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Àííîòàöèÿ. Ñòðîèòåëüíûå êîíñòðóêöèè, íàõîäÿùèåñÿ â çîíå âîçäåéñòâèÿ ðàäèàöèè, ñàìè ñòàíîâÿòñÿ èñòî÷-
íèêîì ðàäèàöèè. Èçâåñòíûå íà ñåãîäíÿ ìåòîäû äåçàêòèâàöèè äîñòàòî÷íî ñëîæíû è ìàëîýôôåêòèâíû äëÿ îá-
ðàáîòêè ñòðîèòåëüíûõ êîíñòðóêöèé. Ýòî îáóñëîâëåíî òåì, ÷òî ïîâåðõíîñòíûé ñëîé ïîðàæåíèÿ áåòîíà, ìå-
òàëëà ñîñòàâëÿåò 1–5 ìì. Ðåøåíèå ýòîé ïðîáëåìû âèäèòñÿ â ïðèìåíåíèè ðàäèàöèîííî-çàùèòíûõ ïîêðûòèé,
êîòîðûå ïîñëå íàêîïëåíèÿ ðàäèîíóêëèäîâ ìîãóò áûòü äåìîíòèðîâàíû è óòèëèçèðîâàíû. Ïðè ýòîì ïîðàæåíèÿ
ñòðîèòåëüíûõ êîíñòðóêöèé íå ïðîèñõîäèò. Ðàäèàöèîííî-çàùèòíûå ñâîéñòâà ïîêðûòèÿ çàâèñÿò îò âèäà íàïî-
ëíèòåëÿ è ñòðóêòóðû ìàòåðèàëà. Â ñòàòüå ðàññìàòðèâàåòñÿ âëèÿíèå ñòðóêòóðû ðàäèàöèîííî-çàùèòíîãî ìà-
òåðèàëà íà åãî ðàäèàöèîííî-çàùèòíûå ñâîéñòâà. Äëÿ ýòîãî ñ ïîìîùüþ àòîìíî-ñèëîâîé ìèêðîñêîïèè áûë âûÿâ-
ëåí ñîñòàâ ôàç, îïðåäåëÿþùèõ ñòðóêòóðó ìàòåðèàëà, êîòîðûé ïðåäñòàâëÿåò ñîáîé ìåõàíè÷åñêóþ ñìåñü â âèäå
êîíãëîìåðàòîâ. Â ñòðóêòóðå ìàòåðèàëà îáðàçóþòñÿ ôàçû ðàçëè÷íûõ ðàçìåðîâ. Áëàãîäàðÿ ýòîìó ìàòåðèàë èìå-
åò âûñîêèå ðàäèàöèîííî-çàùèòíûå ñâîéñòâà è ïîêàçàòåëè ñòîéêîñòè ê ðàäèàöèè.
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Abstract. Building structures located in the radiation exposure area themselves become a source of radiation. Existing
decontamination methods are quite complex and ineffective for processing building structures. This is due to the fact
that the surface layer of concrete and metal damage is 1–5 mm. The solution to this problem is seen in the use of
radiation-protective coatings, which can be dismantled and disposed of after the accumulation of radionuclides. In this
case, damage to building structures does not occur. The radiation-protective properties of the coating depend on the
type of filler and the structure of the material. The article examines the influence of the structure of a radiation-protec-
tive material on its radiation-protective properties. To do this, atomic force microscopy was used to identify the compo-
sition of the phases that determine the structure of the material, which is a mechanical mixture in the form of conglome-
rates. Phases of various sizes are formed in the structure of the material. Due to this, the material has high radiation
protection properties and resistance to radiation.

Keywords: radionuclides, radiation-protective coatings, building structures, radiation resistance, atomic force
microscopy
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Ââåäåíèå

