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ÐÅÇÞÌÅ

Ââåäåíèå. Ïðèâåäåííûå â ñòàòüå äàííûå ñâèäåòåëüñòâóþò î òîì, ÷òî ïðîáëåìà ïîâûøåíèÿ ïîæàðíîé áåç-

îïàñíîñòè àâòîòðàíñïîðòíûõ ñðåäñòâ î÷åíü àêòóàëüíà. Öåëüþ ñòàòüè ÿâëÿåòñÿ ðàçðàáîòêà íàó÷íî îáîñíîâàí-

íîãî ìåòîäà èññëåäîâàíèÿ ìåäíîãî ïðîâîäíèêà, ïîäâåðãíóòîãî äåéñòâèþ ñâåðõòîêà, äëÿ óñòàíîâëåíèÿ ïðè-

÷èíû åãî ïîâðåæäåíèÿ â õîäå ïîæàðíî-òåõíè÷åñêîé ýêñïåðòèçû.

Ìàòåðèàëû è ìåòîäèêà. Èññëåäîâàíèÿ ïðîâîäèëèñü ñ èñïîëüçîâàíèåì ðàñòðîâîãî ýëåêòðîííîãî ìèêðîñêîïà

JSM-6390LV ñ ïðèñòàâêîé äëÿ ýíåðãîäèñïåðñèîííîãî ìèêðîàíàëèçà. Ïîâåðõíîñòè ðàçðóøåíèÿ ìåäíîãî ïðî-

âîäíèêà ïîäâåðãàëèñü àíàëèçó áåç ïðåäâàðèòåëüíîé ïðîáîïîäãîòîâêè.

Ðåçóëüòàòû è îáñóæäåíèå. Íà îñíîâå àíàëèçà ýêñïåðèìåíòàëüíûõ äàííûõ ïîêàçàíî, ÷òî òåìïåðàòóðà ìåäíîãî

ïðîâîäíèêà, ïîäâåðãíóòîãî òîêîâîé ïåðåãðóçêå, ñóùåñòâåííî ðàçëè÷àåòñÿ ïî åãî äëèíå. Íàòóðíûìè íàáëþäå-

íèÿìè è ýêñïåðèìåíòàëüíûìè ðåçóëüòàòàìè óñòàíîâëåíî, ÷òî ðàçðóøåíèå ìåäíîãî ïðîâîäíèêà ïîä äåéñòâè-

åì ñâåðõòîêà ïðîèñõîäèò â ìåñòàõ, èìåþùèõ ïðåäâàðèòåëüíîå íàïðÿæåíèå âñëåäñòâèå ïëàñòè÷åñêîé äåôîð-

ìàöèè. Ýêñïåðèìåíòàëüíî òàêæå ïîäòâåðæäåíî, ÷òî îáðàçîâàíèå øàðîâûõ îïëàâëåíèé ìåäíîãî ïðîâîäíèêà,

ïîäâåðãíóòîãî òîêîâîé ïåðåãðóçêå, ìîæåò ïðîèñõîäèòü ïðè òåìïåðàòóðå çíà÷èòåëüíî íèæå òåìïåðàòóðû

ïëàâëåíèÿ ìåäè. Íà îñíîâå àíàëèçà òåîðåòè÷åñêèõ äàííûõ ïîêàçàíî, ÷òî ïðè òîêîâîé ïåðåãðóçêå â ìåäíîì

ïðîâîäíèêå ïðîèñõîäÿò íå òîëüêî òåïëîâûå è ýëåêòðîìàãíèòíûå ïðîöåññû, íî è ïëàñòè÷åñêàÿ äèñòîðñèÿ.

