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Âèêîðèñòàííÿ ôðàêòàëüíî-ïåðêîëÿö³éíîãî ï³äõîäó äî íàïîâíåíèõ ïîë³â³í³ëõëîðèäíèõ ñèñòåì
äàëî çìîãó ïðîàíàë³çóâàòè ïðîöåñè ñòðóêòóðîóòâîðåííÿ. Íà îñíîâ³ ìîäåë³ íàïîâíåíîãî ïîë³ìåðó
³ êëàñòåðíî¿ ìîäåë³ àìîðôíîãî ñòàíó âèçíà÷åí³ ì³êðîïàðàìåòðè ¿õíüî¿ ñòðóêòóðíî¿ îðãàí³çàö³¿.
Äîñë³äæåíî âïëèâ êîíöåíòðàö³¿ íàïîâíþâà÷à íà ôðàêòàëüíî-ïåðêîëÿö³éí³ õàðàêòåðèñòèêè
ïîë³â³í³ëõëîðèäíèõ êîìïîçèò³â. Ïîêàçàí³ ïåðñïåêòèâè âèêîðèñòàííÿ òàêîãî ìîäåëþâàííÿ ïðè
âèçíà÷åíí³ åêñïëóàòàö³éíèõ ïàðàìåòð³â ïîë³ìåðíèõ êîìïîçèö³éíèõ ìàòåð³àë³â.

Êëþ÷îâ³ ñëîâà: íàïîâíåíèé ïîë³â³í³ëõëîðèä, ôðàêòàëüíà ðîçì³ðí³ñòü, êðèòè÷í³ ³íäåêñè ïåðêîëÿö³¿, øâèäê³ñòü
óëüòðàçâóêó, êîåô³ö³ºíò Ïóàññîíà.

Âñòóï.
Çá³ëüøåííÿ îáñÿã³â âèêîðèñòàííÿ ïîë³ìåðíèõ ìà-

òåð³àë³â ó ð³çíèõ îáëàñòÿõ æèòòºä³ÿëüíîñò³ çóìîâëþº
ðîçøèðåííÿ ¿õ âèðîáíèöòâà [1]. Ïðè öüîìó ðîçâèòîê ³
äîñÿãíåííÿ ñó÷àñíî¿ íàóêè ïðî ïîë³ìåðè â³äêðèâàþòü
ìîæëèâîñò³ äëÿ ñòâîðåííÿ ïîë³ìåðíèõ êîìïîçèö³éíèõ
ìàòåð³àë³â (ÏÊÌ) áàãàòîôóíêö³îíàëüíîãî ïðèçíà÷åí-
íÿ ç âèêîðèñòàííÿì îäíîãî ç íàéá³ëüø ä³ºâèõ ìåòîä³â
ìîäèô³êàö³¿ ¿õí³õ ñòðóêòóðè òà âëàñòèâîñòåé – íàïîâ-
íåííÿ [2, 3]. Ï³ä ä³ºþ íàïîâíþâà÷à â³äáóâàºòüñÿ çì³íà
ìîëåêóëÿðíî¿ àáî íàäìîëåêóëÿðíî¿ ñòðóêòóðè ïîë³ìå-
ðó, éîãî ðåëàêñàö³éíîãî ñïåêòðà, ôàçîâîãî ñòàíó òà
òåðìîäèíàì³÷íî¿ ð³âíîâàãè. Ïðîáëåìí³ ïèòàííÿ ìîäå-
ëþâàííÿ, îòðèìàííÿ òà äîñë³äæåííÿ âëàñòèâîñòåé ÏÊÌ
ðîçãëÿäàþòüñÿ â çíà÷í³é ê³ëüêîñò³ ðîá³ò íàóêîâî-äîñë³ä-
íîãî òà ïðèêëàäíîãî õàðàêòåðó [4–10]. ×àñòèíà ç íèõ
ïðèñâÿ÷åíà ïåðñïåêòèâíîìó íàïðÿìó ñòâîðåííÿ ÏÊÌ
øëÿõîì ââåäåííÿ â ïîë³ìåðíó ìàòðèöþ íàïîâíþâà÷³â
ð³çíîìàí³òíèõ â³äõîä³â õ³ì³÷íîãî âèðîáíèöòâà [8–10].
Îñê³ëüêè íàïîâíåí³ ïîë³ìåðè º òåðìîäèíàì³÷íî íåñòà-
á³ëüíèìè ñèñòåìàìè, à ïðîöåñè ñòðóêòóðîóòâîðåííÿ
– íåë³í³éí³, òî äëÿ äîñë³äæåííÿ ¿õí³õ âëàñòèâîñòåé ÷àñ-
òî âèêîðèñòîâóþòü ôðàêòàëüíèé àíàë³ç òà ñèíåðãåòè÷-
íèé ï³äõ³ä [11–13].

Ìåòîþ ðîáîòè º âèçíà÷åííÿ ôðàêòàëüíèõ ïåðêîëÿ-
ö³éíèõ ñòðóêòóðíèõ ïàðàìåòð³â íàïîâíåíèõ ÏÂÕ-ñèñ-
òåì çà ðåçóëüòàòàìè óëüòðàçâóêîâèõ äîñë³äæåíü.
Îá’ºêòè òà ìåòîäè äîñë³äæåíü.

