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ÐÅÇÞÌÅ

Ââåäåíèå. Öåëüþ èññëåäîâàíèÿ áûëî èçó÷åíèå âëèÿíèÿ óãëåðîäíûõ íàíîñòðóêòóð (ÓÍÑ) — àñòðàëåíîâ íà ýêñ-

ïëóàòàöèîííûå õàðàêòåðèñòèêè îãíåçàùèòíûõ âñïó÷èâàþùèõñÿ êîìïîçèöèé (ÎÂÊ), à òàêæå óñòàíîâëåíèå çà-

âèñèìîñòè îãíåçàùèòíîé ýôôåêòèâíîñòè ìîäèôèöèðîâàííûõ âñïó÷èâàþùèõñÿ ïîêðûòèé îò èõ òåðìè÷åñêîé

ñòàáèëüíîñòè, àäãåçèîííîé ïðî÷íîñòè è ýëåêòðîôèçè÷åñêèõ ñâîéñòâ.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèé. Â êà÷åñòâå îáúåêòà èññëåäîâàíèÿ èñïîëüçîâàëñÿ îãíåçàùèòíûé âñïó÷è-

âàþùèéñÿ ñîñòàâ “Òåðìîáàðüåð” 2 íà îñíîâå ýïîêñèäíûõ ñìîë ñ àñòðàëåíàìè â óñëîâèÿõ ýëåêòðîôèçè÷å-

ñêîé ìîäèôèêàöèè. Ýêñïåðèìåíòàëüíàÿ ÷àñòü âêëþ÷àëà èññëåäîâàíèå ìåòîäîì ñèíõðîííîãî òåðìè÷åñêîãî

àíàëèçà, èçìåðåíèå äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè, îïðåäåëåíèå àäãåçèè ìåòîäîì îòðûâà, óñòàíîâëåíèå

âçàèìîñâÿçè ñâîéñòâ ÎÂÊ ñ óñëîâèÿìè ìîäèôèêàöèè ìåòîäîì íåéðîñåòåâîãî ìîäåëèðîâàíèÿ, îïðåäåëåíèå

îãíåçàùèòíîé ýôôåêòèâíîñòè ïîêðûòèé â óñëîâèÿõ ôàêåëüíîãî ãîðåíèÿ óãëåâîäîðîäîâ.

Ðåçóëüòàòû èññëåäîâàíèÿ. ÎÂÊ, ìîäèôèöèðîâàííûå àñòðàëåíàìè â êîíöåíòðàöèè 0,1 % îá. è ïîäâåðãøèåñÿ

âîçäåéñòâèþ ïåðåìåííîãî ïîëÿ íèçêîé ÷àñòîòû, îáëàäàþò óëó÷øåííûìè ýêñïëóàòàöèîííûìè õàðàêòåðèñòè-

êàìè: âðåìÿ íàñòóïëåíèÿ ïðåäåëüíîé òåìïåðàòóðû çàùèùàåìîé ïîâåðõíîñòè âûðîñëî ñ 65 äî 96 ìèí, àäãå-

çèîííàÿ ïðî÷íîñòü — íà 38 %, êèñëîðîäíûé èíäåêñ — íà 11 % â ñðàâíåíèè ñ áàçîâûì ñîñòàâîì. Ïðè ýòîì

ýêçîòåðìè÷åñêèå ïèêè íà òåìïåðàòóðíîì ó÷àñòêå 550–700 °Ñ ñìåùàþòñÿ íà 85 °Ñ â îáëàñòü áóëüøèõ çíà-

÷åíèé îòíîñèòåëüíî áàçîâîãî ñîñòàâà. Ïðè ýëåêòðîôèçè÷åñêîì âîçäåéñòâèè ïðîèñõîäèò óïîðÿäî÷èâàíèå

àñòðàëåíîâ â ìàòåðèàëå, î ÷åì ñâèäåòåëüñòâóåò ñíèæåíèå äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè ïîêðûòèÿ íà

45 % â ñðàâíåíèè ñ íåìîäèôèöèðîâàííûì ñîñòàâîì.

Âûâîäû. Ìîäèôèêàöèÿ îãíåçàùèòíîãî ñîñòàâà àñòðàëåíàìè âåäåò ê ïîâûøåíèþ îãíåçàùèòíîé ýôôåêòèâíî-

ñòè, àäãåçèîííîé ïðî÷íîñòè, òåðìè÷åñêîé ñòàáèëüíîñòè, ñíèæåíèþ ãîðþ÷åñòè è äèýëåêòðè÷åñêîé ïðîíèöà-

åìîñòè ÎÂÊ ïðè óñëîâèè ðàâíîìåðíîãî ðàñïðåäåëåíèÿ àñòðàëåíîâ â ïîêðûòèè â êîíöåíòðàöèè 0,1 % îá. Ðå-

çóëüòàòû íåéðîñåòåâîãî ìîäåëèðîâàíèÿ ïîçâîëèëè ñäåëàòü âûâîäû, ÷òî ôèçèêî-õèìè÷åñêèé ìåõàíèçì

ïîâûøåíèÿ ýêñïëóàòàöèîííûõ õàðàêòåðèñòèê ÎÂÊ ïðè ââåäåíèè â ñîñòàâ àñòðàëåíîâ è ýëåêòðîôèçè÷åñêîì

âîçäåéñòâèè ñâÿçàí ñ óïîðÿäî÷èâàíèåì ÓÍÑ â ìàòðèöå ïîëèìåðà, ñî ñíèæåíèåì ãîðþ÷åñòè ïðè óâåëè÷åíèè

àäãåçèîííîé ïðî÷íîñòè ïîêðûòèÿ. Äàííûå ðåçóëüòàòîâ èññëåäîâàíèé îòðàæàþò âîçìîæíîñòü ïðèìåíåíèÿ

àñòðàëåíîâ â êà÷åñòâå êîìïîíåíòà ðåöåïòóð äëÿ óëó÷øåíèÿ ýêñïëóàòàöèîííûõ õàðàêòåðèñòèê ÎÂÊ íà îñíîâå

ýïîêñèäíûõ ñìîë â óñëîâèÿõ ôàêåëüíîãî ãîðåíèÿ óãëåâîäîðîäîâ.
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SAFETY OF SUBSTANCES AND MATERIALS

ABSTRACT

Introduction. The aim of the research was to study the effect of carbon nanostructures – astralenes on the opera-

tional characteristics of flame retardant intumescent compositions (FRIC), as well as to establish the relationship

between the flame retardant efficacy of modified intumescent coatings on their thermal stability, adhesive

strength and electrophysical properties.

Materials and research methods. The flame retardant intumescent composition “Thermobarrier” 2 based on

epoxy resins with astralenes under conditions of electrophysical modification was used as an object of study.

The experimental part includes the study by the method of synchronous thermal analysis, the measurement of

dielectric permittivity, the determination of adhesion by the separation method, the interconnection of the pro-

perties of FRIC from the modification conditions by the method of neural network modeling, the determination of

the fire retardant efficiency of coatings in the conditions of hydrocarbon flaring.

Research results. FRIC with astralenes at a concentration of 0.1 % by vol. modified under the influence of an alter-

nating low-frequency field has improved operational characteristics: the time when the limit temperature of

the surface to be protected increased from 65 to 96 minutes, the adhesive strength increased by 38 %, the oxygen

index increased by 11 % compared to the base composition. At the same time, exothermic peaks in the tempera-

ture range of 550–700 °C shifted to the domain of larger values by 85 °C, in comparison to the basic composi-

tion. Under electrophysical exposure, a regular arrangement of astralenes in the material occurs, as evidenced by

a decrease in the dielectric constant of the coating by 45 %, in comparison to an unmodified composition.

Conclusions. Modification of the flame retardant with astralenes leads to an increase in fire retardant efficiency,

adhesive strength, thermal stability, a decrease in the flammability and permittivity of the FRIC, provided that

the astralenes are uniformly distributed in the coating at a concentration of 0.1 % by vol. The results of neural net-

work modeling permit to make a conclusion that the physicochemical mechanism of increasing the operational

characteristics of FRIC with astralenes introduction and electrophysical effects is associated with the uniform

distribution of carbon nanostructures in the polymer matrix, a decrease in combustibility with an increase in

the adhesive strength of the coating. The data of the research results reflect the possibility of using astralenes as

a component of the formulations to increase the operational characteristics of FRIC based on epoxy resins under

the conditions of flaring hydrocarbons combustion.

Keywords: modification; fire retardant efficiency; carbon nanostructures; adhesion; thermal stability; combustibi-

lity; electrophysical effects; neural network modeling.
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Ââåäåíèå

Îäíèì èç ñïîñîáîâ ïîâûøåíèÿ îãíåñòîéêîñòè ìå-

òàëëè÷åñêèõ êîíñòðóêöèé ÿâëÿåòñÿ ïðèìåíåíèå ñïå-

öèàëüíûõ îãíåçàùèòíûõ âñïó÷èâàþùèõñÿ êîìïî-

çèöèé (ÎÂÊ). Ïðîáëåìà ïðèìåíåíèÿ ÎÂÊ âî ìíîãîì

ñâÿçàíà ñ èõ íåäîñòàòî÷íîé àäãåçèîííîé ïðî÷íî-

ñòüþ è òåðìè÷åñêîé ñòàáèëüíîñòüþ â óñëîâèÿõ ôà-

êåëüíîãî ãîðåíèÿ óãëåâîäîðîäîâ [1].

Íà ðûíêå îãíåçàùèòû áîëüøåå ðàñïðîñòðàíå-

íèå ïîëó÷èëè âñïó÷èâàþùèåñÿ ïîêðûòèÿ íà îñíî-

âå ýïîêñèäíûõ ñìîë. Â ñðàâíåíèè ñ äðóãèìè ïëåíêî-

îáðàçîâàòåëÿìè îíè îáëàäàþò íèçêîé âÿçêîñòüþ,

ñïîñîáíîñòüþ ê îòâåðæäåíèþ ïðè êîìíàòíîé òåìïå-

ðàòóðå, ìèíèìàëüíîé óñàäêîé â ïðîöåññå îòâåðæäå-

íèÿ, ÷òî îáåñïå÷èâàåò íèçêèé óðîâåíü âíóòðåííèõ íà-

ïðÿæåíèé, âûñîêîé àäãåçèåé ê ìåòàëëó, à òàêæå õî-

ðîøèìè àíòèêîððîçèîííûìè ñâîéñòâàìè [1]. Â òî æå

âðåìÿ ýïîêñèäíûå ïîêðûòèÿ èìåþò ðÿä ñóùåñòâåí-

íûõ íåäîñòàòêîâ, òàêèå êàê ãîðþ÷åñòü, õðóïêîñòü,

íèçêèå ïðî÷íîñòíûå õàðàêòåðèñòèêè.