Çàêëþ÷åíèå. Ïðåäëîæåí ìåòîä äèôôåðåíöèàöèè ïîâðåæäåíèÿ ïðè ïîæàðå (òîêîâàÿ ïåðåãðóçêà, êîðîòêîå

çàìûêàíèå) ìåäíîãî ïðîâîäíèêà. Òîêîâàÿ ïåðåãðóçêà õàðàêòåðèçóåòñÿ òàêèìè ïðèçíàêàìè, êàê âçäóòèÿ èëè

øàðîâûå îïëàâëåíèÿ, ðàñïîëîæåííûå â ìåñòàõ èçãèáà ìåäíîãî ïðîâîäíèêà, îòñóòñòâèå ïðèçíàêîâ ìàññîïå-

ðåíîñà. Óñòàíîâëåíî, ÷òî ïðèçíàêè, âûÿâëåííûå íà ïîâåðõíîñòÿõ ðàçðóøåíèÿ ìåäíîãî ïðîâîäíèêà, ïîäâåðãøå-

ãîñÿ ïðîòåêàíèþ ñâåðõòîêà, ÿâëÿþòñÿ óñòîé÷èâûìè è íå ïîäâåðæåíû èçìåíåíèÿì â åñòåñòâåííûõ óñëîâèÿõ õðà-

íåíèÿ. Ïðèâåäåííûå â ñòàòüå äàííûå ìîãóò áûòü èñïîëüçîâàíû ñïåöèàëèñòàìè ïðè ýêñïåðòíîì èññëåäîâàíèè

ìåäíûõ ïðîâîäíèêîâ, èçûìàåìûõ ñ ìåñò ïîæàðîâ, óñòàíîâëåíèè ìåõàíèçìà èõ ïîâðåæäåíèÿ è, â êîíå÷íîì

ñ÷åòå, ïðè÷èíû ïîæàðà àâòîìîáèëÿ.

Êëþ÷åâûå ñëîâà: ïîæàð; ìåäíûé ïðîâîäíèê; áîëüøîå ïåðåõîäíîå ñîïðîòèâëåíèå; êîðîòêîå çàìûêàíèå;

ñâåðõòîê; ìåäü; ðàñòðîâàÿ ýëåêòðîííàÿ ìèêðîñêîïèÿ; äèàãíîñòè÷åñêèé ïðèçíàê; ìèêðîñëåä; ïîæàðíî-òåõíè-

÷åñêàÿ ýêñïåðòèçà, ïëàñòè÷åñêàÿ äèñòîðñèÿ.

Äëÿ öèòèðîâàíèÿ: Íåäîáèòêîâ À. È. Îñîáåííîñòè òîêîâîé ïåðåãðóçêè â àâòîìîáèëüíîé ýëåêòðè÷åñêîé

ñåòè // Ïîæàðîâçðûâîáåçîïàñíîñòü/Fire and Explosion Safety. — 2019. — Ò. 28, ¹ 4. — Ñ. 42–50. DOI:

10.18322/PVB.2019.28.04.42-50.

� Íåäîáèòêîâ Àëåêñàíäð Èãíàòüåâè÷, e-mail: a.nedobitkov@mail.ru

Peculiarities of current overload in the car electric network

© Alexandr I. Nedobitkov�

Kazakh Humanitarian Law Innovative University

(Astana St., 48, Ust-Kamenogorsk, 070014, Kazakhstan)

ABSTRACT

Introduction. The data given in the article show that the problem of fire safety in motor vehicles is highly relevant.

The purpose of the article is to develop a scientifically based method of research for the copper conductor exposed

to overcurrent to find the reason of its damage when making a fire investigation.

Materials and methods. The research was conducted using the JSM-6390LV scanning electron microscope for

energy dispersive spectroscopy. The surfaces of the copper conductor rupture were analyzed without any prelimi-

nary sample preparation.

Results and discussion. The analysis of the experimental evidence demonstrates that the temperature of the copper

conductor exposed to current overload varies significantly along its length. It was found through the field studies

and experimental results that the rupture of the copper conductor under the action of overcurrent happens in

the sections that have prestress due to the plastic deformation. The experiment proved that the formation of ball

fusing of the copper conductor exposed to current overload may take place at a substantially lower temperature

than that of the copper smelting. The analysis of the theoretical data shows that during the current overload not
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only thermal and electromagnetic processes but also plastic distortion occur at the copper conductor. It also de-

monstrates that the strand connection of copper wires results in a fire hazard not in every instance.