Äîñë³äæåíî êîìïîçèòè íà îñíîâ³ ïîë³â³í³ëõëîðèäó
(ÏÂÕ) ç ìîëåêóëÿðíîþ ìàñîþ 1,4·105 òà êîíñòàíòîþ

Ô³êåíò÷åðà 65, îòðèìàíîãî ñóñïåíç³éíîþ ïîë³ìåðèçà-
ö³ºþ òà î÷èùåíîãî ïåðåîñàäæåííÿì ç ðîç÷èíó. ßê íà-
ïîâíþâà÷³ äëÿ ÏÂÕ âèêîðèñòîâóâàëè áàãàòîòîííàæí³
îáòÿæëèâ³ â³äõîäè âèðîáíèöòâà åêñòðàêö³éíî¿ ôîñôàò-
íî¿ êèñëîòè – äèñïåðñíèé ôîñôîã³ïñ (ÔÃ) òà éîãî ìî-
äèô³êîâàí³ ôîðìè ç ñîëÿìè âàæêèõ ìåòàë³â ÔÃPb, ÔÃHg
òà ÔÃBi. Ô³çèêî-ìåõàí³÷í³ âëàñòèâîñò³ ìîäèô³êîâàíèõ
ôîðì ÔÃ ³äåíòè÷í³ ô³çèêî-ìåõàí³÷íèì âëàñòèâîñòÿì
âèõ³äíîãî ÔÃ, ïðîòå ¿õíÿ ãóñòèíà çðîñòàº â ðÿäó:
ρÔÃHg

 = 3296 êã·ì-3, ρÔÃÂ³
 = 3297 êã·ì-3, ρÔÃPb

 = 3347 êã·ì-3.
Ðîçì³ðè ÷àñòèíîê îòðèìàíèõ äèñïåðñíèõ íàïîâíþâà÷³â
ñòàíîâëÿòü (1÷4)·10-5 ì.

Çðàçêè äëÿ åêñïåðèìåíòàëüíèõ äîñë³äæåíü ó âè-
ãëÿä³ ïëàñòèí òîâùèíîþ 5 ìì ³ ä³àìåòðîì 25 ìì ãîòó-
âàëè ìåòîäîì ìåõàí³÷íîãî çì³øóâàííÿ ÏÂÕ ç ì³íåðàëü-
íèìè íàïîâíþâà÷àìè òà ïîäàëüøèì ãàðÿ÷èì ïðåñó-
âàííÿì çà òåìïåðàòóðè 403 Ê ³ òèñêó 10 ÌÏà [15].

Äëÿ åêñïåðèìåíòàëüíèõ äîñë³äæåíü ñòðóêòóðíèõ
îñîáëèâîñòåé ÏÊÌ ³ ¿õí³õ â’ÿçêîïðóæíèõ âëàñòèâîñòåé
çàñòîñóâàëè óëüòðàçâóêîâ³ ìåòîäè [16–18] ç âèêîðèñ-
òàííÿì óñòàíîâêè, ðîáîòà ÿêî¿ áàçóºòüñÿ íà ïðîõîä-
æåíí³ ïîçäîâæí³õ ³ ïîïåðå÷íèõ óëüòðàçâóêîâèõ (ÓÇ)
õâèëü ÷åðåç ïîë³ìåðíèé çðàçîê, ÿêèé çàíóðåíèé â ³ìåð-
ñ³éíó ð³äèíó (ñèë³êîíîâå ìàñëî ìàðêè ÏÔÌÑ-4). Åêñ-
ïåðèìåíòàëüíà óñòàíîâêà ñêëàäàºòüñÿ ç êþâåòè, åëåêò-
ðîííîãî áëîêó ³ ïåðñîíàëüíîãî êîìï’þòåðà äëÿ îáðîá-
êè ³ â³çóàë³çàö³¿ ðåçóëüòàò³â âèì³ðþâàíü òà äàº çìîãó çà
îäèí ïðèéîì âèçíà÷àòè øâèäêîñò³ ïîøèðåííÿ ïîçäîâæ-
íüî¿ (υ l) ³ ïîïåðå÷íî¿ õâèë³ (υ t) ó çðàçêó çà äîïîìîãîþ
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òàêèõ ñï³ââ³äíîøåíü [19]:
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äå: d – òîâùèíà çðàçêà; υ p – øâèäê³ñòü ÓÇ â ³ìåðñ³éí³é
ð³äèí³ çà òåìïåðàòóðè äîñë³äæåííÿ; ∆τl,t = τ  – τ l,t, τ l,t –
÷àñ ïðîõîäæåííÿ ÓÇ-ñèãíàëó ÷åðåç êþâåòó ç ³ìåðñ³é-
íîþ ð³äèíîþ òà çðàçêîì; α – êóò ïîâîðîòó çðàçêà.

Ó âèïàäêó, êîëè êóò ïàä³ííÿ õâèë³ íà çðàçîê ç³ ñòðîãî

ïàðàëåëüíèìè ïîâåðõíÿìè äîð³âíþº íóëåâ³, â íüîìó
ïîøèðþºòüñÿ ò³ëüêè ïîçäîâæíÿ õâèëÿ. Ïðè çá³ëüøåíí³
êóòà ïîâîðîòó â çðàçêó áóäóòü ïîøèðþâàòèñÿ äâ³ õâèë³:
ïîçäîâæíÿ ³ ïîïåðå÷íà. Ïðè äîñÿãíåíí³ êðèòè÷íîãî
êóòà (êóò Áðþñòåðà) ïîçäîâæíÿ õâèëÿ ñòàº ïîâåðõíå-
âîþ, à â çðàçêó çàëèøàºòüñÿ ò³ëüêè ïîïåðå÷íà õâèëÿ,
ïðè÷îìó íà ìåæ³ ð³äèíà–ïîë³ìåðíèé çðàçîê âèêîíóºòü-
ñÿ çàêîí Ñíåë³óñà:
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t
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Êîåô³ö³ºíò Ïóàññîíà çà çíà÷åííÿìè øâèäêîñòåé