Ðåøåíèå ïðîáëåìû ïîâûøåíèÿ ýêñïëóàòàöèîí-

íûõ õàðàêòåðèñòèê ÎÂÊ ïðåäñòàâëÿåòñÿ âîçìîæíûì

çà ñ÷åò äåïîíèðîâàíèÿ â íèõ êîìïîíåíòîâ, èìå-

þùèõ â ñâîåì ñîñòàâå óãëåðîäíûå íàíîñòðóêòóðû

(ÓÍÑ), êîòîðûå ïðè îòíîñèòåëüíî ìàëîé êîíöåíò-

ðàöèè ñïîñîáíû îáåñïå÷èòü òåðìè÷åñêóþ ñòàáèëü-

íîñòü òåïëîèçîëèðóþùåãî çàùèòíîãî ñëîÿ è àäãå-

çèîííóþ ïðî÷íîñòü â óñëîâèÿõ áûñòðîãî íàðàñòà-

íèÿ òåìïåðàòóðû è óäàðà ñòðóè ïëàìåíè [2].

Àíàëèç ñïîñîáîâ ìîäèôèêàöèè ÎÂÊ â öåëÿõ ïî-

âûøåíèÿ èõ ýêñïëóàòàöèîííûõ õàðàêòåðèñòèê ïî-

çâîëèë âûäåëèòü íàèáîëåå ýôôåêòèâíûå ìîäèôè-

öèðóþùèå äîáàâêè ñ ÓÍÑ, òàêèå êàê äâóõñòåííûå

(DWCNT), ìíîãîñòåííûå (MWCNT) óãëåðîäíûå

íàíîòðóáêè è àñòðàëåíû (Astr) (òàáë. 1).

Ïðèìåíåíèå ÓÍC ñ ðàçíûìè íîìåíêëàòóðíûìè

ïîêàçàòåëÿìè è ôèçèêî-ìåõàíè÷åñêèìè õàðàêòåðèñ-

òèêàìè â êà÷åñòâå ôóíêöèîíàëüíîãî êîìïîíåíòà ðå-

öåïòóð ÎÂÊ ïðèâîäèò ê ñóùåñòâåííîìó ïîâûøåíèþ

îãíåçàùèòíîé ýôôåêòèâíîñòè, óâåëè÷åíèþ êîêñî-

âîãî îñòàòêà è àäãåçèîííîé ïðî÷íîñòè. Îäíàêî ïðè-

ìåíåíèå â êà÷åñòâå ìîäèôèêàòîðà òàêîãî âèäà ÓÍÑ,

êàê óãëåðîäíûå íàíîòðóáêè, äëÿ óêàçàííûõ âûøå

âåùåñòâ â íàñòîÿùåå âðåìÿ îãðàíè÷åíî â ñâÿçè ñî

ñëîæíîñòüþ ñèíòåçà íàíîñòðóêòóð ñ ÷åòêî çàäàííû-

ìè íîìåíêëàòóðíûìè õàðàêòåðèñòèêàìè [10]. Àñòðà-

ëåíû â îòëè÷èå îò ÓÍÒ îáëàäàþò çíà÷èòåëüíî ìåíü-

øèì ðàçáðîñîì êà÷åñòâåííûõ õàðàêòåðèñòèê (òàáë. 2),

÷òî äåëàåò èõ ïåðñïåêòèâíûìè äëÿ èñïîëüçîâàíèÿ

â êà÷åñòâå íàíîìîäèôèêàòîðîâ äëÿ îãíåçàùèòíûõ

ñîñòàâîâ.



Äî íàñòîÿùåãî âðåìåíè îòñóòñòâóþò ñâåäåíèÿ îá

ýêñïëóàòàöèîííûõ õàðàêòåðèñòèêàõ ÎÂÊ, ìîäèôè-

öèðîâàííûõ àñòðàëåíàìè, â óñëîâèÿõ ôàêåëüíîãî

ãîðåíèÿ óãëåâîäîðîäîâ. Ýòî îïðåäåëèëî öåëü íà-

ñòîÿùåãî èññëåäîâàíèÿ — èçó÷åíèå âëèÿíèÿ àñòðà-

ëåíîâ íà ýêñïëóàòàöèîííûå õàðàêòåðèñòèêè ÎÂÊ,

à òàêæå óñòàíîâëåíèå çàâèñèìîñòè îãíåçàùèòíîé

ýôôåêòèâíîñòè ìîäèôèöèðîâàííûõ âñïó÷èâàþùèõ-

ñÿ ïîêðûòèé îò èõ òåðìè÷åñêîé ñòàáèëüíîñòè, àäãå-

çèîííîé ïðî÷íîñòè è ýëåêòðîôèçè÷åñêèõ ñâîéñòâ.
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ÁÅÇÎÏÀÑÍÎÑÒÜ ÂÅÙÅÑÒÂ È ÌÀÒÅÐÈÀËÎÂ

Õàðàêòåðèñòèêà ÓÍÑ

Characteristics of carbon nanostructures
MWCNT Astr

Ðàçìåð, íì � The size, nm 200–3000 80–150

Óäåëüíàÿ ïëîùàäü ïîâåðõíîñòè,

ì2�ã � Specific surface area, m2�g
180–1000 2500

Äèàìåòð, íì � Diameter, nm 2–50 10–30

Òàáëèöà 2. Íîìåíêëàòóðíûå õàðàêòåðèñòèêè óãëåðîäíûõ

íàíîñòðóêòóð

Table 2. The list of samples involved in the study

Êîìïîíåíò ÎÂÊ,
ôóíêöèîíàëüíîå

íàçíà÷åíèå

Fireproof coating
component, functional

application

Âèä íàíîêîìïî-
íåíòà, åãî êîíöåíò-

ðàöèÿ, % ìàññ.

Type of nanocompo-
nent, its concentra-

tion,% mass

Ýôôåêò îò ìîäèôèêàöèè

Modification effect

Èñòî÷-
íèê

Source

Ýïîêñèäíàÿ ñìîëà
SC-15, îòâåðäèòåëü

Epoxy resin SC-15,
hardener

DWCNT,
0,05–1,0

Óìåíüøåíèå êîýôôèöèåíòà òåïëîâîãî ðàñøèðåíèÿ íà 40…70 %;
ïîâûøåíèå òåìïåðàòóðû ñòåêëîâàíèÿ ñ 85 äî 105 °Ñ

Reduction of thermal expansion coefficient by 40…70 %;
glass transition temperature increase from 85 to 105 °C

[3]

Ýïîêñèäíàÿ êîìïîçè-
öèÿ, îòâåðäèòåëü

Epoxy composition,
hardener

MWCNT,
1,0

Ñíèæåíèå òåìïåðàòóðû ñòåêëîâàíèÿ ñî 170 äî 159 °Ñ

Glass transition temperature decrease from 170 to 159 °C

[4]

Ãðóíò ÃÔ-021, ðàñòâî-
ðèòåëü îãíåçàùèòíîãî
ïîêðûòèÿ íà îñíîâå
àëêèäíîãî ñâÿçóþùåãî
“Òåðìîáàðüåð”

Priming GF-021, solvent
fireproof coating based
on alkyd binder
“Thermobarrier”

MWCNT,
0,10–1,25

1,0

Óâåëè÷åíèå àäãåçèè äî 40 %; óìåíüøåíèå êîýôôèöèåíòà âñïó-
÷èâàíèÿ ñ 27 äî 17 %; ïîâûøåíèå îãíåçàùèòíîé ýôôåêòèâíî-
ñòè â 3 ðàçà; óâåëè÷åíèå êîêñîâîãî îñòàòêà íà 15,7 %; óìåíü-
øåíèå êèñëîðîäíîãî èíäåêñà (ÊÈ) íà 11,9 %

Adhesion increase up to 40 %; a decrease in the coefficient of ex-
pansion from 27 to 17 %, an increase in fire retardant efficiency
by 3 times; an increase in coke residue by 15.7 %, a decrease in
the oxygen index by 11.9 %

[5]

Ìåëàìèíîàëêèäíûå
ñìîëû, ðàñòâîðèòåëü,
ïîâåðõíîñòíî-àêòèâ-
íûå âåùåñòâà

Melaminoalkide resins
solvent, surfactants

Óãëåðîäíûå íàíî-
òðóáêè (ÓÍÒ),

0,05

Carbon Nanotubes
(CNT),
0.05

Óìåíüøåíèå ÿðêîñòè ëàêîêðàñî÷íîãî ïîêðûòèÿ è óâåëè÷åíèå
åãî àäãåçèè ê çàùèùàåìîìó ñóáñòðàòó

Reducing the brightness of the paint coating and increasing the adhe-
sion of the coating to the protected substrate

[6]

Ôåíèëîí Ñ2, ôåððî-
ìàãíèòíûå ÷àñòèöû

Phenylone C2, ferro-
magnetic particles

MWCNT,
0,03; 0,05; 0,1

Óâåëè÷åíèå êîýôôèöèåíòà òåïëîâîãî ðàñøèðåíèÿ íà
0,25·10–5 Ê–1

Thermal expansion coefficient increase by 0.25·10–5 K–1

[7]

ÎÂÊ íà îñíîâå àëêèä-
íûõ ñìîë, ðàñòâîðèòåëü

Fireproof coating based
on alkyd resins, solvent

MWCNT,
0,7–0,9

Óâåëè÷åíèå îãíåçàùèòíîé ýôôåêòèâíîñòè â 2 ðàçà ïðè ñîäåð-
æàíèè MWCNT 0,9 %, àäãåçèè ïîêðûòèÿ — ñ 1,5 äî 3 ÌÏà,
êîêñîâîãî îñòàòêà — ñ 45 äî 93 %

A 2-fold increase in fire retardant efficiency with a content of 0.9 %,
in coating adhesion from 1.5 to 3 MPà, in coke residue from 45 to 93 %

[8]

Ýïîêñèäíûé êëåé,
àöåòîí, ñïèðò

Epoxy adhesive,
acetone, alcohol

Àñòðàëåíû,
0,25–1,0

Astralene,
0.25–1.0

Óâåëè÷åíèå òåìïåðàòóðû íà÷àëà òåðìè÷åñêîé äåñòðóêöèè íà
32 °Ñ, òåìïåðàòóðû âîñïëàìåíåíèÿ âåùåñòâà íà 67 °Ñ, ïîâû-
øåíèå òåìïåðàòóðû îêîí÷àíèÿ ýêçîòåðìè÷åñêèõ ïðîöåññîâ

An increase in the temperature of the onset of thermal destruction
by 32 °C, in the ignition temperature of the substance by 67 °C,
in the temperature of the end of exothermic processes

[9]

Òàáëèöà 1. Ñâåäåíèÿ î ñïîñîáàõ ìîäèôèêàöèè îãíåçàùèòíûõ ïîêðûòèé óãëåðîäíûìè íàíîêîìïîíåíòàìè

Table 1. Information on how to modify fireproof coatings by nanocomponents
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Ìàòåðèàëû è ìåòîäû èññëåäîâàíèé

Â êà÷åñòâå îáúåêòà èññëåäîâàíèÿ âûáðàí îãíåçà-

ùèòíûé ñîñòàâ “Òåðìîáàðüåð” 2 (ÎÎÎ ÍÏÊ “Îãíå-

ÕèìÇàùèòà”) íà îñíîâå äèàíîâûõ ýïîêñèäíûõ ñìîë

è îòâåðäèòåëÿ õîëîäíîãî îòâåðæäåíèÿ. Â êà÷åñòâå

ìîäèôèêàòîðà èñïîëüçîâàëèñü óãëåðîäíûå íàíî-

ñòðóêòóðû — àñòðàëåíû [11].