Â íàñòîÿùåå âðåìÿ îñòðî ñòðîèò ïðîáëåìà óòèëè-
çàöèè ðàäèîàêòèâíûõ îòõîäîâ, ñðåäè êîòîðûõ áîëü-
øîé îáúåì çàíèìàþò ñòðîèòåëüíûå êîíñòðóêöèè,
âñòóïèâøèå â êîíòàêò ñ ðàäèàöèåé. Ñ ïîìîùüþ ìåòî-
äîâ äåçàêòèâàöèè ñëîæíî è ìàëîýôôåêòèâíî î÷è-
ñòèòü ñòðîèòåëüíûå êîíñòðóêöèè îò ðàäèîíóêëèäîâ
[1], ïîñêîëüêó ñëîé ïîðàæåíèÿ â òàêèõ ìàòåðèàëàõ,
êàê áåòîí, ìåòàëë, ñîñòàâëÿåò 1–5 ìì. Ðåøåíèå ýòîé
ïðîáëåìû âèäèòñÿ â èñïîëüçîâàíèè ñàìîêëåÿùèõñÿ
ðàäèàöèîííî-çàùèòíûõ ïîêðûòèèé, êîòîðûå ëåãêî
ìîíòèðóþòñÿ è ïðè íàñûùåíèè ðàäèîíóêëèäàìè ìî-
ãóò áûòü áûñòðî äåìîíòèðîâàíû [2, 3]. Ïðè ýòîì îñ-
íîâíàÿ êîíñòðóêöèÿ íå áóäåò ïîðàæåíà ðàäèîíóêëè-
äàìè.

Â ïîñëåäíåå âðåìÿ ñëîæèëàñü òåíäåíöèÿ ïðèìå-
íåíèÿ ïîëèìåðíûõ ðàäèàöèîííî-çàùèòíûõ ìàòåðèà-
ëîâ [4–11 è äð.]. Ýòî âûçâàíî òåì, ÷òî ïîëèìåðíûå
ìàòåðèàëû áîëåå ëåãêèå è óäîáíû â ìîíòàæå, à ïî
ñðàâíåíèþ ñî ñâèíöîì è áîëåå ýêîëîãè÷íû [12, 13 è
äð.]. Â ïîëèìåðíûõ ìàòåðèàëàõ áîëüøóþ ðîëü â ïî-
ãëîùåíèè ðàäèîíóêëèäîâ èãðàþò íàïîëíèòåëè ñ âûñî-
êèì çàðÿäîâûì ÷èñëîì ÿäðà. Òàêèìè íàïîëíèòåëÿìè
ÿâëÿþòñÿ âîëüôðàì, áàðèé, âèñìóò è äð. [14 è äð.].
Ïðè ââåäåíèè íàïîëíèòåëÿ â ïîëèìåð íåîáõîäèìî äî-
áèòüñÿ åãî ðàâíîìåðíîãî ðàñïðåäåëåíèÿ â ìàòðèöå.
Ðàäèàöèîííî-çàùèòíûå ñâîéñòâà òàêèõ ìàòåðèàëîâ, â
÷àñòíîñòè, çàâèñÿò îò ñòðóêòóðû ìàòåðèàëà.

Öåëüþ ðàññìàòðèâàåìûõ èññëåäîâàíèé ÿâëÿëîñü
óñòàíîâëåíèå âëèÿíèÿ ñòðóêòóðû ìàòåðèàëà íà åãî
ðàäèàöèîííî-çàùèòíûå ñâîéñòâà. Äëÿ ýòîãî ñ ïîìî-
ùüþ àòîìíî-ñèëîâîé ìèêðîñêîïèè îïðåäåëÿëè ôà-
çû âêëþ÷åíèé, ñîñòàâëÿþùèõ ñòðóêòóðó ìàòåðèàëà.

Ìåòîäû èññëåäîâàíèÿ

Îïðåäåëåíèå ëèíåéíîãî êîýôôèöèåíòà
ïîãëîùåíèÿ èçëó÷åíèÿ

Èñïûòàíèå âûïîëíÿåòñÿ ñëåäóþùèì îáðàçîì.
Ïðè ïîìîùè äåòåêòîðà óñòàíàâëèâàþò íà÷àëüíóþ
èíòåíñèâíîñòü ýëåêòðîìàãíèòíîãî èçëó÷åíèÿ áåç îá-
ðàçöà I0 è èíòåíñèâíîñòü ïàäàþùåãî ýëåêòðîìàãíèò-
íîãî èçëó÷åíèÿ, ïðîøåäøåãî ÷åðåç ïëàñòèíó èç ðà-
äèàöèîííî-çàùèòíîãî ìàòåðèàëà I. Èíòåíñèâíîñòü
ïàäàþùåãî ýëåêòðîìàãíèòíîãî èçëó÷åíèÿ îïðåäåëÿ-
þò ñ ïîìîùüþ ëàáîðàòîðíîé óñòàíîâêè, ïðèíöèïè-
àëüíàÿ ñõåìà êîòîðîé ïîêàçàíà íà ðèñ. 1.