ϕ, îá.% υ df β υ0 t γ ∆ 
(d=2) 

∆ 
(d=3) dw ds drec 

z 
(d=2) 

z 
(d=3) 

ÏÂÕ+ÔÃ 
0,1 0,369 2,738 0,365 0,730 1,461 1,096 1,096 1,825 0,912 1,825 0,087 3,685 2,292 
0,3 0,393 2,785 0,359 0,718 1,436 1,077 1,077 1,795 0,928 1,857 0,072 3,489 1,851 
0,5 0,388 2,776 0,360 0,720 1,441 1,080 1,080 1,801 0,926 1,851 0,074 3,523 1,928 
1,0 0,370 2,740 0,365 0,730 1,460 1,095 1,095 1,825 0,913 1,827 0,087 3,677 2,273 
2,0 0,369 2,738 0,365 0,731 1,461 1,096 1,096 1,826 0,913 1,825 0,087 3,688 2,297 
3,0 0,348 2,696 0,371 0,742 1,484 1,113 1,113 1,855 0,899 1,797 0,101 3,869 2,706 
5,0 0,353 2,707 0,369 0,739 1,478 1,108 1,108 1,847 0,902 1,805 0,098 3,821 2,599 
10,0 0,319 2,638 0,379 0,758 1,516 1,137 1,137 1,895 0,879 1,759 0,121 4,129 3,291 
20,0 0,310 2,621 0,382 0,763 1,526 1,145 1,145 1,908 0,874 1,747 0,126 4,210 3,473 

ÏÂÕ+ÔÃBi 
0,1 0,368 2,736 0,366 0,731 1,462 1,096 1,096 1,828 0,912 1,824 0,088 3,697 2,319 
0,3 0,359 2,717 0,368 0,736 1,472 1,104 1,104 1,840 0,906 1,812 0,094 3,776 2,496 
0,5 0,352 2,704 0,370 0,740 1,479 1,110 1,110 1,849 0,901 1,803 0,099 3,835 2,628 
1,0 0,373 2,747 0,364 0,728 1,456 1,092 1,092 1,820 0,916 1,832 0,084 3,647 2,207 
2,0 0,363 2,726 0,367 0,734 1,468 1,101 1,101 1,834 0,909 1,817 0,091 3,740 2,416 
3,0 0,337 2,674 0,374 0,748 1,496 1,122 1,122 1,869 0,891 1,783 0,109 3,965 2,921 
5,0 0,351 2,703 0,370 0,740 1,481 1,110 1,110 1,850 0,901 1,802 0,099 3,841 2,641 
10,0 0,326 2,651 0,377 0,754 1,509 1,132 1,132 1,886 0,884 1,767 0,116 4,070 3,159 
20,0 0,294 2,586 0,386 0,773 1,546 1,159 1,159 1,932 0,863 1,725 0,137 4,367 3,825 

ÏÂÕ+ÔÃHg 
0,1 0,370 2,739 0,365 0,730 1,460 1,095 1,095 1,825 0,913 1,826 0,087 3,683 2,287 
0,3 0,362 2,725 0,367 0,734 1,468 1,101 1,101 1,735 0,908 1,817 0,092 3,743 2,422 
0,5 0,345 2,690 0,372 0,744 1,487 1,115 1,115 1,859 0,897 1,793 0,103 3,897 2,768 
1,0 0,355 2,711 0,369 0,738 1,476 1,107 1,107 1,844 0,904 1,807 0,096 3,805 2,561 
2,0 0,358 2,716 0,368 0,736 1,473 1,105 1,105 1,841 0,905 1,811 0,095 3,781 2,508 
3,0 0,351 2,702 0,370 0,740 1,481 1,110 1,110 1,851 0,901 1,801 0,099 3,844 2,649 
5,0 0,336 2,672 0,374 0,748 1,497 1,123 1,123 1,871 0,891 1,782 0,109 3,974 2,941 
10,0 0,337 2,674 0,374 0,748 1,496 1,122 1,122 1,870 0,891 1,783 0,109 3,967 2,925 
20,0 0,289 2,577 0,388 0,776 1,552 1,164 1,164 1,940 0,859 1,718 0,141 4,416 3,936 

ÏÂÕ+ÔÃPb 
0,1 0,375 2,750 0,364 0,727 1,455 1,091 1,091 1,818 0,917 1,833 0,083 3,638 2,185 
0,3 0,368 2,736 0,366 0,731 1,462 1,097 1,097 1,828 0,912 1,824 0,088 3,697 2,319 
0,5 0,366 2,731 0,366 0,732 1,464 1,098 1,098 1,831 0,910 1,821 0,090 3,716 2,361 
1,0 0,367 2,734 0,366 0,731 1,463 1,098 1,098 1,829 0,911 1,823 0,089 3,704 2,334 
2,0 0,375 2,750 0,363 0,727 1,454 1,091 1,091 1,818 0,917 1,834 0,083 3,635 2,179 
3,0 0,359 2,717 0,368 0,736 1,472 1,104 1,104 1,840 0,906 1,811 0,094 3,777 2,498 
5,0 0,358 2,716 0,368 0,736 1,472 1,104 1,104 1,841 0,905 1,810 0,095 3,783 2,512 
10,0 0,346 2,691 0,372 0,743 1,486 1,115 1,115 1,856 0,897 1,794 0,103 3,889 2,752 
20,0 0,330 2,660 0,376 0,752 1,503 1,128 1,128 1,879 0,887 1,773 0,113 4,031 3,071 

Òàáëèöÿ. Õàðàêòåðèñòèêè ïåðêîëÿö³éíîãî êëàñòåðà ÏÂÕ-ñèñòåì

(1)

(2)

(3)
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ïîøèðåííÿ ÓÇ-õâèëü ó çðàçêó ðîçðàõîâóâàëè ÿê:
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Îá÷èñëåí³ çíà÷åííÿ êîåô³ö³ºíòà Ïóàññîíà äëÿ ñèñ-
òåì òèïó ÏÂÕ+ÔÃ âêàçàí³ â òàáëèö³.
Ðåçóëüòàòè äîñë³äæåíü òà ¿õ îáãîâîðåííÿ.