Èññëåäóåìûå ñîñòàâû áûëè ïîëó÷åíû ïóòåì ñìå-

øèâàíèÿ íàíîìîäèôèöèðîâàííîãî îòâåðäèòåëÿ (êîì-

ïîíåíò B) è ïîëèìåðíîãî ñâÿçóþùåãî íà îñíîâå

ýïîêñèäíûõ ñìîë (êîìïîíåíò À). Ïåðåä ñìåøèâà-

íèåì êîìïîíåíòîâ â îòâåðäèòåëü ââîäèëèñü àñòðà-

ëåíû â êîíöåíòðàöèè 0,025–0,1 % îá. ÓÍÑ äèñïåð-

ãèðîâàëèñü ïðè âîçäåéñòâèè èñòî÷íèêà óëüòðàçâóêà

ñ ÷àñòîòîé 100 êÃö â òå÷åíèå 15 ìèí ïðè òåìïåðàòó-

ðå 40 °Ñ. Â õîäå ýêñïåðèìåíòîâ îòäåëüíûå îáðàçöû

ïîäâåðãàëèñü ýëåêòðîôèçè÷åñêîìó âîçäåéñòâèþ [12]

â ìîìåíò äèñïåðãèðîâàíèÿ è ïîëèìåðèçàöèè íà

ïîäëîæêå ñ ïàðàìåòðàìè ïåðåìåííîãî ýëåêòðè÷å-

ñêîãî ïîëÿ Umax = 56 Â, f = 50 Ãö. Ïðè äèñïåðãèðî-

âàíèè íàíîìàòåðèàëîâ ýëåêòðè÷åñêîå ïîëå âîçäåé-

ñòâîâàëî íåïîñðåäñòâåííî íà ìîäèôèöèðóþùèé

îòâåðäèòåëü, à ïðè ïîëèìåðèçàöèè ïîäàâàëîñü íà

ìåòàëëè÷åñêóþ ïîäëîæêó â ìîìåíò íàíåñåíèÿ ïî-

êðûòèÿ è ïîñëåäóþùåãî îòâåðæäåíèÿ ìîäèôèöè-

ðóåìîãî ñîñòàâà â òå÷åíèå 240 ìèí. Èññëåäóåìûå

îáðàçöû, êîíöåíòðàöèè àñòðàëåíîâ è ñâåäåíèÿ î íà-

ëè÷èè èëè îòñóòñòâèè ýëåêòðîôèçè÷åñêîãî âîçäåé-

ñòâèÿ ïðåäñòàâëåíû â òàáë. 3.

Íàíåñåíèå îãíåçàùèòíîãî ïîêðûòèÿ îñóùåñòâ-

ëÿëîñü â ñîîòâåòñòâèè ñ òåõíîëîãè÷åñêèì ðåãëàìåí-

òîì ¹ 007 ÒÓ 20.30.22-007-30642285–2017. Â êà÷å-

ñòâå ïîäëîæêè èñïîëüçîâàëèñü ïëàñòèíû èç ñòàëè

ìàðêè Ñò3 ðàçìåðîì 100�50�6 ìì.

Òåðìè÷åñêàÿ ñòàáèëüíîñòü ÎÂÊ èññëåäîâàëàñü

ìåòîäîì ñèíõðîííîãî òåðìè÷åñêîãî àíàëèçà (ÑÒÀ) ïî

ÃÎÑÒ Ð 53293–2009 íà óñòàíîâêå STA449 F 3 Jupiter

(êîìïàíèè “Netzsch”, Ãåðìàíèÿ). Èññëåäîâàíèå òåð-

ìè÷åñêîé ñòàáèëüíîñòè îñóùåñòâëÿëîñü â ïëàòèíî-

âûõ òèãëÿõ (Pt�Rh), â ñðåäå âîçäóõà, ïðè ñêîðîñòè ïî-

äà÷è ãàçà 75 ìë�ìèí è ñêîðîñòè íàãðåâà 10 °Ñ �ìèí.

Ïðîâîäèëîñü íå ìåíåå ïÿòè ïàðàëëåëüíûõ èñïûòà-

íèé. ÄÑÊ-äåðæàòåëü îñíàùàëñÿ ñåíñîðîì òèïà S.

Äëÿ îáðàáîòêè ðåçóëüòàòîâ ÑÒÀ èñïîëüçîâàëîñü ïðî-

ãðàììíîå îáåñïå÷åíèå NETSCH Proteus Thermal

Analysis.

Èññëåäîâàíèå àäãåçèîííîé ïðî÷íîñòè ïðîâîäè-

ëîñü ìåòîäîì îòðûâà ïî ÃÎÑÒ 32299–2013 è ISO

4624.2002. Èçìåðåíèÿ âûïîëíÿëèñü äëÿ òðåõ îáðàç-

öîâ êàæäîé êîíöåíòðàöèè, ïîñëå ÷åãî âû÷èñëÿëîñü

ñðåäíåå çíà÷åíèå.

Òîëùèíà îãíåçàùèòíîãî ñëîÿ èçìåðÿëàñü ìàãíèò-

íûì òîëùèíîìåðîì ÌÒ-201-00 ïî ÃÎÑÒ Ð 51694 è

ÈÑÎ 2808.

Ïî ðåçóëüòàòàì èññëåäîâàíèÿ êîêñîâîãî îñòàòêà

(ÊÎ) â èíåðòíîé ñðåäå áûë ðàññ÷èòàí êèñëîðîäíûé

èíäåêñ (ÊÈ) ÎÂÊ ïî ôîðìóëå Âàí-Êðåâåëåíà:

ÊÈ = 17,5 + 0,4KO, (1)

ãäå ÊÎ — êîêñîâûé îñòàòîê, îïðåäåëåííûé ïðè òåì-

ïåðàòóðå 875 °Ñ.

Èññëåäîâàíèå îãíåçàùèòíîé ýôôåêòèâíîñòè îá-

ðàçöîâ ïðîâîäèëè íà ëàáîðàòîðíîé óñòàíîâêå, ìî-

äåëèðóþùåé óñëîâèÿ ôàêåëüíîãî óãëåâîäîðîäíîãî

ãîðåíèÿ [1]. Îáðàçöû ïîìåùàëè â èñïûòàòåëüíóþ

êàìåðó ñ ïðîïàí-áóòàíîâîé ãîðåëêîé ñ ìàññîâûì ðàñ-

õîäîì ãîðþ÷åãî ãàçà 50…60 ã�÷ è äàâëåíèåì 0,1 ÌÏà.

Òåìïåðàòóðó ãàçîâîãî ïîòîêà è ìåòàëëè÷åñêîé ïëàñ-

òèíû ñ òûëüíîé ñòîðîíû êîíòðîëèðîâàëè äâóìÿ òåð-

ìîïàðàìè. Çà ïðåäåëüíîå ñîñòîÿíèå ïðèíèìàëè äî-

ñòèæåíèå ìåòàëëè÷åñêîé ïëàñòèíîé òåìïåðàòóðû

500 °Ñ ïî ÃÎÑÒ Ð 53295–2009. Äëÿ êàæäîãî îáðàç-

öà ïðîâîäèëè íå ìåíåå òðåõ èñïûòàíèé.

Äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü � ìîäèôèöèðî-

âàííûõ îãíåçàùèòíûõ ïîêðûòèé îïðåäåëÿëàñü ðå-

çîíàíñíûì ìåòîäîì ñ ïîìîùüþ ìíîãîôóíêöèîíàëü-

íîãî èçìåðèòåëÿ ìàðêè XJW01 [13] è âû÷èñëÿëàñü

ïî ôîðìóëå

�
�

�
C d

A
x

0

, (2)

ãäå Cx — èçìåðåííàÿ ýëåêòðè÷åñêàÿ åìêîñòü, Ô;

d — ðàññòîÿíèå ìåæäó îáêëàäêàìè êîíäåíñà-

òîðà, ì;

À — ïëîùàäü îáêëàäîê, ì2;

�0 — äèýëåêòðè÷åñêàÿ ïîñòîÿííàÿ, Ô�ì;

�0 = 8,8518 ·10–12 Ô�ì.

Äëÿ îöåíêè âêëàäà ÓÍÑ â èçìåíåíèå ïîêàçàòå-

ëåé îãíåçàùèòíîé ýôôåêòèâíîñòè èññëåäóåìûõ ïî-

Èñïûòóåìûé îáðàçåö

Test sample

Êîíöåíòðàöèÿ Astr
â îòâåðäèòåëå, % îá.

The concentration
of Astr in hardener,

% by vol.

Ýëåêòðî-
ôèçè÷åñêîå
âîçäåéñòâèå

Electrophysical
effect

TB 2 0 –

TB 2 Ï* 0 +

TB 2 Astr 0,1 % 0,1 –

TB 2 Astr 0,05 % 0,05 –

TB 2 Astr 0,025 % 0,025 –

TB 2 Astr 0,1 % Ï 0,1 +

TB 2 Astr 0,05 % Ï 0,05 +

TB 2 Astr 0,025 % Ï 0,025 +

* Ï — ýëåêòðîôèçè÷åñêîå âîçäåéñòâèå � electrophysical

effect.