Äëÿ èñïûòàíèÿ èç ïîëîñû ìàòåðèàëà ñ çàðàíåå èç-
ìåðåííîé òîëùèíîé âûðóáàþò îáðàçöû ðàçìåðîì
100 (± 2)�100 (± 2) ìì.

Â êà÷åñòâå èñòî÷íèêîâ èçëó÷åíèÿ ïðèìåíÿþòñÿ
èçîòîïíûå èñòî÷íèêè ãàììà-êâàíòîâ Am-241 è
Cs-137, ýíåðãèÿ ãàììà-êâàíòîâ ñîñòàâëÿåò 59 è 661
êýÂ ñîîòâåòñòâåííî. Èçîòîï Am-241 ñîîòâåòñòâóåò
ýíåðãèè èçëó÷åíèÿ ðåíòãåíîâñêîé òðóáêè ñ íàïðÿ-
æåíèåì íà àíîäå 100 êÂ.

Â õîäå èñïûòàíèé ïðè îáëó÷åíèè îáðàçöà èñòî÷-
íèêîì èçëó÷åíèÿ Cs-137 ðàññòîÿíèå îò èñòî÷íèêà
äî òîðöà äåòåêòîðà äîëæíî ñîñòàâëÿòü 80 ìì, ïðè
èñïîëüçîâàíèè Am-241 – 8 ìì.

Ëèíåéíûé êîýôôèöèåíò ïîãëîùåíèÿ ìàòåðèàëà
�, ñì-1, îïðåäåëÿåòñÿ ïî ôîðìóëå

� �
1 0

x

I

I
ln , (1)

ãäå õ – òîëùèíà îáðàçöà; I0 – íà÷àëüíàÿ èíòåíñèâíîñòü ýëåê-
òðîìàãíèòíîãî èçëó÷åíèÿ; I – èíòåíñèâíîñòü ïàäàþùåãî
ýëåêòðîìàãíèòíîãî èçëó÷åíèÿ, ïðîøåäøåãî ÷åðåç ïëàñòèíó
èç ðàäèàöèîííî-çàùèòíîãî ìàòåðèàëà.

Îïðåäåëåíèå ðàäèàöèîííîé ñòîéêîñòè
Ðàäèàöèîííàÿ ñòîéêîñòü îöåíèâàëàñü ïî õàðàêòå-

ðó ïîâðåæäåíèÿ îáðàçöîâ è èçìåíåíèþ êîýôôèöè-
åíòà ïîãëîùåíèÿ èçëó÷åíèÿ. Äëÿ îöåíêè ðàäèàöèîí-
íîé ñòîéêîñòè îáðàçöû îáëó÷àëèñü ïðîòîíàìè ñ
ýíåðãèåé íå ìåíåå 4 ÌýÂ íà óñêîðèòåëå ÝÃÏ-10 ñ îä-
íîâðåìåííûì ñúåìîì ýëåìåíòíûõ êàðò. Îáëó÷åíèå
êàæäîãî îáðàçöà ïðîâîäèëîñü â òðåõ çîíàõ. Ïëî-
ùàäü îáëó÷åíèÿ – 0,0016 ñì2. Âðåìÿ îáëó÷åíèÿ êà-
æäîãî èç îáðàçöîâ ñîñòàâëÿëî ñîîòâåòñòâåííî 30,
300 è 3 000 ñ. Â íà÷àëå è êîíöå îáëó÷åíèÿ ïèêîàì-
ïåðìåòðîì ôèêñèðîâàëñÿ òîê ïðîòîííîãî ïó÷êà.

Îöåíêó ðàäèàöèîííîé ñòîéêîñòè ïðîâîäèëè ìå-
òîäîì 2 ïî ÃÎÑÒ 9.706–81 «Åäèíàÿ ñèñòåìà çàùè-
òû îò êîððîçèè è ñòàðåíèÿ. Ìàòåðèàëû ïîëèìåð-
íûå. Ìåòîäû èñïûòàíèé íà ñòîéêîñòü ê ðàäèàöèîí-
íîìó ñòàðåíèþ», ñóùíîñòü êîòîðîãî çàêëþ÷àåòñÿ â
òîì, ÷òî îáðàçöû èñïûòûâàþòñÿ ïðè íåñêîëüêèõ
çíà÷åíèÿõ ïîãëîùåííîé äîçû èçëó÷åíèÿ. Â íàøåì
ñëó÷àå ìàêñèìàëüíîå çíà÷åíèå ðàäèàöèîííîé ñòîé-
êîñòè – 105 Ãð. Äëÿ îáðàçöà ïîãëîùåííàÿ äîçà ñî-
ñòàâèëà: 4,2·104; 4,2·105 è 2,6·107 Ãð. Ýòè çíà÷åíèÿ,
çà èñêëþ÷åíèåì ïåðâîé äîçû, ñóùåñòâåííî ïðåâû-
øàþò êîíòðîëüíîå (105 Ãð).