Ïåðêîëÿö³éíà ìîäåëü. ²äåÿ ïðî ñòàòèñòè÷íå ñêëà-
äóâàííÿ ìàêðîìîëåêóë äàº çìîãó ïîÿñíèòè ³ñíóâàííÿ
ì³êðîâïîðÿäêîâàíèõ îáëàñòåé â àìîðôíèõ ïîë³ìåðàõ.
Íà îñíîâ³ öüîãî Þ.Ñ. Ë³ïàòîâ ³ç ñï³âàâòîðàìè çàïðî-
ïîíóâàëè êëàñòåðíó ìîäåëü ïîë³ìåð³â [20]. Ðîçâèâàþ-
÷è êëàñòåðíó ìîäåëü, ó [21] çàïðîïîíîâàíî ðîçãëÿäàòè
ñåãìåíò ìàêðîìîëåêóëè â êëàñòåð³ ÿê ë³í³éíèé äåôåêò
íåâïîðÿäêîâàíî¿ ñòðóêòóðè, ïîä³áíèé äî êðàéîâî¿ äèñ-
ëîêàö³¿ â êðèñòàëàõ. Êëàñòåð ó ö³é ìîäåë³ ç «ïðîõ³äíè-
ìè» ìîëåêóëàìè ñõîæèé íà äîáðå â³äîìèé êëàñòåð ó
ìîäåë³ Â³òòåíà-Ñàíäåðà [22].

ßêùî òàêèé êëàñòåð âèä³ëèòè ç îá’ºìó ïîë³ìåðó,
îáìåæåíîãî ðàä³óñîì RW, òî â³í áóäå ìàòè ïðèíàéìí³
äâ³ âëàñòèâîñò³, òèïîâ³ äëÿ ôðàêòàëüíèõ êëàñòåð³â. Ïî-
ïåðøå, öå ñàìîïîä³áí³ñòü, çóìîâëåíà íåñòàá³ëüíèìè
êëàñòåðàìè, ÿê³ ñêëàäàþòüñÿ ç ìåíøîãî ÷èñëà ñåã-
ìåíò³â, í³æ òåðìîäèíàì³÷íî ñòàá³ëüí³ êëàñòåðè. Ïî-
äðóãå, ù³ëüí³ñòü ñêëàäîâèõ ÷àñòèíîê êëàñòåðà (ñòàòèñ-
òè÷íèõ ñåãìåíò³â) áóäå çìåíøóâàòèñÿ ó ì³ðó â³ääàëåí-
íÿ â³ä öåíòðà êëàñòåðà, çóìîâëþþ÷è òèïîâó äëÿ ôðàê-
òàë³â çàëåæí³ñòü ρ (L). Çà ö³ºþ çàëåæí³ñòþ
ïåðåäáà÷àºòüñÿ ³ñíóâàííÿ â ñòðóêòóð³ àìîðôíîãî ïîë³-
ìåðó ïåâíèõ «çãóñòê³â» ³ «ðîçð³äæåíü» ìàñè. Ïîä³áíå
«çãóùåííÿ» ìàñè ìîæíà ïîÿñíèòè ³ñíóâàííÿì ëîêàëü-
íîãî ïîðÿäêó. Òîìó ôðàêòàëüí³ñòü ñòðóêòóðè àìîðô-
íèõ ïîë³ìåð³â ó ìàñøòàá³ ~0,3–5,0 íì ï³äòâåðäæóºòüñÿ
³ñíóâàííÿì ëîêàëüíîãî ïîðÿäêó.

Ôðàêòàëüíó ðîçì³ðí³ñòü äëÿ ñòðóêòóðè àìîðôíîãî
ïîë³ìåðó ìîæíà âèçíà÷èòè ç³ ñï³ââ³äíîøåííÿ:

df = (d - 1)(1 + υ ),
äå: υ  – êîåô³ö³ºíò Ïóàññîíà; d – åâêë³äîâà ðîçì³ðí³ñòü
[23].

Çíà÷åííÿ ôðàêòàëüíèõ ðîçì³ðíîñòåé äëÿ ðîçãëÿíó-
òèõ ñèñòåì, ïîäàíèõ ó òàáëèö³, âêàçóº íà òå, ùî äëÿ ¿õ
ñòðóêòóðíî¿ îðãàí³çàö³¿ õàðàêòåðí³ ïëîùèííî-îá’ºìí³
åôåêòè. Ïëîùèíí³ íàäìîëåêóëÿðí³ ñòðóêòóðí³ îðãàí³-
çàö³¿ â á³ëüø³é ì³ð³ ïðîÿâëÿþòüñÿ â ñèñòåìàõ ç 20 % îá.
íàïîâíþâà÷à.