Òàáëèöà 3. Îáðàçöû ÎÂÊ íà îñíîâå ñîñòàâà “Òåðìîáàðüåð” 2

(ÒÂ 2), èñïîëüçóåìûå â èññëåäîâàíèè

Table 3. The list of FPIC samples based on Thermal barrier 2

(TB 2) used in the study
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êðûòèé ïðèìåíÿëñÿ ìåòîä íåéðîñåòåâîãî ìîäåëèðî-

âàíèÿ (ÍÑ) â ïðîãðàììå “Statistica Automated Neural

Network” [14].

Ðåçóëüòàòû èññëåäîâàíèÿ

Èññëåäîâàíèå àäãåçèîííîé ïðî÷íîñòè

Èññëåäîâàíèÿ ïîêàçàëè, ÷òî íàèáîëüøèìè çíà÷å-

íèÿìè àäãåçèîííîé ïðî÷íîñòè îáëàäàþò îãíåçàùèò-

íûå ïîêðûòèÿ ñ äîáàâëåíèåì àñòðàëåíîâ 0,025 % îá.

è ïðè ýëåêòðîôèçè÷åñêîì âîçäåéñòâèè. Ïðè äàëüíåé-

øåì óâåëè÷åíèè èõ êîíöåíòðàöèè ïðè ýëåêòðîôèçè-

÷åñêîì âîçäåéñòâèè àäãåçèîííàÿ ïðî÷íîñòü óìåíü-

øàåòñÿ. Â ñëó÷àå îòñóòñòâèÿ ýëåêòðîôèçè÷åñêîãî

âîçäåéñòâèÿ ñ óâåëè÷åíèåì êîíöåíòðàöèè àñòðàëå-

íîâ àäãåçèîííàÿ ïðî÷íîñòü ïîêðûòèÿ ïîâûøàåòñÿ,

íî â ìåíüøåé ñòåïåíè â ñðàâíåíèè ñ îáðàçöàìè,

ïîäâåðãøèìèñÿ ýëåêòðîôèçè÷åñêîìó âîçäåéñòâèþ

(ñì. òàáë. 3, ðèñ. 1).

Ðåçóëüòàòû ñèíõðîííîãî
òåðìè÷åñêîãî àíàëèçà

Òåðìîãðàììû ÒÃ- è ÄÒÃ-àíàëèçà èññëåäóåìûõ

ÎÂÊ ïðåäñòàâëåíû íà ðèñ. 2.

Àíàëèç ÒÃ-êðèâûõ èññëåäóåìûõ îáðàçöîâ óêà-

çûâàåò íà ïÿòü îñíîâíûõ ýòàïîâ ïîòåðè ìàññû �m

(% ìàññ.) îãíåçàùèòíîé êîìïîçèöèåé â èíòåðâàëàõ

òåìïåðàòóð 210–920 °Ñ. Ïîñëåäíèé ýòàï äîñòèãàåò

ñâîåãî ìàêñèìóìà ïðè òåìïåðàòóðå 881,9 °Ñ. Äî-

áàâëåíèå àñòðàëåíîâ â ÎÂÊ ñïîñîáñòâóåò ïîñòóïà-

òåëüíîìó óâåëè÷åíèþ çîëüíîãî îñòàòêà (ÇÎ).

Ñâîäíûå ðåçóëüòàòû ÒÃ-àíàëèçà èññëåäóåìûõ

îáðàçöîâ ïðèâåäåíû â òàáë. 4.

Òåðìîãðàììû ÄÑÊ èññëåäóåìûõ îáðàçöîâ ïðåä-

ñòàâëåíû íà ðèñ. 3.

Àíàëèç êðèâûõ ÄÑÊ ñâèäåòåëüñòâóåò î íàëè÷èè

÷åòûðåõ ýêçîòåðìè÷åñêèõ ïèêîâ ó íåìîäèôèöèðî-

âàííûõ îáðàçöîâ “Òåðìîáàðüåð” 2, à ó îáðàçöîâ

“Òåðìîáàðüåð” 2, ìîäèôèöèðîâàííûõ àñòðàëåíàìè

0,1 % îá., ïðè ýëåêòðîôèçè÷åñêîì âîçäåéñòâèè

ïîëÿ è áåç íåãî íàáëþäàåòñÿ ïÿòü ýêçîòåðìè÷åñêèõ

ïèêîâ (åñòü ïèê â èíòåðâàëå òåìïåðàòóð îò 560 äî

700 °Ñ).

Ñâîäíûå ðåçóëüòàòû ÄÑÊ-àíàëèçà èññëåäóåìûõ

îáðàçöîâ ïðåäñòàâëåíû â òàáë. 5.

Ïî ðåçóëüòàòàì èññëåäîâàíèÿ ãîðþ÷åñòè èññëå-

äóåìûõ îáðàçöîâ (òàáë. 6) áûëî âûÿâëåíî, ÷òî äî-

áàâëåíèå àñòðàëåíîâ ñïîñîáñòâóåò óâåëè÷åíèþ ÊÈ

íà 1–1,25 %.
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Ðèñ. 1. Àäãåçèîííàÿ ïðî÷íîñòü îãíåçàùèòíûõ ïîêðûòèé, ìî-

äèôèöèðîâàííûõ àñòðàëåíàìè, ïðè ýëåêòðîôèçè÷åñêîì âîç-

äåéñòâèè (�) è áåç íåãî (�)

Fig. 1. The adhesive strength of fireproof coatings modified with

astralenes with electrophysical exposure (�) and without it (�)

Ðèñ. 2. Òåðìîãðàììû ÒÃ- è ÄÒÃ-àíàëèçà îãíåçàùèòíîãî ïî-

êðûòèÿ TB 2 è TB 2 Astr 0,1 % îá.: 1–5 — ýòàïû

Fig. 2. Thermograms of TG and DTG analysis of fireproof coat-

ing TB 2 and TB 2 Astr 0.1 % by vol.: 1–5 — stages

Ðèñ. 3. Òåðìîãðàììû ÄÑÊ èññëåäóåìûõ îáðàçöîâ (ñðåäà èñïû-

òàíèÿ — âîçäóõ, ñêîðîñòü íàãðåâà 10 °Ñ�ìèí): 1–5 — ïèêè

Fig. 3. DSC thermograms of test samples (test medium — air,

heating rate 10 °Ñ�min): 1–5 — peaks
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Ñîñòàâ

Composition

�m, % ìàññ., ïðè òåìïåðàòóðå t, °C � �m, % mass, at temperature t, °C ÇÎ ïðè 1000 °Ñ, %

Ash residue
at 1000 °Ñ, %22–200 200–400 400–600 600–800 800–1000

TB2 5,02 32,12 21,27 10,95 8,68 21,96

TB2 Ï 5,36 31,22 22,35 11,11 8,49 21,47

TB2 Astr 0,1 % 4,99 28,87 17,79 14,89 9,30 24,16

TB2 Astr 0,1 % Ï 5,82 27,58 18,05 14,97 9,37 24,21

TB 2 Astr 0,025 % 5,74 27,14 18,05 15,29 9,42 24,36

TB 2 Astr 0,025 % Ï 6,74 26,03 18,58 15,35 9,47 24,41

Òàáëèöà 4. Ðåçóëüòàòû èññëåäîâàíèé òåðìè÷åñêîé ñòîéêîñòè íàíîìîäèôèöèðîâàííûõ îãíåçàùèòíûõ ïîêðûòèé ìåòîäîì ÒÃÀ

Table 4. The results of studies of thermal stability of nano-modified firåproof coatings by the TGA method

Ñîñòàâ

Composition

ÒÄÑÊ1, °Ñ

ÒDSC1, °Ñ

qäñê1, ìÂò�(ìã·ìèí)

qDSC1, mW�(mg·min)

ÒÄÑÊ2, °Ñ

ÒDSC2, °Ñ

qÄÑÊ2, ìÂò�(ìã·ìèí)

qDSC2, mW�(mg·min)

ÒÄÑÊ3,
îÑ

ÒDSC, °C

qÄÑÊ3, ìÂò�(ìã·ìèí)

qDSC1, mW�(mg·min)

TB 2 174,8 –0,283 430,0 0,077 778,0 0,039

191,1 0,100 465,7 –0,162 863,9 0,282

278,6 –0,728 597,6 0,175 916,9 623,0

308,9 0,045 636,9 0,059 927,0 0,591

400,0 0,043 673,0 0,076 991,6 0,207

TB 2 Ï 172,0 –0,238 465,5 0,165 700,0 0,021

177,6 0,180 599,9 0,148 858,0 0,314

275,0 0,816 637,8 0,023 916,5 0,649

305,1 0,076 676,0 0,061 925,0 0,547

397,0 0,050 698,0 0,021 995,1 0,133

TB 2 Astr 0,1 % îá. 174,4 0,240 469,0 0,093 785,0 –0,062

193,7 0,166 544,0 0,097 920,0 1,110

285,0 –1,050 584,0 0,236 927,8 0,245

322,0 0,027 674,3 0,251 920,1 1,110

393,0 0,049 697,0 0,131 928,0 0,359

TB 2 Astr 0,1 % îá. Ï 174,0 –0,296 478,0 0,082 776,0 –0,059

185,4 0,375 544,5 0,121 902,6 1,050

283,9 1,160 583,2 –0,287 911,1 0,059

316,0 0,032 667,7 0,301 959,8 0,541

367,0 0,104 698,0 0,081 988,0 0,288

TB 2 Astr 0,25 % îá. 173,7 –0,275 420,0 –3,958 717,0 –4,754

185,4 0,322 506,5 –4,705 778,0 –4,948

194,8 –0,242 558,9 –4,266 880,7 –6,817

228,1 0,009 644,4 –6,070 937,0 –5,086

282,6 –1,140 644,4 –6,070 986,0 –3,583

TB 2 Astr 0,25 % îá. Ï 173,0 0,240 420,0 0,093 717,0 –0,059

181,1 0,166 506,5 0,0974 778,0 1,050

193,8 –1,050 558,9 0,236 880,7 0,059

222,3 0,027 644,4 0,251 937,0 0,541

254,8 0,049 644,4 0,131 986,0 0,288

Ï ð è ì å ÷ à í è å . ÒÄÑÊ1, ÒÄÑÊ2, ÒÄÑÊ3 — òåìïåðàòóðû ïðîòåêàíèÿ òåðìîõèìè÷åñêîé ðåàêöèè äëÿ èíòåðâàëîâ ÄÑÊ-àíàëèçà

ñîîòâåòñòâåííî 25–400, 400–700 è 700–1000 °C; qÄÑÊ1, qÄÑÊ2, qÄÑÊ3 — ñêîðîñòè òåðìîõèìè÷åñêîé ðåàêöèè ñîîòâåòñòâåííî

ïðè 25–400, 400–700 è 700–1000 °C.