BUILDING MATERIALS AND PRODUCTS

1 – èñòî÷íèê; 2 – îáðàçåö; 3 – êîëëèìàòîð; Î×Ã – ãåðìàíè-
åâûé äåòåêòîð; ÌÀÀ – ìíîãîêàíàëüíûé àíàëèçàòîð; ÏÊ –
ïåðñîíàëüíûé êîìïüþòåð

Ðèñ. 1. Ñõåìà ëàáîðàòîðíîé óñòàíîâêè
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Ðåçóëüòàòû èññëåäîâàíèÿ è èõ îáñóæäåíèå

Îñíîâíîé òåõíîëîãè÷åñêèé ïðîöåññ â èçãîòîâëå-
íèè ñàìîêëåÿùèõñÿ ðàäèàöèîííî-çàùèòíûõ ìàòå-
ðèàëîâ – ýòî ïåðåìåøèâàíèå. Ïåðåìåøèâàíèå äîë-
æíî îáåñïå÷èòü ðàâíîìåðíîå ðàñïðåäåëåíèå ÷àñ-
òèö íàïîëíèòåëÿ â ìàòðèöå. Òàêèì îáðàçîì â ïðî-
öåññå ïåðåìåøèâàíèÿ ôîðìèðóåòñÿ ñòðóêòóðà ìà-
òåðèàëà, êîòîðàÿ îïðåäåëÿåò åãî ñâîéñòâà.

Ñòðóêòóðó ðàäèàöèîííî-çàùèòíîãî ìàòåðèàëà
èññëåäîâàëè ñ ïîìîùüþ àòîìíî-ñèëîâîé ìèêðî-
ñêîïèè. Ðåçóëüòàòû èññëåäîâàíèé ïðåäñòàâëåíû íà
ðèñ. 2–5.

Àíàëèç ïîëó÷åííûõ ñíèìêîâ ïîêàçàë, ÷òî ìàòåðè-
àë ñîäåðæèò ÷åòûðå ôàçû âêëþ÷åíèé: à) ñâåòëûå
êðóïíûå ÷àñòèöû; á) ìåëêèå áåëûå âêëþ÷åíèÿ; â) âû-
òÿíóòûå ÷åðíûå àãðåãàòû (ìåëêèå ÷àñòèöû â ìÿãêîé

ÑÒÐÎÈÒÅËÜÍÛÅ ÌÀÒÅÐÈÀËÛ È ÈÇÄÅËÈß

à – òîïîãðàôèÿ, ìàõ âûñîòà – 1,435 ìêì, ïåðåïàä âûñîò –
1,296 ìêì; á – ôàçîâûé êîíòðàñò, max ôàçà – 98°,
min – (- 61°)

Ðèñ. 2. ÀÑÌ-ñêàí áàðèòîâîãî îáðàçöà ñ êðóïíûìè
êîíãëîìåðàòàìè, ñ ïðîôèëåì ñå÷åíèÿ 30�30 ìêì

à – êîíãëîìåðàò; á – ÷àñòèöà ñ ìåëêèì íàïîëíèòåëåì
íà ïåðèôåðèè

Ðèñ. 3. Äåòàëüíûé àíàëèç

à – òîïîãðàôèÿ;
á – ôàçà

Ðèñ. 5. Ïðîòÿæåííûé àãðåãàò

à – òîïîãðàôèÿ, ìàõ âûñîòà –1,396 ìêì, ïåðåïàä âûñîò –
1,207 ìêì; á – ôàçîâûé êîíòðàñò, ìàõ ôàçà – 136°,
min – (-52°); 1 – ìåëêèé íàïîëíèòåëü