Conclusion. A method for differentiating fire damages at the copper conductor (current overload, short circuit) was

suggested. The current overload has such features as blistering or ball fusing in the bending points and the lack of

any signs of mass transfer. It was found that the features of the damaged surfaces of the copper conductor expo-

sed to overcurrent are stable and not subject to changes in the natural storage conditions. The data given in the ar-

ticle can be used by specialists when making an expert examination of copper conductors from the fire locations,

identifying a mechanism for their damage and, finally, a cause of fire.

Keywords: fire; copper conductor; high transition resistance; short circuit; overcurrent; copper; scanning electron

microscopy; diagnostic feature; ultratrace; fire investigation; plastic distortion.
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Ââåäåíèå

Ïîæàðû, ïðåäñòàâëÿÿ ñîáîé òÿæåëóþ ÷ðåçâû÷àé-

íóþ ñèòóàöèþ (×Ñ), ïðèíîñÿò çíà÷èòåëüíûé óùåðá

ýêîíîìèêå ãîñóäàðñòâ, â ÷àñòíîñòè â ïðîìûøëåííî

ðàçâèòûõ ñòðàíàõ îí ïðåâûøàåò 1 % íàöèîíàëüíîãî

äîõîäà è èìååò òåíäåíöèþ ê ïîñòîÿííîìó ðîñòó [1–3].

Ïîæàðû íà àâòîòðàíñïîðòíûõ ñðåäñòâàõ îòíîñÿòñÿ

ê îñîáî òÿæåëûì ×Ñ.

Â ðàáîòàõ [4–13] ïîêàçàíî, ÷òî îòäåëüíûå ýëå-

ìåíòû ýëåêòðè÷åñêîé ñèñòåìû àâòîìîáèëÿ ìîãóò ñëó-

æèòü èñòî÷íèêîì âîçãîðàíèÿ â ñëó÷àå âîçíèêíîâå-

íèÿ àâàðèéíîãî ðåæèìà â êàêîé-ëèáî ôóíêöèîíàëü-

íîé öåïè.

Àâòîðû ðàáîòû [6] ïîä÷åðêèâàþò, ÷òî ïðè èññëå-

äîâàíèè ñãîðåâøåãî àâòîìîáèëÿ ïðàêòè÷åñêè âñåãäà

ðàññìàòðèâàåòñÿ òàê íàçûâàåìàÿ “ýëåêòðè÷åñêàÿ”

âåðñèÿ âîçíèêíîâåíèÿ ïîæàðà. Äàííûì îáñòîÿòåëü-

ñòâîì îáóñëîâëåíà íàñóùíàÿ ïîòðåáíîñòü â ðàçðà-

áîòêå è ñîâåðøåíñòâîâàíèè ñïåöèàëüíûõ ìåòîäèê

èññëåäîâàíèÿ ýëåêòðîñåòåé è ýëåêòðîîáîðóäîâàíèÿ

àâòîòðàíñïîðòíûõ ñðåäñòâ ïîñëå ïîæàðà [6].

Êàê íàãëÿäíî ïîêàçàíî àâòîðàìè [4–13], â ðàìêàõ

ñóäåáíîé ïîæàðíî-òåõíè÷åñêîé ýêñïåðòèçû ðàññìàò-

ðèâàåòñÿ âåðîÿòíîñòü âîçíèêíîâåíèÿ ïîæàðà â ðå-

çóëüòàòå ïðîòåêàíèÿ òðåõ àâàðèéíûõ ðåæèìîâ ðàáî-

òû ýëåêòðîñåòè — êîðîòêîãî çàìûêàíèÿ (ÊÇ), áîëü-

øîãî ïåðåõîäíîãî ñîïðîòèâëåíèÿ (ÁÏÑ) è òîêîâîé

ïåðåãðóçêè (ÒÏ).

