’s mass has already been lost. From
440 degrees onward, the mass begins to decrease only slightly. Accordingly, degradation
begins after 27 minutes, 50% of the mass is lost after 36 minutes, and the rate of loss
slows down after 42 minutes. It takes about an hour for the mass to be completely lost.

The reaction model of the pure sample corresponds to a simple first-order 7, reaction,
and the activation energy is 103.5 kJ/mol.

The reaction follows the following formula

do/dt = k(1—a)!

here a conversion degree, k — rate constant.
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Figure 2. Model of VER + DE.

A significant loss of mass in the VER sample containing diatomite also begins at a
temperature of 300 degrees, reaching 50% decomposition at 419 degrees. From 454
degrees onward, the mass begins to decrease slightly. At a temperature of 800 degrees,
approximately 30% of the mass remains. Accordingly, degradation begins at 29 minutes,
50% of the mass is lost by 39 minutes, and the rate of loss slows down after 45 minutes.
It takes 77 minutes for the mass to decrease by 30%.

The model for the diatomite-added sample consists of two independent reactions — a
first-order F_ reaction and a D3 reaction (181 kJ/mol and 13 kJ/mol, respectively).

D3 — Diffusion model (3D: Jander model). This model describes diffusion-controlled
processes in solid materials. The reaction equation is:

1 —; a-(1—a) =kt
Here, the speed is highly dependent on the product being generated.

Figure 3 — Model Based: VER + DE/DMMP
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Figure 3. The model of VER+DE/DMMP.
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Asignificant loss of mass in the VER sample, which contains physically mixed DMMP
and diatomite, begins at a temperature of 303 degrees, reaching 50% decomposition
at 408 degrees. From 458 degrees onward, the mass begins to decrease slightly. At
a temperature of 800 degrees, approximately 20% of the mass remains. Accordingly,
degradation begins at 28 minutes, 50% of the mass is lost by 38 minutes, and the rate of
loss slows down after 43 minutes. It takes 77 minutes for the mass to decrease by 20%.

Figure 4 — Model Based: VER + DE@DMMP
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Figure 4. The model of VER + DE@DMMP.

A significant loss of mass in the VER sample, with DMMP mobilized in the
diatomite pores, begins at a temperature of 313 degrees, reaching 50% decomposition
at 405 degrees. From 453 degrees onward, the mass begins to decrease slightly. At
a temperature of 800 degrees, approximately 15% of the mass remains. Accordingly,
degradation begins at 29 minutes, 50% of the mass is lost by 38 minutes, and the rate of
loss slows down after 43 minutes. It takes 75 minutes for the mass to decrease by 15%.

The VER+DE/DMMP and VER + DE@DMMP models correspond to three
independent parallel reactions: A2 (21-48 kJ/mol), A3 (52-129 kJ/mol), D3 (164—40
kJ/mol). The activation energies for the VER+DE/DMMP and VER + DE@DMMP
models are shown in parentheses.

A2 — Autocatalytic reaction model, corresponding to equation
do/dt = ka-(1-a).
According to the equation, the reaction starts slowly, then accelerates sharply, and
finally slows down.
A3 — Autocatalytic reaction model

do/dt = ko’ (1-a),

here, the rate is highly dependent on the product being generated.
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It can be observed here that in the VER sample containing physically mixed diatomite
and DMMP, autocatalysis is initiated more readily compared to the immobilized sample,
whereas diffusion, conversely, proceeds more slowly. In the sample with immobilized
DMMP, there is a protective barrier, which slows down the chemical reactions.

After importing the TGA data into the NETZSCH Kinetics-Neo software, we
predicted the kinetic characteristics of the samples under isothermal conditions. In
doing so, we estimated the rate of mass loss for the samples at specific temperatures.

The results are shown in Table 1, which presents data on the time of mass loss at
specific fractions and at different holding temperatures.

Table 1. Time of mass loss at different temperatures.