N o t e . TDSK1, TDSK2, TDSK3 are the thermochemical reaction temperature DSK test intervals 25–400, 400–700 and 700–1000 °C,

respectively; qDSK1, qDSK2, qDSK3 are the values of the thermochemical reaction rate for temperatures of 25–400, 400–700 and

700–1000 °C, respectively.

Òàáëèöà 5. Ðåçóëüòàòû èññëåäîâàíèé òåðìè÷åñêîé ñòàáèëüíîñòè íàíîìîäèôèöèðîâàííûõ îãíåçàùèòíûõ ïîêðûòèé ìåòîäîì ÄÑÊ

Table 5. The results of studies of thermal stability of nano-modified firåproof coatings by the DSK method
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Èññëåäîâàíèå îãíåçàùèòíîé
ýôôåêòèâíîñòè

Ïî ðåçóëüòàòàì èññëåäîâàíèÿ îãíåçàùèòíîé ýô-

ôåêòèâíîñòè èññëåäóåìûõ îáðàçöîâ ÎÂÊ áûëî âû-

ÿâëåíî, ÷òî äîáàâëåíèå àñòðàëåíîâ â ñèñòåìó ÎÂÊ

ñïîñîáñòâóåò óëó÷øåíèþ äàííîé õàðàêòåðèñòèêè

(ðèñ. 4). Ïðè âîçäåéñòâèè ôàêåëüíîãî ãîðåíèÿ óãëå-

âîäîðîäîâ êîíòðîëüíûé îáðàçåö äîñòèãàåò ïðå-

äåëüíîé òåìïåðàòóðû 500 °Ñ íà 65-é ìèíóòå, â òî

âðåìÿ êàê îáðàçöû, ìîäèôèöèðîâàííûå àñòðàëåíà-

ìè, ñïîñîáíû âûäåðæèâàòü äàííûé ðåæèì èñïû-

òàíèé â òå÷åíèå áîëåå äëèòåëüíîãî âðåìåíè è ýô-

ôåêòèâíåå â ñðåäíåì íà 45 % ïðè êîíöåíòðàöèè

àñòðàëåíîâ â îòâåðäèòåëå 0,1 % îá. è âîçäåéñòâèè

ïåðåìåííîãî ýëåêòðè÷åñêîãî ïîëÿ.

Èññëåäîâàíèå äèýëåêòðè÷åñêîé
ïðîíèöàåìîñòè

Ïî ðåçóëüòàòàì èññëåäîâàíèÿ äèýëåêòðè÷åñêîé

ïðîíèöàåìîñòè (ÄÏ) áûëî âûÿâëåíî, ÷òî äîáàâëåíèå

àñòðàëåíîâ â ñèñòåìó ÎÂÊ ñïîñîáñòâóåò óâåëè÷åíèþ

ÄÏ ïðè êîíöåíòðàöèÿõ 0,025–0,05 % îá. (ðèñ. 5).

Îäíàêî óâåëè÷åíèå êîíöåíòðàöèè äî 0,1 % îá.

ïðèâîäèò ê çíà÷èòåëüíîìó ñíèæåíèþ ïîêàçàòåëåé

èññëåäóåìûõ ñâîéñòâ íà 16 %. Ïîêàçàòåëè ÄÏ îá-

ðàçöîâ, êîòîðûå áûëè ïîäâåðãíóòû ýëåêòðîôèçè÷å-

ñêîìó âîçäåéñòâèþ, ïðè êîíöåíòðàöèÿõ àñòðàëåíîâ

0,025–0,5 % îá. ñíèæàþòñÿ, à ñ óâåëè÷åíèåì êîí-

öåíòðàöèè äî 0,1 % îá. — ïîâûøàþòñÿ.

Ïðîãíîçèðîâàíèå ýêñïëóàòàöèîííûõ ñâîéñòâ
îãíåçàùèòíûõ ïîêðûòèé, ìîäèôèöèðîâàííûõ
àñòðàëåíàìè, ñ ïîìîùüþ íåéðîííûõ ñåòåé

Äëÿ îöåíêè âêëàäà ôàêòîðîâ, âëèÿþùèõ íà ïà-

ðàìåòðû îãíåçàùèòíîé ýôôåêòèâíîñòè íà îñíîâå

èññëåäóåìûõ îáðàçöîâ, ïðèìåíÿëñÿ ìåòîä íåéðîñå-

òåâîãî ìîäåëèðîâàíèÿ (ÍÑ). Õàðàêòåðèñòèêè âõîä-

íûõ ïàðàìåòðîâ ïðåäñòàâëåíû â òàáë. 7.

Ðåãðåññèîííàÿ ìîäåëü ñîñòàâëåíà èç âîñüìè ïå-

ðåìåííûõ: ñåìè íåçàâèñèìûõ ïðåäèêòîðîâ (X2…X7)

è îäíîé öåëåâîé çàâèñèìîé ïåðåìåííîé (Y). Äëÿ ñî-

çäàíèÿ ìîäåëè ïðèìåíÿëàñü ñòðàòåãèÿ àâòîìàòèçè-

ðîâàííîé íåéðîííîé ñåòè ñ ðàçìåðîì îáó÷àþùåé,

òåñòîâîé è êîíòðîëüíîé ïîäâûáîðîê ñîîòâåòñòâåí-

íî 70, 20 è 10. Òèï ñåòè — ìíîãîñëîéíûé ïåðñåïòðîí;

ìèíèìàëüíîå è ìàêñèìàëüíîå êîëè÷åñòâî ñêðûòûõ

íåéðîíîâ — 4 è 20; êîëè÷åñòâî îáó÷àþùèõñÿ ñåòåé

— 200 òûñ.; êîëè÷åñòâî ñîõðàíåííûõ ñåòåé — 50.

Èññëåäóåìûé îáðàçåö

Test sample

ÊÎ, %

Coke
residue, %

ÊÈ, %

Oxygen
index, %

TB 2 26,71 28,18

TB 2 Ï 25,91 27,86

TB 2 Astr 0,1 % îá. 28,08 28,73

TB 2 Astr 0,1 % îá. Ï 28,72 29,00

TB 2 Astr 0,025 % îá. 29,07 29,13

TB 2 Astr 0,025 % îá. Ï 29,52 29,31

Òàáëèöà 6. Ðåçóëüòàòû èññëåäîâàíèé ãîðþ÷åñòè èññëåäó-

åìûõ îáðàçöîâ

Table 6. The results of studies of thermal resistance of the test

samples

Ðèñ. 4. Ãèñòîãðàììà îãíåçàùèòíîé ýôôåêòèâíîñòè èññëåäó-

åìûõ îáðàçöîâ â óñëîâèÿõ ôàêåëüíîãî ãîðåíèÿ óãëåâîäîðî-

äîâ: 1 — TB 2; 2 — TB 2 Astr 0,025 %; 3 — TB 2 Astr 0,05 %;

4 — TB 2 Astr 0,10 %; 5 — TB 2 Astr 0,025 % Ï; 6 — TB 2 Astr

0,05 % Ï; 7 — TB 2 Astr 0,10 % Ï

Fig. 4. A histogram of the indicators of fire retardant efficiency of

the test samples in the conditions of flaring of hydrocarbons: 1 —

TB 2; 2 — TB 2 Astr 0.025 %; 3 — TB 2 Astr 0.05 %; 4 — TB 2

Astr 0.10 %; 5 — TB 2 Astr 0.025 % Ï; 6 — TB 2 Astr 0.05 % Ï;

7 — TB 2 Astr 0.10 % Ï

Ðèñ. 5. Äèíàìèêà èçìåíåíèÿ äèýëåêòðè÷åñêîé ïðîíèöàåìî-

ñòè èññëåäóåìûõ îáðàçöîâ â çàâèñèìîñòè îò êîíöåíòðàöèè

àñòðàëåíîâ ïðè ýëåêòðîôèçè÷åñêîì âîçäåéñòâèè (�) è áåç

íåãî (�)

Fig. 5. The dynamics of changes in the dielectric constant of the

studied samples on the concentration of Astralenes with electro-

physical exposure (�) and without it (�)
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Èç 50 ñîõðàíåííûõ ñåòåé âûáðàíà îäíà ñ ìèíè-

ìàëüíîé îøèáêîé êîíòðîëüíîé âûáîðêè (òàáë. 8).

Äàííàÿ ìîäåëü ÿâëÿåòñÿ íàèáîëåå “àäåêâàòíîé”, ÷òî

îáóñëîâëåíî âûñîêîé îáó÷àþùåé ïðîèçâîäèòåëü-

íîñòüþ è ìèíèìàëüíîé êîíòðîëüíîé îøèáêîé. Ýòî

ïîäòâåðæäàåòñÿ äèàãðàììîé ðàññåÿíèÿ öåëåâûõ

çíà÷åíèé âûáðàííûõ ñåòåé (15.MLP 6-12-1) è âû-

õîäíîãî çíà÷åíèÿ Y (ðèñ. 6). Èç ðèñóíêà âèäíî, ÷òî

äèàãðàììà ðàññåÿíèÿ öåëåâûõ çíà÷åíèé îòðàæàåò

ñîâïàäåíèå âõîäíûõ äàííûõ è öåëåâîé ïåðåìåííîé.

Àíàëèç ÷óâñòâèòåëüíîñòè ïåðåìåííûõ ïîêàçû-

âàåò âàæíîñòü òàêèõ âõîäíûõ ïàðàìåòðîâ, êàê èçìå-

íåíèå äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè (X7), íà÷àëî

ýêçîòåðìè÷åñêîãî ïèêà 1 (X4), íà÷àëî ýêçîòåðìè÷å-

ñêîãî ïèêà 2 (X5), à òàêæå àäãåçèîííàÿ ïðî÷íîñòü

(X2) (òàáë. 9).