Â äèññåðòàöèè [10] îòìå÷àåòñÿ òðóäíîñòü âèçó-

àëüíîé äèôôåðåíöèàöèè îïëàâëåíèé ìåäíûõ ïðî-

âîäíèêîâ. Ýòî ìíåíèå â òîé èëè èíîé ôîðìå ïîä-

äåðæèâàåòñÿ â ðàáîòàõ [6, 9, 11, 12] à òàêæå òàêèìè

èññëåäîâàòåëÿìè, êàê V. Babrauskas, Kuan-Heng Liu,

Yung-Hui Shih, Guo-Ju Chen è äð., êîòîðûå ïðåäëàãà-

þò àëüòåðíàòèâíûå ìåòîäû èññëåäîâàíèÿ [14–23].

Íàñòîÿùàÿ ðàáîòà, ÿâëÿÿñü ïðîäîëæåíèåì èñ-

ñëåäîâàíèé, âûïîëíåííûõ àâòîðàìè [6, 9, 12, 23],

òàêæå ïîñâÿùåíà óñòàíîâëåíèþ ïðèçíàêîâ, ïîçâî-

ëÿþùèõ èäåíòèôèöèðîâàòü ïðè÷èíó ðàçðóøåíèÿ

ìåäíîãî ïðîâîäíèêà ïîä äåéñòâèåì ñâåðõòîêà.

Öåëüþ ðàáîòû ÿâëÿåòñÿ ðàçðàáîòêà íàó÷íî îáî-

ñíîâàííîãî ìåòîäà èññëåäîâàíèÿ ìåäíîãî ïðîâîäíè-

êà, ïîäâåðãíóòîãî âîçäåéñòâèþ òîêîâîé ïåðåãðóçêè.

Èñõîäÿ èç ýòîãî áûëè ïîñòàâëåíû ñëåäóþùèå çà-

äà÷è èññëåäîâàíèÿ:
� ïîêàçàòü, ÷òî ðàçðóøåíèå ìåäíîãî ïðîâîäíèêà

àâòîìîáèëüíîé ýëåêòðè÷åñêîé ñåòè ïîä äåéñòâè-

åì òîêîâîé ïåðåãðóçêè ïðîèñõîäèò â ïåðâóþ î÷å-

ðåäü â ìåñòàõ, èìåþùèõ ïðåäâàðèòåëüíîå íàïðÿ-

æåíèå âñëåäñòâèå ïëàñòè÷åñêîé äåôîðìàöèè;
� ýêñïåðèìåíòàëüíî äîêàçàòü, ÷òî îáðàçîâàíèå øà-

ðîâûõ îïëàâëåíèé ìåäíîãî ïðîâîäíèêà ïîä äåé-

ñòâèåì ñâåðõòîêà âîçìîæíî ïðè òåìïåðàòóðå,

êîòîðàÿ ñóùåñòâåííî íèæå òåìïåðàòóðû ïëàâ-

ëåíèÿ ìåäè;
� ýêñïåðèìåíòàëüíî ïîäòâåðäèòü, ÷òî òåìïåðàòó-

ðà ìåäíîãî ïðîâîäíèêà, ïîäâåðãíóòîãî òîêîâîé

ïåðåãðóçêå, ðàçëè÷íà ïî åãî äëèíå;
� ïîäòâåðäèòü ïðåäïîëîæåíèå, ÷òî ïðèçíàêè, âû-

ÿâëåííûå íà ïîâåðõíîñòè ðàçðóøåíèÿ ìåäíîãî

ïðîâîäíèêà, ïîäâåðãíóòîãî ïðîòåêàíèþ ñâåðõ-

òîêà, ÿâëÿþòñÿ óñòîé÷èâûìè è íå ïîäâåðæåíû

èçìåíåíèÿì â åñòåñòâåííûõ óñëîâèÿõ õðàíåíèÿ

àâòîìîáèëÿ (áåç óìûøëåííîãî óíè÷òîæåíèÿ ïðè-

çíàêîâ).