Ðèñ. 4. Ôðàãìåíò ÀÑÌ-ñêàíà âîëüôðàìîâîãî îáðàçöà
ñ ïðîôèëåì ñå÷åíèÿ 30�30 ìêì
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îáîëî÷êå); ã) êðóïíûå ìíîãîôàç-
íûå àãðåãàòû – êîíãëîìåðàòû. Èç
ýòîãî ñëåäóåò, ÷òî ñòðóêòóðà ìàòå-
ðèàëà – ýòî ìåõàíè÷åñêàÿ ñìåñü,
ïðåäñòàâëÿþùàÿ ñîáîé êîíãëî-
ìåðàòû. Èç-çà òîãî, ÷òî â ìàòåðèà-
ëå îáðàçóþòñÿ ðàçëè÷íûå ôàçû,
èìåþùèå ðàçíûå ðàçìåðû, ìàòå-
ðèàë èìååò âûñîêèå ðàäèàöèîí-
íî-çàùèòíûå ñâîéñòâà è ïîêàçàòå-
ëè ñòîéêîñòè ê ðàäèàöèè.

Ëèíåéíûé êîýôôèöèåíò ïîã-
ëîùåíèÿ � ó áàðèòîâîãî ìàòåðè-
àëà ïðè ýíåðãèè 59 êýÂ ðàâåí
10,06 ñì-1, ïðè ýíåðãèè 661 êýÂ
– 0,201 ñì-1; ó âîëüôðàìîâîãî ïðè ýíåðãèè 59 êýÂ
� = 22,2 ñì-1, ïðè ýíåðãèè 661 êýÂ � = 0,76 ñì-1.
Çíà÷åíèÿ ëèíåéíîãî êîýôôèöèåíòà ïîãëîùåíèÿ
ïîñëå ïîãëîùåííîé äîçû èçëó÷åíèÿ 2,62 · 107 Ãð
(ïîðîãîâîå çíà÷åíèå 105 Ãð) ïðèâåäåíû â òàáëèöå.

Êàê âèäíî èç òàáëèöû, êîýôôèöèåíòû ëèíåéíî-
ãî ïîãëîùåíèÿ ïðàêòè÷åñêè íå èçìåíèëèñü. Èç ýòî-
ãî ñëåäóåò, ÷òî ìàòåðèàë ñ õîðîøåé ñòðóêòóðîé, ïî-
ëó÷åííîé â ïðîöåññå ïåðåìåøèâàíèÿ, îáëàäàåò âû-
ñîêîé ðàäèàöèîííîé ñòîéêîñòüþ.

Â û â î ä

Â õîäå èññëåäîâàíèÿ óñòàíîâëåíî, ÷òî ñòðóê-
òóðà ðàäèàöèîííî-çàùèòíîãî ìàòåðèàëà – ýòî
ìåõàíè÷åñêàÿ ñìåñü, ïðåäñòàâëÿþùàÿ ñîáîé
êîíãëîìåðàòû. Â ñòðóêòóðå ìàòåðèàëà îáðàçóþò-
ñÿ ðàçëè÷íûå ôàçû, èìåþùèå ðàçíûå ðàçìåðû.
Áëàãîäàðÿ ýòîìó ìàòåðèàë èìååò âûñîêèå ðàäè-
àöèîííî-çàùèòíûå ñâîéñòâà è ïîêàçàòåëè ñòîé-
êîñòè ê ðàäèàöèè.

BUILDING MATERIALS AND PRODUCTS

Çíà÷åíèÿ ëèíåéíûõ êîýôôèöèåíòîâ ïîãëîùåíèÿ ãàììà-êâàíòîâ ïîñëå
îáëó÷åíèÿ

Îáðàçåö Òîëùèíà,
ñì

Íà÷àëüíûé
ïîòîê êâàíòîâ

Ïîòîê êâàíòîâ,
ïðîøåäøèõ

÷åðåç îáðàçåö

Ëèíåéíûé êîýô-
ôèöèåíò ïîãëî-
ùåíèÿ �, ñì-1

Ãàììà-êâàíòû ñ ýíåðãèåé 59 êýÂ

Áàðèòîâûé 0,18 305 250±101 5 530±48 10,09

Âîëüôðàìîâûé 0,15 305 250±101 9 408±51 23,2

Ãàììà-êâàíòû ñ ýíåðãèåé 661 êýÂ

Áàðèòîâûé 0,18 13 444±39 11 760±74 0,195

Âîëüôðàìîâûé 0,15 13 444±39 12 061±65 0,72
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