Íåéðîííàÿ ñåòü 15.MLP 7-12-1 îòðàæàåò äàííûå

ñ íàèìåíüøåé îøèáêîé è ïîçâîëÿåò ñïðîãíîçèðî-

âàòü âðåìÿ äîñòèæåíèÿ ïðåäåëüíîãî ñîñòîÿíèÿ ìå-

òàëëà, çàùèùàåìîãî ÎÂÊ, à òàêæå îòîáðàæàåò çàâè-

ñèìîñòü îãíåçàùèòíîé ýôôåêòèâíîñòè îãíåçàùèò-

íûõ ïîêðûòèé, ìîäèôèöèðîâàííûõ àñòðàëåíàìè,

îò àäãåçèîííîé ïðî÷íîñòè è êîýôôèöèåíòà âñïó÷è-

âàíèÿ (ðèñ. 7). Ñ óâåëè÷åíèåì êîýôôèöèåíòà âñïó-

Âõîäíûå è
âûõîäíîé
ïàðàìåòðû

Input and
output

parameters

Õàðàêòåðèñòèêà

Characteristic

Åä. èçì.

Units of
measure-

ment

X1 Êîíöåíòðàöèÿ Astr â îòâåðäèòåëå �
Astr concentration in hardener �

% îá.

% by vol.

X2 Àäãåçèîííàÿ ïðî÷íîñòü

Adhesive strength

êãñ�ñì2

kgf�cm2

X3 Êîýôôèöèåíò âñïó÷èâàíèÿ* Kâñï

Expansion coefficient* Kexp
–

X4 Íà÷àëî ýêçîòåðìè÷åñêîãî ïèêà 1 Ò1

The beginning of the exothermic
peak 1 Ò1

°Ñ

X5 Íà÷àëî ýêçîòåðìè÷åñêîãî ïèêà 2 Ò2

The beginning of the exothermic
peak 2 Ò2

°Ñ

X6 Íà÷àëî ýêçîòåðìè÷åñêîãî ïèêà 3 Ò3

The beginning of the exothermic
peak 3 Ò3

°Ñ

X7 Èçìåíåíèå äèýëåêòðè÷åñêîé ïðî-
íèöàåìîñòè

Change in dielectric permeability
–

Y Âðåìÿ äîñòèæåíèÿ ïðåäåëüíîãî
ñîñòîÿíèÿ ìåòàëëà

The time to reach the limit state of
metal

ìèí

min

* Kâñï = hâñï�h0, ãäå hâñï — âûñîòà âñïó÷èâàþùåãîñÿ ñëîÿ,

ìì; h0 — èñõîäíàÿ òîëùèíà ïîêðûòèÿ, ìì.

Kint = hint�h0, when hint — the height of the intumescent

layer, mm; h0 — initial coating thickness, mm.

Òàáëèöà 7. Õàðàêòåðèñòèêà âõîäíûõ (âîçäåéñòâóþùèõ) ïà-

ðàìåòðîâ è âûõîäíîãî ïàðàìåòðà

Table 7. Characterization of input (acting) parameters and output

parameter

Èíäåêñ

Index

Èìÿ ñåòè

Network Name

Ïðîèçâîäèòåëüíîñòü
îáó÷åíèÿ

Training performance

Ïðîâåðêà òåñòà

Test performance

Ïðîâåðêà
ðàáîòîñïîñîáíîñòè

Validation performance

Îøèáêà îáó÷åíèÿ

Training error

15 MLP 6-12-1 0,999996 0,00001 0,00001 0,023

Òåñòîâàÿ îøèáêà

Test error

Ïðîâåðî÷íàÿ îøèáêà

Validation error

Àëãîðèòì îáó÷åíèÿ

Training algorithm

Ôóíêöèÿ îøèáêè

Error function

Ñêðûòàÿ àêòèâàöèÿ

Hidden activation

Àêòèâàöèÿ âûõîäà

Output activation

0,0000 303795 BFGS 21 SOS Exponential Identity

Òàáëèöà 8. Ïàðàìåòðû ñåòåé ñ ìèíèìàëüíîé îøèáêîé êîíòðîëüíîé âûáîðêè

Table 8. Network parameters with the minimum control sample error

Ðèñ. 6. Äèàãðàììà ðàññåÿíèÿ öåëåâûõ çíà÷åíèé ñåòåé

Fig. 6. Target Scatter Chart

Èíäåêñ

Index

Õàðàêòåðèñòèêà ñåòè

Network characteristic
Âêëàä ïåðåìåííûõ � Variable contribution

15 MLP 6-12-1
Var 7 (X7) Var 4 (X4) Var 5 (X5) Var 6 (X6) Var 3 (X3) Var 2 (X2)

508270,4 235155,9 215627,5 131323,9 9325,992 553,2081

Òàáëèöà 9. Àíàëèç ÷óâñòâèòåëüíîñòè ïåðåìåííûõ � Table 9. Analysis of the sensitivity of variables
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÷èâàíèÿ àäãåçèîííàÿ ïðî÷íîñòü ïîâûøàåòñÿ, à çàòåì

óìåíüøàåòñÿ. Ïðè ýëåêòðîôèçè÷åñêîì âîçäåéñòâèè

ïåðåìåííîãî ïîëÿ îãíåçàùèòíàÿ ýôôåêòèâíîñòü è

âðåìÿ äîñòèæåíèÿ ìåòàëëîì ïðåäåëüíîãî ñîñòîÿ-

íèÿ èçìåíÿþòñÿ â áîëüøåì äèàïàçîíå è äîñòèãàþò

ìàêñèìóìà ïðè çíà÷åíèÿõ àäãåçèîííîé ïðî÷íîñòè

7,6 êãñ�ñì2 è êîýôôèöèåíòà âñïó÷èâàíèÿ 2,1. Â ýòèõ

óñëîâèÿõ ïðè óâåëè÷åíèè êîýôôèöèåíòà âñïó÷èâà-

íèÿ àäãåçèîííàÿ ïðî÷íîñòü ñíèæàåòñÿ.

Îáñóæäåíèå ðåçóëüòàòîâ
èññëåäîâàíèÿ

Òåðìîãðàììû èññëåäóåìûõ îáðàçöîâ ÎÂÊ õà-

ðàêòåðèçóþòñÿ êîìïëåêñîì ïîñëåäîâàòåëüíûõ ýíäî-

è ýêçîïèêîâ è ïîñòåïåííîé ïîòåðåé ìàññû â øè-

ðîêîì èíòåðâàëå òåìïåðàòóð. Òåðìîãðàììû ÎÂÊ,

ìîäèôèöèðîâàííûõ àñòðàëåíàìè, îòëè÷àþòñÿ îò

òåðìîãðàìì áàçîâîãî îãíåçàùèòíîãî ïîêðûòèÿ íà-

ëè÷èåì ýêçîòåðìè÷åñêèõ ïèêîâ â äèàïàçîíå òåìïå-

ðàòóð 560–700 °Ñ, ÷òî ïîçâîëÿåò ñäåëàòü âûâîä î íà-

ëè÷èè ýêçîòåðìè÷åñêîé ðåàêöèè íà äàííîì ó÷àñòêå.

Ýòî ìîæåò áûòü ñâÿçàíî ñ óäàëåíèåì àëèôàòè÷åñêèõ

ôðàãìåíòîâ èç ñòðóêòóðû ïîëèìåðà, íàñûùåíèåì

òåïëîèçîëèðóþùåãî ñëîÿ NH-ãðóïïàìè âòîðè÷íûõ

àìèíîâ ñ ïîñëåäóþùåé êàðáîíèçàöèåé [15].

Òåìïåðàòóðû ìàêñèìóìîâ íà êðèâûõ ÄÑÊ-ïèêîâ

â ÎÂÊ, ìîäèôèöèðîâàííûõ àñòðàëåíàìè, ñìåùåíû

â îáëàñòü ìåíüøèõ çíà÷åíèé, ò. å. ïðîöåññ îáðàçî-

âàíèÿ òåïëîèçîëèðóþùåãî ñëîÿ íà÷èíàåòñÿ ðàíüøå.

Èçìåíåíèå ìàññû íà ó÷àñòêå òåìïåðàòóð 200–400 °Ñ

äëÿ ìîäèôèöèðîâàííûõ îáðàçöîâ ðàçëè÷àåòñÿ íà

3,8–5,6 %, à ñêîðîñòü ïîòåðè ìàññû — íà 1,5 %�ìèí,

÷òî ñâèäåòåëüñòâóåò î ïðîòåêàíèè ïðîöåññà òåðìî-

äåñòðóêöèè ñàìîé êîìïîçèöèè è òåðìîîêèñëèòåëü-

íîé äåñòðóêöèè êîìïîíåíòîâ ìåõàíèçìà èíòóìåñ-

öåíöèè. Ìàêñèìàëüíàÿ ñêîðîñòü ïîòåðè ìàññû ñî-

îòâåòñòâóåò èíòåðâàëó òåìïåðàòóð 222–381 °Ñ.

Ðàñõîæäåíèå òåðìîãðàìì ÄÑÊ èññëåäóåìûõ îáðàç-

öîâ ïðîñëåæèâàåòñÿ íà òåìïåðàòóðíîì ó÷àñòêå ïðè

òåìïåðàòóðå 301 °Ñ. Îáðàçåö “Òåðìîáàðüåð” 2 õà-

ðàêòåðèçóåòñÿ ìåíüøèì (íà 10,5 %) çíà÷åíèåì êîê-

ñîâîãî îñòàòêà, ÷òî ñâèäåòåëüñòâóåò î åãî áîëåå íèç-

êîé òåðìîñòîéêîñòè â ñðàâíåíèè ñ ìîäèôèöèðîâàí-

íûìè îáðàçöàìè. Äëÿ óìåíüøåíèÿ ñêîðîñòè ïîòåðè

ìàññû ÎÂÊ îïòèìàëüíûì ïðåäñòàâëÿåòñÿ ïðèìå-

íåíèå óãëåðîäíûõ íàíîñòðóêòóð â êîíöåíòðàöèÿõ

0,025–0,5 % îá.

Àíàëèç ðåçóëüòàòîâ òåðìè÷åñêîãî àíàëèçà ñâè-

äåòåëüñòâóåò î ñðàâíèòåëüíî âûñîêèõ çíà÷åíèÿõ

êîêñîâîãî îñòàòêà äëÿ ìîäèôèöèðóåìûõ ïîêðûòèé

(21,47–27,2 %), ÷òî ïîçâîëÿåò ñäåëàòü âûâîä î ïî-

âûøåíèè òåðìè÷åñêîé ñòàáèëüíîñòè â ñðàâíåíèè ñ

íåìîäèôèöèðîâàííûìè îáðàçöàìè, ïðè ýòîì óâå-

ëè÷èâàþòñÿ çíà÷åíèÿ êèñëîðîäíîãî èíäåêñà îò 0,55

äî 1,13 % ïðè ñîäåðæàíèè àñòðàëåíîâ â îòâåðäèòåëå

0,025–0,1 % îá.