Time of 10% mass lost Time of 50% mass loss
Pure VER 100° 17 month 100° 11 years
200 90 hours 200 3 days
300 1.5 hours 300 35 min
400 18 min 400 2 min
VER+DE 100° 2.9 year 100° 23 years
200 1 day 200 9 days
300 12 min 300 3.6 hour
400 0.7 min 400 6 min
VER+DE/DMMP 100° 3 days 100° 11 days
200 1.8 hours 200 7 hours
300 3 min 300 37 min
400 36 sec 400 6.8 min
VER + DE@DMMP 100° 4.8 hour 100° 4.5 days
200 29 min 200 4 hour
300 5 min 300 33 min
400 1.2 min 400 5.7 min

According to the program data, the maximum mass loss for pure VER is 82%, for
the VER+DE sample it is 68%, for VER+DE/DMMP it is 79%, and for VER+DE@
DMMP it is 84%.

The rate of mass loss depends heavily on temperature, and as the temperature rises,
the degradation rate increases sharply.

VER+DE is the least thermally stable at low temperatures (2.9 years to 10% loss at
100°C—Ilonger than Pure), but at high temperatures (300—400°C), degradation occurs
more rapidly.

VER-+DE/DMMP loses 10% of its mass very quickly at 300—400 °C (3 min and 36
sec). The thermal stability of VER+DE@DMMP is intermediate.

At 100 and 200 degrees, pure VER and VER with diatomaceous earth degrade over
years, whereas VER+DE/DMMP and VER + DE@DMMP degrade over days and
hours. However, at high temperatures, the difference in degradation time disappears
(minutes and hours).

The degradation rate depends on temperature; the higher the temperature, the faster
the rate. Effect of additives:
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VER+DE/DMMP and VER + DE@DMMP samples show a higher decomposition rate
in the initial stages, while at high temperatures, mass loss slows down (6—7 min to 80%).

Samples with DMMP/diatomite (3 and 5) show a faster initial rate of degradation but
sometimes slow down mass loss at high temperatures.

Pure VER degrades slowly at low temperatures but rapidly at 300400 °C. For
example, at 400 °C, 50% of the mass of the pure sample is lost in 2 minutes, while
for the sample with a physical mixture of diatomaceous earth and DMMP it takes 6.8
minutes, and for the sample with immobilized diatomaceous earth it takes 5.7 minutes.

The next step in predicting the kinetic characteristics was to estimate the temperature-
time degradation profile of the samples under dynamic conditions. While we obtained
the TGA results in the laboratory at a heating rate of 10°C/min, the software allows
users to select any heating rate.

The simulation in the software using the dynamic mode was done, setting the heating
rate to 120 K/min, which simulates the material’s behavior under fire conditions (Lyon
et al., 2000) (Fig. 5).

Dynamic Prediction Curves (8 = 120 K/min)

100 m— Pure VER

—— VER +DE

—— VER + DE/DMMP
= VER + DEQDMMP

80

Mass / %

40

20

1 1 1 1 1 1 1
0 250 500 750 1000 1250 1500 1750
Temperature / °C

Figure 5. Dynamic prediction curves at a heating rate of 120 K/min.

The dynamic mode allows us to determine the time and temperature at which various
degrees of material decomposition occur.

The graphs show that pure VER begins to decompose at 346 degrees, with diatomite
at 370 degrees, and the sample with physically mixed DE and DMMP at a temperature
slightly below 271 degrees. The immobilized sample showed the highest decomposition
onset temperature—454 degrees.

At the same time, for all samples except the pure one, the decomposition is non-
uniform; in the sample with diatomite, decomposition occurs very rapidly in the 400—
500°C range and slows down significantly above 500°C. In the physically mixed sample,
decomposition also proceeds in two stages at different rates, though the difference is
not as significant. In the immobilized sample, the difference is almost negligible—
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decomposition proceeds faster in the 200—400°C range and slightly slower from 400°C
onward. It is likely that the interaction of DMMP with the diatomite surface provides
partial stabilization of the system and slows down decomposition processes at elevated
temperatures.

The half-decomposition temperatures for the samples are as follows: Pure VER—
472 degrees, VER+DE—S801, VER+DE/DMMP—600 degrees, VER+DE@DMMP—
572 degrees. Here, the sample with diatomite showed the highest temperature. In the
immobilized sample, however, the 50% decomposition temperature is still higher
compared to the pure resin.

The temperatures at which the samples completely decompose are 560, 1500, 678,
and 852 °C, respectively. Here, too, the sample containing diatomite exhibited the
highest temperature, followed by the immobilized sample.