Ñòðóêòóðíà îðãàí³çàö³ÿ àìîðôíèõ ïîë³ìåð³â òà íà-
ïîâíåíèõ ïîë³ìåðíèõ ñèñòåì äàº çìîãó ðîçãëÿäàòè ¿õ ÿê
ïåðêîëÿö³éí³ êëàñòåðè. Îáëàñò³ áëèæíüîãî ïîðÿäêó â
ïîë³ìåðí³é ìàòðèö³ òà ì³æôàçíîìó øàð³ óòâîðþþòü
êàðêàñ ïåðêîëÿö³éíîãî êëàñòåðà, ³ òàêà ï³äìíîæèíà îïè-
ñóºòüñÿ êðèòè÷íèì ³íäåêñîì ïåðêîëÿö³¿ β. ²íøà ï³äìíî-
æèíà â ñòðóêòóðí³é îðãàí³çàö³¿ ïîë³ìåðó ñêëàäàºòüñÿ ç
íåâïîðÿäêîâàíèõ îáëàñòåé, ùî õàðàêòåðèçóþòüñÿ êðè-
òè÷íèì ³íäåêñîì ïåðêîëÿö³¿ (υ 0). Çà êðèòè÷íîãî âì³ñòó
íàïîâíþâà÷à éîãî ÷àñòèíêè óòâîðþþòü íåñê³í÷åíí³
ëàíöþãè, ç’ºäíàí³ ìàêðîìîëåêóëÿðíèìè åëåìåíòàìè,

³ êàðêàñ, ïîâåä³íêà ÿêîãî îïèñóºòüñÿ êðèòè÷íèìè ³íäåê-
ñàìè γ , t. Êðèòè÷í³ ³íäåêñè ïåðêîëÿö³¿ âèçíà÷àëè çà çíà-
÷åííÿìè ôðàêòàëüíî¿ ðîçì³ðíîñò³ ñòðóêòóðîóòâîðåíü
íàïîâíåíèõ ïîë³ìåð³â:

0
1 2 3 4; ; ; .

f f f f

t
d d d d

β υ γ= = = =

Çíàííÿ êðèòè÷íèõ ³íäåêñ³â ïåðêîëÿö³¿ äàº ìîæ-
ëèâ³ñòü ó òàê³é ìîäåë³ îö³íþâàòè ìàêñèìàëüí³ ðîçì³ðè
ñê³í÷åííîãî êëàñòåðà:

0
2 1.

f

dd
d

υ β −∆ = ⋅ − =

Ó âèïàäêó âèÿâëåííÿ ïëîùèííèõ åôåêò³â D = 3/df, à
äëÿ îá’ºìíèõ D = 5/df.

Ïîêàçíèêîì âëàñòèâîñòåé ïåðêîëÿö³éíîãî êëàñòå-
ðà â ñàìîïîä³áíîìó ðåæèì³ º ïàðàìåòð S, ÿêèé îïèñóº
øâèäê³ñòü ðîñòó îïîðó ôðàêòàëà ç³ çá³ëüøåííÿì éîãî
ïðîñòîðîâîãî ìàñøòàáó. Âåëè÷èíà àíîìàëüíî¿ äèôóç³¿
Θ  ïðè àíàë³ç³ ñîðáö³éíèõ âëàñòèâîñòåé íàïîâíåíèõ ïîë³-
ìåðíèõ ñèñòåì íåïðÿìèì ÷èíîì äàº çìîãó âðàõîâóâà-
òè âïëèâ ìàñøòàáó íà êîåô³ö³ºíò äèôóç³¿. Õàðàêòåðèñ-
òèêè ³íøèõ ïàðàìåòð³â ïåðêîëÿö³éíîãî êëàñòåðà
ÏÂÕ-ñèñòåì (ôðàêòàëüíà ðîçì³ðí³ñòü áëóêàíü (dw),
ñïåêòðàëüíà ðîçì³ðí³ñòü (ds), ðîçì³ðí³ñòü ìîìåíò³â
÷àñó, â ÿêèõ áëóêàííÿ ïîâåðòàþòüñÿ â âèõ³äíó òî÷êó
(drec)) âèçíà÷àþòü ïðîöåñè ñòðóêòóðîóòâîðåíü ó íèõ.

Äëÿ äîñë³äæóâàíèõ ïîë³ìåðíèõ ñèñòåì ö³ ïàðàìåò-
ðè âèçíà÷àëè çà ñï³ââ³äíîøåííÿìè:

,t β
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Àíàë³ç äàíèõ, ïîäàíèõ â òàáëèö³, ñâ³ä÷èòü ïðî ìî-
íîòîííèé õàðàêòåð çì³íè îñíîâíèõ òåðìîäèíàì³÷íèõ
³íäåêñ³â (α, β, γ , υ ), ÿê³ õàðàêòåðèçóþòü òîïîëîã³÷íó
ñòðóêòóðó íàïîâíåíèõ ïîë³ìåðíèõ ñèñòåì. Öå âêàçóº
íà òå, ùî ôîðìóâàííÿ ñòðóêòóðè òàêèõ ìàòåð³àë³â âè-
çíà÷àºòüñÿ âèäîì íàïîâíþâà÷à, ìîäèô³êóþ÷èìè ôàê-
òîðàìè òà îá’ºìíèì âì³ñòîì íàïîâíþâà÷à. Ìàêñè-
ìàëüí³ ðîçì³ðè ïëîùèííîãî òà îá’ºìíîãî ñê³í÷åííî-
ãî êëàñòåð³â ìàº ñèñòåìà ÏÂÕ+20 % îá. ÔÃHg.