Èññëåäîâàíèå îãíåçàùèòíîé ýôôåêòèâíîñòè èñ-

ñëåäóåìûõ îáðàçöîâ ïîêàçàëî íàèáîëüøåå óâåëè÷å-

íèå îãíåçàùèòíîé ýôôåêòèâíîñòè ÎÂÊ ïðè êîíöåíò-

ðàöèè àñòðàëåíîâ â îòâåðäèòåëå 0,025 è 0,1 % îá.

Ïî ðåçóëüòàòàì ñèíõðîííîãî òåðìè÷åñêîãî àíà-

ëèçà (ÑÒÀ) áûëî âûÿâëåíî, ÷òî íàèëó÷øèìè ïî-

êàçàòåëÿìè òåðìè÷åñêîé ñòîéêîñòè îáëàäàþò ÎÂÊ,

ìîäèôèöèðîâàííûå àñòðàëåíàìè â êîíöåíòðàöèè

0,025 è 0,1 % îá. Ïî ðåçóëüòàòàì èññëåäîâàíèÿ àä-

ãåçèîííîé ïðî÷íîñòè íàèëó÷øèìè ïîêàçàòåëÿìè

îáëàäàþò òàêæå ÎÂÊ, ìîäèôèöèðîâàííûå àñòðàëå-

íàìè â êîíöåíòðàöèè 0,025 % îá. è ïîäâåðãíóòûå

ýëåêòðîôèçè÷åñêîìó âîçäåéñòâèþ.

Âûñîêàÿ òåïëîïðîâîäíîñòü àñòðàëåíîâ [16] ñïî-

ñîáñòâóåò ëîêàëüíîé ïåðåäà÷å òåïëîâîé ýíåðãèè, êî-

òîðàÿ èíèöèèðóåò ïðîöåññ äåãèäðàòàöèè ïîëèìåðà

è óâåëè÷åíèå ñêîðîñòè âñïó÷èâàíèÿ (î ÷åì ñâèäå-

òåëüñòâóþò ïèêè íà òåðìîãðàììå ÄÑÊ â äèàïàçîíå

òåìïåðàòóð 260–330 °Ñ).

Ïðè ââåäåíèè àñòðàëåíîâ â ýïîêñèäíûé ïîëè-

ìåð íà ãðàíèöå ïîëèìåð – ìåòàëë ñèëû âàí-äåð-

âààëüñîâîãî âçàèìîäåéñòâèÿ óñèëèâàþòñÿ, ÷òî ïðè-

âîäèò ê èçìåíåíèþ òðåõìåðíîé ñòðóêòóðû êîìïî-

çèòà (ðèñ. 8) [17].

Çà ñ÷åò ìåõàíè÷åñêîãî ïðîíèêíîâåíèÿ àäãåçèâà

â ïîðû è ìèêðîòðåùèíû çàùèùàåìîé ïîâåðõíîñòè

àñòðàëåíû, ñîèçìåðèìûå ñ ðàçìåðàìè ïîð ìåòàëëà,

îáðàçóþò êàðêàñíóþ ñòðóêòóðó, ÷òî óâåëè÷èâàåò àä-

ãåçèîííóþ ïðî÷íîñòü èññëåäóåìûõ îáðàçöîâ. Àíà-

ëîãè÷íîå ÿâëåíèå ïðîñëåæèâàåòñÿ è ó äðóãèõ âèäîâ

Ðèñ. 7. Çàâèñèìîñòü îãíåçàùèòíîé ýôôåêòèâíîñòè (Var 8)

èññëåäóåìûõ îáðàçöîâ îò êîýôôèöèåíòà âñïó÷èâàíèÿ (Var 3)

è àäãåçèîííîé ïðî÷íîñòè (Var 2)

Fig. 7. Dependence of fire retardant efficiency (Var 8) of the test

samples on the coefficient of expansion (Var 3) and adhesive

strength (Var 2)
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ÓÍÑ [18–20]. Òàêèì îáðàçîì, äàííîå ÿâëåíèå ìîæíî

îõàðàêòåðèçîâàòü êàê ýôôåêò “íàíîàðìèðîâàíèÿ”

ïîëèìåðà ÎÂÊ.

Ýôôåêò íàíîàðìèðîâàíèÿ [21] ñïîñîáñòâóåò óâå-

ëè÷åíèþ ìåõàíè÷åñêîé ïðî÷íîñòè ïåíîêîêñà, ÷òî

ïîçâîëÿåò ïîâûñèòü êîãåçèîííóþ ïðî÷íîñòü çàùèò-

íîãî ñëîÿ è ñîõðàíèòü òåïëîèçîëÿöèîííûå ñâîéñò-

âà â óñëîâèÿõ ýðîçèéíîãî âîçäåéñòâèÿ ïëàìåíè ôà-

êåëüíîãî ãîðåíèÿ óãëåâîäîðîäîâ [22].

Â õîäå íåéðîñåòåâîãî ìîäåëèðîâàíèÿ âûÿâëåíî,

÷òî ôàêòîðàìè îãíåçàùèòíîé ýôôåêòèâíîñòè ÎÂÊ

ïðè äåïîíèðîâàíèè àñòðàëåíîâ â îòâåðäèòåëü ÿâëÿ-

þòñÿ: óìåíüøåíèå äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè,

âûçâàííîå ñòðóêòóðèçàöèåé ÓÍÑ ïðè ôîðìèðîâà-

íèè ÎÂÊ, íà÷àëî ýêçîòåðìè÷åñêîãî ïèêà 1, íà÷àëî

ýêçîòåðìè÷åñêîãî ïèêà 2, àäãåçèîííàÿ ïðî÷íîñòü.

Íàèáîëåå îïòèìàëüíûì óñëîâèåì äëÿ äîñòèæå-

íèÿ îïòèìàëüíûõ ïàðàìåòðîâ îãíåçàùèòíîé ýôôåê-

òèâíîñòè îãíåçàùèòíîãî ïîêðûòèÿ, ìîäèôèöèðîâàí-

íîãî àñòðàëåíàìè, ÿâëÿåòñÿ àäãåçèîííàÿ ïðî÷íîñòü

7–8 êãñ�ñì2 è êîýôôèöèåíò âñïó÷èâàíèÿ ïîðÿäêà

2,35, ÷òî ñîîòâåòñòâóåò êîíöåíòðàöèè àñòðàëåíîâ

0,025 % îá. ñ ýëåêòðîôèçè÷åñêèì âîçäåéñòâèåì

è 0,1 % îá. áåç ýëåêòðîôèçè÷åñêîãî âîçäåéñòâèÿ.

Ñ óìåíüøåíèåì àäãåçèîííîé ïðî÷íîñòè ñêîðîñòü

ðîñòà òåìïåðàòóðû îáðàçöà ïðè âîçäåéñòâèè ôà-

êåëüíîãî ãîðåíèÿ óãëåâîäîðîäîâ óâåëè÷èâàåòñÿ.

Óâåëè÷åíèå êîíöåíòðàöèè àñòðàëåíîâ â ñèñòåìå

ÎÂÊ ïðè îäíîâðåìåííîì ñíèæåíèè äèýëåêòðè÷åñêîé

ïðîíèöàåìîñòè ïðèâîäèò ê ïîâûøåíèþ îãíåçàùèò-

íîé ýôôåêòèâíîñòè ñîñòàâà (ðèñ. 9). Äîñòèæåíèå ìàê-

ñèìàëüíûõ çíà÷åíèé îãíåçàùèòíîé ýôôåêòèâíîñòè

ïðåäñòàâëÿåòñÿ âîçìîæíûì ïðè õàðàêòåðèñòèêàõ â

îáëàñòè êîíöåíòðàöèé àñòðàëåíîâ 0,05–0,12 % îá.

Èññëåäîâàíèå çàâèñèìîñòè îãíåçàùèòíîé ýô-

ôåêòèâíîñòè âñïó÷èâàþùèõñÿ ïîêðûòèé îò àäãåçè-

îííîé ïðî÷íîñòè ïîêàçàëî, ÷òî ýëåêòðîôèçè÷åñêîå

âîçäåéñòâèå ñïîñîáñòâóåò óâåëè÷åíèþ îãíåçàùèò-

íîé ýôôåêòèâíîñòè è àäãåçèîííîé ïðî÷íîñòè â îò-

ëè÷èå îò îáðàçöîâ áåç ýëåêòðîôèçè÷åñêîãî âîçäåé-

ñòâèÿ, ÷òî âûçâàíî ñòðóêòóðèçàöèåé ÓÍÑ â ÎÂÊ.

Ïîêàçàòåëè àäãåçèîííîé ïðî÷íîñòè âëèÿþò íà îãíå-

çàùèòíóþ ýôôåêòèâíîñòü èññëåäóåìûõ îáðàçöîâ

(ðèñ. 10). Àäãåçèîííàÿ ïðî÷íîñòü îáðàçöîâ, ïîäâåðã-

øèõñÿ ýëåêòðîôèçè÷åñêîìó âîçäåéñòâèþ, èçìåíÿåòñÿ

â ïðåäåëàõ 4,5–7,6 êãñ�ñì2. Ïðè ýòîì ìàêñèìàëüíûõ

çíà÷åíèé îãíåçàùèòíîé ýôôåêòèâíîñòè èññëåäó-

åìûå îáðàçöû äîñòèãàþò ïðè àäãåçèîííîé ïðî÷íî-

ñòè îò 4,5 äî 7 êãñ�ñì2. Äàííûå çíà÷åíèÿ ñîîòâåòñò-

âóþò êîíöåíòðàöèÿì àñòðàëåíîâ â îòâåðäèòåëå 0,05

è 0,1 % îá. Ïðîìåæóòî÷íîå çíà÷åíèå 5,5 êãñ�ñì2 ñî-

îòâåòñòâóåò íàèìåíüøåìó çíà÷åíèþ îãíåçàùèòíîé

ýôôåêòèâíîñòè, õàðàêòåðíîé äëÿ íåìîäèôèöèðî-

âàííûõ îáðàçöîâ. Ìàêñèìàëüíûì çíà÷åíèÿì àäãå-

çèîííîé ïðî÷íîñòè è îãíåçàùèòíîé ýôôåêòèâíîñòè

ñîîòâåòñòâóåò îáðàçåö, ìîäèôèöèðîâàííûé àñòðà-

ëåíàìè â êîíöåíòðàöèè 0,1 % îá. áåç ýëåêòðîôèçè-

÷åñêîãî âîçäåéñòâèÿ. Ìîäèôèêàöèÿ îãíåçàùèòíûõ

ñîñòàâîâ èññëåäóåìûìè ÓÍÑ ñïîñîáñòâóåò ïîâû-

øåíèþ îãíåçàùèòíîé ýôôåêòèâíîñòè è àäãåçèîííîé

ïðî÷íîñòè çà èñêëþ÷åíèåì îáðàçöà, ìîäèôèöèðî-

âàííîãî àñòðàëåíàìè â êîíöåíòðàöèè 0,025 % îá.