Time-dependent modeling showed that VER+ DE@DMMP begins to decompose
after just 1.2 minutes, while the pure sample remains stable for a long time (2.5 min).
The other two samples showed decomposition times intermediate between these
two. Half of the mass remains in the pure sample after 3.8 minutes, in the diatomite
sample after 6.2 minutes, in the physically mixed sample after 4.9 minutes, and in the
immobilized sample after 4.6 minutes. Complete decomposition is significantly slower
in the diatomite sample, taking 20 minutes, while the pure sample degrades completely
in 4 minutes, VER+DE/DMMP in 5 minutes, and VER+DE@DMMP in 7.6 minutes.

If we analyze the comparative degradation temperatures of the samples under actual
TGA experimental conditions at a rate of 10°C/min and according to the simulation
at a rate of 120°C/min in the NETZSCH KINETIC NEO software, it can be observed
that at 10°C/min, the temperature range from the onset of degradation to its slowdown
varies from 300°C to 400°C, with times ranging from 29 min to 45 min. Complete
degradation occurs approximately 70 minutes after the start of heating. Meanwhile,
under conditions of 120°C/min, according to the simulation, the times of degradation
onset vary significantly among samples in the range from 271°C to 454°C, and the
slowing down occurs from 470°C to 720°C, which is significantly higher than at 10°C/
min. The onset times of degradation at high heating rates range from 1 to 3 min, and
complete degradation occurs within a wide range from 1 min to 20 min.

Conclusion. This article presents a simulation of the kinetic parameters of four VER-
based composites with added diatomite and DMMP, based on TGA results: Pure VER,
VER + DE — a VER sample with a 25% diatomite concentration, VER+DE/DMMP
— VER with physically mixed DMMP and diatomite at concentrations of 12.5% and
12.5%, respectively, VER + DE@DMMP — a sample with DMMP immobilized in the
pores of diatomite (25%).

To determine the kinetic parameters of the samples, the TGA results were exported
to the NETZSCH Kinetics-Neo software, and models were constructed based on which
predictions were made in isothermal and dynamic modes. The selected reactions are
as follows: pure VER — a simple first-order Fn reaction; VER with diatomite — two
independent reactions (Fn and D3); VER+DE/DMMP and VER+DE@DMMP — A2,
A3, D3.
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A prediction was made of the degradation time of the composites in isothermal mode
at temperatures ranging from 100 to 400 degrees.

According to the program data, the maximum mass loss for pure VER is 82%, for the
VER+DE sample—68%, for VER+DE/DMMP—79%, and for VER+DE@DMMP—
84%.

The rate of mass loss depends heavily on temperature: as temperature increases, the
decomposition rate rises sharply.

The times required for 10%, 50%, and 80% mass loss of the samples were predicted.
The analysis results showed that pure VER decomposes very slowly at low temperatures
but relatively quickly at high temperatures compared to the other samples. The
VER+DE/DMMP and VER+DE@DMMP samples exhibit a higher decomposition rate
in the initial stages, whereas at high temperatures, mass loss slows down (6—7 minutes
to 80%).

In the dynamic mode, the time and temperature at which various degrees of material
decomposition are reached were predicted at a heating rate of 120 K/min, which
corresponds to a simulated fire scenario.

The immobilized sample exhibited the highest decomposition onset temperature,
while the sample with physically mixed diatomite and DMMP exhibited the lowest. For
all samples except the pure one, the decomposition rate is non-uniform; for VER+DE@
DMMP, the rate slows down as the temperature increases. The interaction of DMMP
with diatomite leads to partial stabilization of the system and a slowing of decomposition
as the temperature rises.

The VER+DE sample (801°C) decomposes the slowest, while half of the pure vinyl
ester resin sample (472°C) degrades very quickly.

Complete decomposition of the diatomaceous earth sample occurs at a very high
temperature.

Time-dependent modeling showed that decomposition occurs rapidly in the pure
sample, most slowly in the diatomaceous earth sample, and slightly faster in the
immobilized sample than in the diatomaceous earth sample. A dynamic comparison
revealed an increase in the degradation temperature and a significant reduction in the
degradation time at a rate of 120°C/min compared to the actual conditions of the TGA
experiment.

Predictions of kinetic characteristics can be applied to the development of new
polymer composites with functional properties that maintain stability under the
influence of various factors, as well as fire-resistant structures that exhibit an extremely
low degradation rate under fire conditions.
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