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ

Èññëåäîâàíèÿ ïðîâîäèëèñü â Öåíòðå îïåðåæà-

þùåãî ðàçâèòèÿ “Veritas” Âîñòî÷íî-Êàçàõñòàí-

ñêîãî ãîñóäàðñòâåííîãî òåõíè÷åñêîãî óíèâåðñèòåòà

èì. Ä. Ñåðèêáàåâà íà ðàñòðîâîì ýëåêòðîííîì ìèê-

ðîñêîïå JSM-6390LV ñ ïðèñòàâêîé äëÿ ýíåðãîäèñ-

ïåðñèîííîãî ìèêðîàíàëèçà. Ïîâåðõíîñòè ðàçðóøå-

íèÿ ìåäíîãî ïðîâîäíèêà ïîäâåðãàëèñü àíàëèçó áåç

ïðåäâàðèòåëüíîé ïðîáîïîäãîòîâêè.

Â íàñòîÿùåé ðàáîòå ðàññìàòðèâàåòñÿ èññëåäî-

âàíèå ìåäíîãî ìíîãîïðîâîëî÷íîãî ïðîâîäíèêà â ñî-

ñòàâå æãóòà ïðîâîäîâ òàõîãðàôà, ïîäâåðãíóòîãî òî-

êîâîé ïåðåãðóçêå è èçúÿòîãî ñ ìåñòà ïîæàðà, à òàê-

æå ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé.

Ó àâòîìîáèëÿ ÊàìÀÇ-65117 â ðåçóëüòàòå ýëåêò-

ðîäóãîâîãî ïðîöåññà â ïàíåëè ïðèáîðîâ ïðîòåêà-

íèþ ñâåðõòîêà ïîäâåðãñÿ æãóò ïðîâîäîâ òàõîãðàôà.

Æãóò äëèíîé îêîëî 6 ì ñîñòîÿë èç ñåìè ìíîãîïðî-

âîëî÷íûõ ïðîâîäíèêîâ ñå÷åíèåì 0,785 ìì2 êàæäûé

(ðèñ. 1,à). Ó äâóõ ìíîãîïðîâîëî÷íûõ ïðîâîäíèêîâ
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ïðàêòè÷åñêè ïî âñåé äëèíå èçîëÿöèÿ îòñóòñòâîâà-

ëà, ÷òî ïîäòâåðæäàåò íàëè÷èå òîêîâîé ïåðåãðóçêè,

ïîñêîëüêó êîðîòêîå çàìûêàíèå íå âûçûâàåò âûãî-

ðàíèÿ èçîëÿöèè íà äëèíå 6 ì. ×òî îñîáåííî õàðàê-

òåðíî, ðàçðóøåíèå äâóõ ìíîãîïðîâîëî÷íûõ ïðî-

âîäíèêîâ ïðîèçîøëî â îáëàñòè òåõíîëîãè÷åñêîãî èç-

ãèáà, îáóñëîâëåííîãî ñîåäèíèòåëüíûì ðàçúåìîì.

Ðàçðóøåíèå äâóõ ìíîãîïðîâîëî÷íûõ ïðîâîäíèêîâ

ñîïðîâîæäàëîñü îïëàâëåíèåì ìåäíûõ ïðîâîëîê â

âèäå øàðà è êîñîãî ñðåçà (ðèñ. 1,â). Èçîëÿöèÿ ó âñåõ

ìíîãîïðîâîëî÷íûõ ïðîâîäíèêîâ ñîõðàíèëàñü â íå-

ïîñðåäñòâåííîé áëèçîñòè îò ðàçúåìà (ñì. ðèñ. 1,à).