áåç ýëåêòðîôèçè÷åñêîãî âîçäåéñòâèÿ.

Èññëåäîâàíèå çàâèñèìîñòè îãíåçàùèòíîé ýôôåê-

òèâíîñòè ÎÂÊ îò äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè

(ðèñ. 11) ïîêàçàëî, ÷òî ñ åå óìåíüøåíèåì îãíåçà-

ùèòíàÿ ýôôåêòèâíîñòü âîçðàñòàåò íà 29 %. Î÷åâèä-

Ðèñ. 8. Ñòðóêòóðà îòâåðæäåííîé ýïîêñèäíîé ìàòðèöû ÂÑ-2526,

ïîëó÷åííàÿ ìåòîäîì ñêàíèðóþùåé ýëåêòðîííîé ìèêðî-

êîïèè (SEM): à — äî ââåäåíèÿ àñòðàëåíîâ; á — ïîñëå ââåäå-

íèÿ 3,6 % àñòðàëåíîâ [17]

Fig. 8. The structure of the cured epoxy matrix BC-2526, ob-

tained by scanning electron microscopy (SEM): a — before int-

roduction of astralenes; b — after administration of 3.6 % intro-

duction [17]

Ðèñ. 9. Çàâèñèìîñòü îãíåçàùèòíîé ýôôåêòèâíîñòè (Var 8) îò

êîíöåíòðàöèè àñòðàëåíîâ â îòâåðäèòåëå (Var 1) è äèýëåêòðè-

÷åñêîé ïðîíèöàåìîñòè ÎÂÊ (Var 7)

Fig. 9. The dependence of fire retardant efficiency on the con-

centration of astralenes in the hardener and the dielectric constant

of FRIC
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íî, ÷òî ðàâíîìåðíîñòü ðàñïðåäåëåíèÿ íàíîñòðóêòóð

â ïîëèìåðå íàïðÿìóþ âëèÿåò íà îãíåçàùèòíóþ ýô-

ôåêòèâíîñòü ÎÂÊ. ×åì áîëüøå ýëåêòðîïðîâîäíîñòü

ÎÂÊ, ìîäèôèöèðîâàííûõ àñòðàëåíàìè, òåì âûøå

èõ îãíåçàùèòíûå õàðàêòåðèñòèêè. Ðàâíîìåðíîå ðàñ-

ïðåäåëåíèå íàíîñòðóêòóð äîñòèãàåòñÿ ïóòåì ýëåêò-

ðîôèçè÷åñêîãî âîçäåéñòâèÿ ïåðåìåííîãî ýëåêòðè-

÷åñêîãî ïîëÿ [10].

Âûâîäû

Ïî ðåçóëüòàòàì èññëåäîâàíèÿ áûëî âûÿâëåíî, ÷òî

äîáàâëåíèå àñòðàëåíîâ â êîíöåíòðàöèÿõ 0,025–

0,1 % îá. â ñèñòåìó îòâåðäèòåëÿ ÎÂÊ íà îñíîâå ýïîê-

ñèäíûõ ñìîë ñ ïîñëåäóþùèì ýëåêòðîôèçè÷åñêèì

âîçäåéñòâèåì ñïîñîáñòâóåò óëó÷øåíèþ ýêñïëóàòà-

öèîííûõ õàðàêòåðèñòèê: óâåëè÷åíèþ àäãåçèîííîé

ïðî÷íîñòè íà 38,2 %, óìåíüøåíèþ ãîðþ÷åñòè ìà-

òåðèàëà íà 10,5 %, óâåëè÷åíèþ çîëüíîãî îñòàòêà íà

11 %, à òàêæå èçìåíåíèþ ýëåêòðîôèçè÷åñêèõ ñâîéñòâ

âåùåñòâà. Ýòî ïðèâîäèò ê ïîâûøåíèþ îãíåçàùèò-

íîé ýôôåêòèâíîñòè íà 44,7 %.

Àíàëèç ðàñ÷åòíûõ çíà÷åíèé ãîðþ÷åñòè èññëåäó-

åìûõ îáðàçöîâ âûÿâèë, ÷òî àñòðàëåíû íåñóùåñòâåí-

íî âëèÿþò íà ñíèæåíèå ãîðþ÷åñòè ìàòåðèàëà, óâåëè-

÷èâàÿ òåðìè÷åñêóþ ñòàáèëüíîñòü íà 1,00–1,25 %.

Ñíèæåíèå äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè ÎÂÊ

ïðè êîíöåíòðàöèÿõ àñòðàëåíîâ 0,025–0,1 % îá. è

ýëåêòðîôèçè÷åñêîì âîçäåéñòâèè ñâèäåòåëüñòâóåò îá

óâåëè÷åíèè ýëåêòðîïðîâîäíîñòè èññëåäóåìûõ îá-

ðàçöîâ è áîëåå ðàâíîìåðíîì ðàñïðåäåëåíèè íàíî-

ñòðóêòóð â ñèñòåìå ÎÂÊ çà ñ÷åò ýëåêòðîôèçè÷åñêî-

ãî âîçäåéñòâèÿ íà èññëåäóåìûå îáðàçöû.

Íàíîàðìèðîâàíèå îáðàçöîâ ÎÂÊ àñòðàëåíàìè

ïîçâîëÿåò îãðàíè÷èòü ðàñïðîñòðàíåíèå ïëàìåíè íà

ïîâåðõíîñòè ïîëèìåðà è óâåëè÷èòü âðåìÿ åãî ïîë-

íîãî âûãîðàíèÿ, ÷òî ïðèäàåò çàùèòíîìó òåïëîèçîëè-

ðóþùåìó ñëîþ “êîêñà” áóëüøóþ òåðìè÷åñêóþ ñòà-

áèëüíîñòü â ñðàâíåíèè ñ áàçîâûì ñîñòàâîì è îáåñ-

ïå÷èâàåò áîëåå âûñîêèå ïîêàçàòåëè àäãåçèîííîé

ïðî÷íîñòè ïîëèìåðà ïî îòíîøåíèþ ê ìåòàëëó.

Íåéðîñåòåâîå ìîäåëèðîâàíèå ïðîöåññà âëèÿíèÿ

àñòðàëåíîâ íà îãíåçàùèòíóþ ýôôåêòèâíîñòü ÎÂÊ

ïîêàçûâàåò, ÷òî ñóùåñòâóåò çàâèñèìîñòü îãíåçàùèò-

íîé ýôôåêòèâíîñòè îò êîíöåíòðàöèè àñòðàëåíîâ â

îòâåðäèòåëå è äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè, íà-

÷àëà òåìïåðàòóðû ýêçîòåðìè÷åñêèõ ðåàêöèé è àäãå-

çèîííîé ïðî÷íîñòè. Óñòàíîâëåíèå ýòîé çàâèñèìîñòè

ïîçâîëèò îáåñïå÷èòü ñîçäàíèå óñëîâèé äëÿ ïîâû-

øåíèÿ îãíåçàùèòíîé ýôôåêòèâíîñòè ÎÂÊ ïðè òåï-

ëîâîì è ýðîçèéíîì âîçäåéñòâèè ôàêåëüíîãî ãîðåíèÿ

óãëåâîäîðîäîâ.

Óñòàíîâëåíèå âçàèìîñâÿçè ìåæäó îãíåçàùèòíîé

ýôôåêòèâíîñòüþ ÎÂÊ è èõ òåðìè÷åñêîé ñòàáèëü-

íîñòüþ, àäãåçèîííîé ïðî÷íîñòüþ è ýëåêòðîôèçè÷å-

ñêèìè ñâîéñòâàìè ïîêàçàëî, ÷òî ìîäèôèêàöèÿ îãíå-

çàùèòíûõ ñîñòàâîâ àñòðàëåíàìè ñïîñîáñòâóåò ïîâû-

øåíèþ îãíåçàùèòíîé ýôôåêòèâíîñòè è àäãåçèîííîé

ïðî÷íîñòè, çà èñêëþ÷åíèåì îáðàçöà, ìîäèôèöèðî-

âàííîãî àñòðàëåíàìè â êîíöåíòðàöèè 0,025 % îá.

áåç ýëåêòðîôèçè÷åñêîãî âîçäåéñòâèÿ. Ìîæíî ñäåëàòü

âûâîä, ÷òî ñ óâåëè÷åíèåì ýëåêòðîïðîâîäíîñòè ìî-

äèôèöèðîâàííûõ ÎÂÊ ïîâûøàþòñÿ èõ îãíåçàùèò-

íûå õàðàêòåðèñòèêè.

Ðèñ. 11. Çàâèñèìîñòü îãíåçàùèòíîé ýôôåêòèâíîñòè îò äè-

ýëåêòðè÷åñêîé ïðîíèöàåìîñòè ïðè ýëåêòðîôèçè÷åñêîì âîç-

äåéñòâèè (�) è áåç íåãî (�)

Fig. 11. Dependence of fire retardant efficiency on dielectric per-

meability with electrophysical impact (�) and without it (�)

Ðèñ. 10. Çàâèñèìîñòü îãíåçàùèòíîé ýôôåêòèâíîñòè îò àäãå-

çèîííîé ïðî÷íîñòè èññëåäóåìûõ îáðàçöîâ ïðè ýëåêòðîôè-

çè÷åñêîì âîçäåéñòâèè (�) è áåç íåãî (�)

Fig. 10. The dependence of fire retardant efficiency on the con-

centration of astralenes on the adhesive strength indicators of stu-

died samples with electrophysical impact (�) and without it (�)
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