Ç ìîäåë³ ïåðêîëÿö³éíî¿ ãðàòêè âèçíà÷èëè êîîðäè-
íàö³éíå ÷èñëî, ÿêå âêàçóº íà ðîçì³ùåí³ñòü ÷àñòèíîê
íàïîâíþâà÷à â ïîë³ìåðí³é ìàòðèö³, çà ñï³ââ³äíîøåííÿì:

8 16 ( 2);
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12 36 ( 3).
1

z dυ
υ

= − =
+

Ðåçóëüòàòè ðîçðàõóíê³â çíà÷åíü z ó âèïàäêó äâî- òà
òðèâèì³ðíî¿ ìîäåë³ ïåðêîëÿö³éíî¿ ãðàòêè (òàáëèöÿ) êî-
ðåëþþòü ç â³äïîâ³äíèìè çíà÷åííÿìè ∆. Àíàë³òè÷íî òàê³
çàëåæíîñò³ äëÿ ÏÂÕ-ñèñòåì ìîæíà ïîäàòè, âèêîðèñòî-
âóþ÷è ñï³ââ³äíîøåííÿ (7), (13), (14), ó âèãëÿä³:

Z=10,667∆ – 8; (d=2),
Z=14,400∆ – 24; (d=3)

Ñòðóêòóðí³ ïàðàìåòðè ìåæîâîãî øàðó. Â³äîìî,
ùî âçàºìîä³ÿ ïîë³ìåð–íàïîâíþâà÷ ó ïîë³ìåðíèõ ñèñ-
òåìàõ âèçíà÷àºòüñÿ äâîìà ãðóïàìè ôàêòîð³â: ô³çè÷íè-
ìè ³/àáî õ³ì³÷íèìè òà ñòðóêòóðíèìè. Ïîâåðõíÿ äèñ-
ïåðñíèõ ÷àñòèíîê íàïîâíþâà÷à, ç ÿêîþ âçàºìîä³º ïîë³-
ìåðíà ìàòðèöÿ, º ôðàêòàëüíèì îá’ºêòîì. Ôðàêòàëü-
íèé âçàºìîçâ’ÿçîê ì³æ ïèòîìîþ ïîâåðõíåþ (Sí) ³
ä³àìåòðîì ÷àñòèíêè íàïîâíþâà÷à (Dí) âèðàæàºòüñÿ ÿê
[24]:

410
2

íd d
í

í
DS

−
 =   

.

Âðàõîâóþ÷è, ùî Sí=1/(ρ í·rí), ôðàêòàëüíà
ðîçì³ðí³ñòü ïîâåðõí³ ÷àñòèíêè íàïîâíþâà÷à âèçíà-
÷àºòüñÿ çà ñï³ââ³äíîøåííÿì:

 ln ln 410 ,
ln

H
H

H

Sd d
r

−= +

äå: ρí – ãóñòèíà íàïîâíþâà÷à, ã/ì3; rí – ðàä³óñ ÷àñòèí-
êè íàïîâíþâà÷à, íì.

Ôðàêòàëüíà ðîçì³ðí³ñòü íååêðàíîâàíî¿ ïîâåðõí³
÷àñòèíêè íàïîâíþâà÷à:

 
1 ,

1
H

U H
H

d dd d
d

−= − +
+

à ðîçì³ðí³ñòü âèïàäêîâîãî áëóêàííÿ ñòðóêòóðíèõ åëå-
ìåíò³â ìàêðîìîëåêóë ÏÂÕ íà ïîâåðõí³ ÷àñòèíêè íà-
ïîâíþâà÷à, ÿê íà ôðàêòàë³, ìîæíà îö³íèòè çà ïðàâè-
ëîì Ààðîí³-Øòàóôôåðà:

dwH
 = dH + 1

ßêùî ðîçãëÿäàòè ïîâåðõíþ ÷àñòèíêè íàïîâíþâà÷à
ÿê ³äåàëüíó ïëîùèíó (d=2), ôðàêòàëüíà ðîçì³ðí³ñòü
ïîâåðõí³ ÷àñòèíêè íàïîâíþâà÷à ÔÃ ³ éîãî ìîäèô³êî-
âàíèõ ôîðì ñòàíîâèòü 0,97÷0,98, à ðîçì³ðí³ñòü âèïàä-
êîâîãî áëóêàííÿ ñòðóêòóðíèõ åëåìåíò³â ìàêðîìîëåêóë
ÏÂÕ ñòàíîâèòü 1,97÷1,98. Òàê³ çíà÷åííÿ dH ³ dwH

 âêàçó-
þòü íà ìîæëèâ³ñòü ë³í³éíîãî ðîçòàøóâàííÿ ñåãìåíò³â
ìàêðîìîëåêóë ÏÂÕ íà ïîâåðõí³ íàïîâíþâà÷à ³ äîñòóï-
í³ñòü óñ³õ àêòèâíèõ öåíòð³â ÷àñòèíîê íàïîâíþâà÷à äëÿ
âçàºìîä³¿ ç³ ñòðóêòóðíèìè åëåìåíòàìè ïîë³ìåðíîãî
ëàíöþãà. Ó âèïàäêó ðåàëüíî¿ ïîâåðõí³ ÷àñòèíêè íàïîâ-
íþâà÷à çà íàÿâíîñò³ äåôåêò³â ³ îá’ºìíèõ åôåêò³â (d=3)
çíà÷åííÿ dH ³ dwH

 ð³âí³ 1,97÷1,98 ³ 2,77÷2,78. Öå ñâ³ä÷èòü
ïðî òå, ùî ïîðèñòà ïîâåðõíÿ ÷àñòèíîê íàïîâíþâà÷à
â³äêðèòà äëÿ ïðîíèêíåííÿ ñòðóêòóðíèõ åëåìåíò³â ìàê-
ðîìîëåêóë, ÿê³ ìîæóòü ðîçì³ùóâàòèñÿ íàâ³òü ó ¿¿ ïî-
ðàõ.