Âòîðûì îáúåêòîì èññëåäîâàíèÿ ÿâëÿëñÿ îäíî-

æèëüíûé ìåäíûé ïðîâîäíèê áåç èçîëÿöèîííîãî ïî-

êðûòèÿ äëèíîé 44 ñì, ñå÷åíèåì 0,64 ìì2. Ïðîâîäíèê

çàêðåïëÿëè íà óñòàíîâêå Ó-1134Ì è ïðîïóñêàëè

÷åðåç íåãî òîê. Ñîãëàñíî ñïðàâî÷íûì äàííûì ìàêñè-

ìàëüíî äîïóñòèìàÿ âåëè÷èíà ñèëû òîêà äëÿ ìåäíî-

ãî ïðîâîäíèêà òàêîãî ñå÷åíèÿ ñîñòàâëÿåò 12–15 À.

Ðåçóëüòàòû è èõ îáñóæäåíèå

Â íàñòîÿùåé ðàáîòå ïðîâåäåíî ýêñïåðèìåíòàëü-

íîå èññëåäîâàíèå ñîñòîÿíèÿ îäíîæèëüíîãî ìåäíî-

ãî ïðîâîäíèêà áåç èçîëÿöèè, ïîäâåðãíóòîãî ïðîòå-

êàíèþ ñâåðõòîêà. Îäíîæèëüíûé ìåäíûé ïðîâîäíèê

áûë âûáðàí â öåëÿõ ìàêñèìàëüíîé ïðîñòîòû è íà-

ãëÿäíîñòè ýêñïåðèìåíòà, ïîñêîëüêó ðåàëüíûé ïðè-

ìåð òîêîâîé ïåðåãðóçêè äåìîíñòðèðóåò ìíîãîæèëü-

íûé ïðîâîäíèê æãóòà ïðîâîäîâ òàõîãðàôà (ñì.ðèñ.1).

Íà ðèñ. 2 ïîêàçàíû õàðàêòåðíûå ïðèçíàêè øàðî-

âîãî îïëàâëåíèÿ ìíîãîæèëüíîãî ïðîâîäíèêà æãóòà

ïðîâîäîâ òàõîãðàôà (ñì. ðèñ. 1,â), êîòîðûå ïîçâî-

ëÿþò èäåíòèôèöèðîâàòü ïðè÷èíó ïîâðåæäåíèÿ êàê

òîêîâóþ ïåðåãðóçêó.

Â ðàáîòàõ [9, 10] îòìå÷àåòñÿ, ÷òî óòîí÷åíèÿ è

óòîëùåíèÿ ïðîâîäíèêà â îáëàñòè øàðîâîãî îïëàâ-

ëåíèÿ, à òàêæå îáðûâ ïðîâîëî÷åê ÿâëÿþòñÿ õàðàê-

òåðíûìè ïðèçíàêàìè òîêîâîé ïåðåãðóçêè.

Íà ðèñ. 3 ïîêàçàíî ñîñòîÿíèå ìåäíîãî îäíîïðî-

âîëî÷íîãî ïðîâîäíèêà ïîä äåéñòâèåì òîêîâîé ïåðå-

ãðóçêè. Ïðè òîêå 25 À ëàê íà÷èíàåò äûìèòüñÿ, ïðè

òîêå 33 À ñåðåäèíà ïðîâîäíèêà ïðèîáðåòàåò ÷åðíûé

öâåò, ïðè òîêå 35 À íàáëþäàþòñÿ èñêðû è áðûçãè

ëàêà è îêñèäíîé ïëåíêè (äûì), ïðè òîêå 40 À ñåðå-

äèíà ïðîâîäíèêà ñòàíîâèòñÿ êðàñíîé, çàòåì òîê

ñàìîïðîèçâîëüíî ïàäàåò äî 38 À. Òåìïåðàòóðà ïðî-

Ðèñ. 1. Âèä æãóòà ïðîâîäîâ òàõîãðàôà, èçúÿòîãî ñ ìåñòà ïîæàðà: à — ñîõðàíåíèå èçîëÿöèè âîçëå ñîåäèíèòåëüíîãî ðàçúåìà