Çíà÷åííÿ dH äëÿ íåîðãàí³÷íèõ íàïîâíþâà÷³â âêàçó-
þòü íà çäàòí³ñòü ñòðóêòóðíèõ åëåìåíò³â ìàêðîìîëåêóë
ÏÂÕ ïðèêð³ïëþâàòèñÿ äî ïîâåðõí³ íàïîâíþâà÷à ç óòâî-
ðåííÿì ì³æìîëåêóëÿðíèõ çâ’ÿçê³â. Ìîæëèâîñò³ òàêèõ
ïðîöåñ³â ïðè ïåðåõîä³ ñòðóêòóðíèõ åëåìåíò³â ç ì³æôàç-
íîãî øàðó ïîë³ìåðó íà ïîâåðõíþ íàïîâíþâà÷à âêàçóº
íà âçàºìîä³þ äâîõ ôðàêòàë³â ³ óòâîðåííÿ ìåæîâîãî
øàðó ÿê ¿õ ïåðåòèíó. Ðîçì³ðè öüîãî ïåðåòèíó ç óðàõó-
âàííÿì ñèëîâî¿ âçàºìîä³¿, êîíôîðìàö³éíèõ ³ òîïîëîã³÷-
íèõ åôåêò³â âèçíà÷àþòüñÿ ÿê:
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äå σ – ïàðàìåòð, ùî õàðàêòåðèçóº ãíó÷ê³ñòü ìàêðîìî-
ëåêóë ó íàïîâíåíèõ ñèñòåìàõ ³ âèçíà÷àºòüñÿ ÷åðåç ôðàê-
òàëüí³ ðîçì³ðíîñò³:
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Íà ðèñ. 1 íàâåäåíà êîíöåíòðàö³éíà çàëåæí³ñòü
ïàðàìåòðà ãíó÷êîñò³ σ ìàêðîìîëåêóëè ÏÂÕ, ÿêà
âêàçóº íà òå, ùî â îáëàñò³ íåçíà÷íèõ êîíöåíòðàö³é íå-
îðãàí³÷íîãî íàïîâíþâà÷à (0,1÷3,0 % îá.) ñïîñòåð³ãàºòü-
ñÿ ìàêñèìóì σ. Çà òàêèõ êîíöåíòðàö³é íàïîâíþâà÷à
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Ðèñ. 3. Êîíöåíòðàö³éíà çàëåæí³ñòü lìø  äëÿ
ïëîùèííèõ åôåêò³â

â³äáóâàºòüñÿ ³íòåíñèâíèé ïðîöåñ ôîðìóâàííÿ ì³æôàç-
íîãî øàðó [25], ðîçì³ðè ÿêîãî äëÿ öèõ êîíöåíòðàö³é
íàïîâíþâà÷à çàçíàþòü çì³í (ðèñ. 2). Çá³ëüøåííÿ âì³ñòó
íàïîâíþâà÷à ïðèçâîäèòü äî ìîíîòîííîãî çìåíøåííÿ
σ  ³ lìø., ùî âêàçóº íà ôîðìóâàííÿ ð³âíîâàæíèõ ìåæî-
âèõ øàð³â ³ íåçíà÷íèõ çì³í ¿õ îá’ºìíî¿ êîíöåíòðàö³¿ â ÏÂÕ-
ñèñòåìàõ. Ó âèïàäêó ³äåàëüíî¿ ïîâåðõí³ íàïîâíþâà÷à

(d=2) ðîçì³ðè ìåæîâîãî øàðó (ðèñ. 3) ïðàêòè÷íî íå
çì³íþþòüñÿ ç³ çì³íîþ êîíöåíòðàö³¿, ïðîòå ÷èñëîâ³ çíà-
÷åííÿ lìø. âèçíà÷àþòüñÿ âèäîì íàïîâíþâà÷à. Ñë³ä çà-
çíà÷èòè, ùî ó âèïàäêó ³äåàëüíî¿ ïîâåðõí³ ¿¿ ñèëîâèé
âïëèâ ïîøèðþºòüñÿ íà á³ëüø³ â³ääàë³, í³æ äëÿ ðåàëüíèõ
ïîâåðõîíü ÷àñòèíîê íàïîâíþâà÷à – ñï³ââ³äíîøåííÿ ¿õ
çíà÷åíü ñòàíîâèòü 4,2÷6,5.
Âèñíîâêè.

Ôðàêòàëüíî-ïåðêîëÿö³éíèé ï³äõ³ä äî âèâ÷åííÿ ïðî-
öåñ³â ñòðóêòóðîóòâîðåííÿ â ÏÂÕ-ñèñòåìàõ ³ç ð³çíèì
âì³ñòîì ³ âèäîì íàïîâíþâà÷à ïîêàçàâ, ùî ìîäèô³êî-
âàí³ ïîâåðõí³ ÷àñòèíîê ÔÃ º àêòèâíèìè öåíòðàìè ôîð-
ìóâàííÿ ìåæîâèõ øàð³â íà ãðàíèö³ ðîçïîä³ëó ïîë³ìåð–
íàïîâíþâà÷. Ïîð³âíÿííÿ ìàêñèìàëüíèõ ðîçì³ð³â ïåð-
êîëÿö³éíèõ êëàñòåð³â ³ êîîðäèíàö³éíèõ ÷èñåë äëÿ ÏÂÕ-
ñèñòåì, íàïîâíåíèõ ÔÃ òà éîãî ìîäèô³êîâàíèìè
ôîðìàìè, äàëî çìîãó âñòàíîâèòè êîðåëÿö³þ ì³æ öèìè
âåëè÷èíàìè. Ó ðîáîò³ â ðàìêàõ êëàñòåðíî¿ ìîäåë³ ³ çà
ôðàêòàëüíèìè ðîçì³ðíîñòÿìè íàïîâíåíèõ ñèñòåì ïðî-
àíàë³çîâàíî ïðîöåñè ñòðóêòóðîóòâîðåííÿ íà ìåæ³ ïîë³-
ìåð–íàïîâíþâà÷ ³ âèçíà÷åí³ ¿õí³ ïåðêîëÿö³éí³ õàðàêòå-
ðèñòèêè, ùî â ï³äñóìêó óìîæëèâèòü ïðîãíîçóâàííÿ
ïîâåä³íêè òàêèõ ÏÂÕ-ñèñòåì ó ñèëîâèõ ³ òåïëîâèõ ïî-
ëÿõ.
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Ôðàêòàëüíî-ïåðêîëÿöèîííîå ìîäåëèðîâàíèå ñòðóêòóðíîé îðãàíèçàöèè
íàïîëíåííîãî ïîëèâèíèëõëîðèäà

Ò.Í. Øåâ÷óê1, Í.À. Áîðäþê1, Â.Â. Êðèâöîâ1, Â.À. Ìàùåíêî2

1 Ðîâåíñêèé ãîñóäàðñòâåííûé ãóìàíèòàðíûé óíèâåðñèòåò
31, óë. Ïëàñòîâàÿ, Ðîâíî, 33028, Óêðàèíà
2 Îäåññêàÿ ãîñóäàðñòâåííàÿ àêàäåìèÿ òåõíè÷åñêîãî ðåãóëèðîâàíèÿ è êà÷åñòâà
15, óë. Êîâàëüñüêàÿ, Îäåññà, 65020, Óêðàèíà

Èñïîëüçîâàíèå ôðàêòàëüíî-ïåðêîëÿöèîííîãî ïîäõîäà ê íàïîëíåííûì ïîëèâèíèëõëîðèäíûì
ñèñòåìàì ïîçâîëèëî ïðîâåñòè àíàëèç ïðîöåññîâ èõ ñòðóêòóðîîáðàçîâàíèÿ. Îñíîâûâàÿñü íà
ìîäåëè íàïîëíåííîãî ïîëèìåðà è êëàñòåðíîé ìîäåëè àìîðôíîãî ñîñòîÿíèÿ, îïðåäåëåíû
ìèêðîïàðàìåòðû ñòðóêòóðíîé îðãàíèçàöèè ïîëèâèíèëõëîðèäíûõ êîìïîçèòîâ. Èññëåäîâàíî
âëèÿíèå êîíöåíòðàöèè íàïîëíèòåëÿ íà ôðàêòàëüíî-ïåðêîëÿöèîííûå õàðàêòåðèñòèêè
ïîëèìåðíûõ ñèñòåì. Ïîêàçàíû ïåðñïåêòèâû èñïîëüçîâàíèÿ òàêîãî ìîäåëèðîâàíèÿ â îïðåäåëåíèè
ýêñïëóàòàöèîííûõ ïàðàìåòðîâ ïîëèìåðíûõ êîìïîçèöèîííûõ ìàòåðèàëîâ.

Êëþ÷åâûå ñëîâà: íàïîëíåííûé ïîëèâèíèëõëîðèä, ôðàêòàëüíàÿ ðàçìåðíîñòü, êðèòè÷åñêèå èíäåêñû ïåðêîëÿöèè,
ñêîðîñòü óëüòðàçâóêà, êîýôôèöèåíò Ïóàññîíà.
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Fractal percolation modeling of structural organization of filled polyvinylchloride

Ò.Ì. Shevchuk 1, Ì.À. Borduk 1, V.V. Krivtsov 1, V.A. Mashchenko2

1 Rivne State Humanitarian University
31, Plastova str., Rivne, 33028, Ukraine
2 Odessa State Academy of Technical Regulation and Quality
15, Kovalska str., Odessa, 65020, Ukraine

The use of fractal percolation and synergetic approaches to the filled polymer systems enable to
analyze processes of their structure formation. Aim of the paper is to define fractal percolation structural
parameters of PVC systems filled with chemical wastes based on the results of ultrasonic study using
filled polymer model as well as amorphous state cluster model. Multi-tone, burdensome waste products
of extraction of phosphoric acid – dispersed phosphogypsum and its modifications with heavy metal
salts have been used as PVC fillers.
As experimental samples 5 mm thick and 25 mm in diameter plates have been used. They have been
obtained with the help of hot pressing in T-p mode at temperature 403 K and pressure 10 MPa just after
PVC and mineral fillers have been all mixed. To define structural properties of composite polymer
materials and their visco elastic properties ultrasonic methods have been used operating machine
where longitudinal and transverse ultrasonic waves go through the polymer sample immersed in fluid.
It has been shown that phosphogypsum modified surface fractions are active centers of interface layer
formations on boundary polymer – filler. Comparing maximums of filled with phosphogypsum and its
modified forms percolation clusters and PVC systems coordinate numbers enabled to correlate these
dimensions. In the cluster model framework and according to fractal dimensions of filled systems the
processes of structure formation on boundary polymer – filler have been analyzed. Their percolation
dimensions that help to predict mode of behavior of such PVC systems in fields of force as well as in
thermal fields have been defined. Models of application have been demonstrated as to the referenced
modeling in specifying operating features of polymer composite materials.

Keywords: filled polyvinylchloride, fractal dimension, critical index of percolation, acoustic velocity, Poisson’s constant.