ó âñåõ ìíîãîïðîâîëî÷íûõ ïðîâîäíèêîâ; á — ïîëíîå îòñóòñòâèå èçîëÿöèè ó ìíîãîïðîâîëî÷íîãî ïðîâîäíèêà; â — ðàçðóøåíèå

äâóõ ìåäíûõ ìíîãîïðîâîëî÷íûõ ïðîâîäíèêîâ

Fig. 1. View of the tachograph wiring harness withdrawn from the site of the fire: a — maintaining insulation near the connector of all

multi-wire conductors; b — complete absence of insulation in a multiwire conductor; v — destruction of two copper stranded con-

ductors

Ðèñ. 2. Îïëàâëåíèå ìíîãîïðîâîëî÷íîãî ïðîâîäíèêà: à — îáùèé âèä, óâåëè÷åíèå 30�; á — óòîí÷åíèÿ è óòîëùåíèÿ, óâåëè÷å-

íèå 43�; â — ñïëàâëåíèå ïðîâîëî÷åê ìíîãîïðîâîëî÷íîãî ïðîâîäíèêà, óâåëè÷åíèå 70�

Fig. 2. Burn-off of multiwire explorer: à — general view, increase of 30�Õ; b — thinning and bulges, increase of 43�; v — meltback of

ambages of multiwire explorer, increase of 70�



ÏÎÆÀÐÎÂÇÐÛÂÎÁÅÇÎÏÀÑÍÎÑÒÜ/FIRE AND EXPLOSION SAFETY 2019 ÒÎÌ 28 ¹ 4 45

ÝËÅÊÒÐÎÒÅÕÍÈÊÀ

âîäíèêà èçìåðÿëàñü äèñòàíöèîííî òåïëîâèçîðîì

(ñì. ðèñ. 3). Ïðè ýòîì áûëî çàôèêñèðîâàíî, ÷òî òåì-

ïåðàòóðà íà êîíöàõ ïðîâîäíèêà íå ïðåâûøàëà 73 °Ñ,

â òî âðåìÿ êàê öâåò ñåðåäèíû ïðîâîäíèêà ìåíÿëñÿ

îò ñâåòëî-êðàñíîãî äî îðàíæåâîãî, ÷òî ñîîòâåòñòâó-

åò òåìïåðàòóðå ïðèìåðíî 830–900 °Ñ. Òàêèì îáðà-

çîì, ýêñïåðèìåíòàëüíî óñòàíîâëåíî, ÷òî ïðè òîêî-

âîé ïåðåãðóçêå òåìïåðàòóðà ïî äëèíå ïðîâîäíèêà

ðàñïðåäåëÿåòñÿ íåðàâíîìåðíî.

Ïî àíàëîãèè ñ ðàáîòàìè [9, 10] ïðè äàëüíåéøåì

óâåëè÷åíèè ñèëû òîêà ïðîèçîøëî ðàçðóøåíèå ïðî-

âîäíèêà. Îäíàêî ïðîâîäíèê ðàçðóøèëñÿ íå â òî÷êå ñ

ìàêñèìàëüíîé òåìïåðàòóðîé â ñåðåäèíå ïðîâîäíè-

êà, à âîçëå ìåñòà ñîåäèíåíèÿ ñ èñòî÷íèêîì ïèòàíèÿ,

ãäå òåìïåðàòóðà ñóùåñòâåííî íèæå, à ïðîâîäíèê

èìååò îñòàòî÷íóþ ïëàñòè÷åñêóþ äåôîðìàöèþ èç-

ãèáà (ñì. ðèñ. 3).

Íà ðèñ. 4 ïðèâåäåí ôðàãìåíò ðàçðóøèâøåãîñÿ

îäíîïðîâîëî÷íîãî ïðîâîäíèêà.

Íåîáõîäèìî îòìåòèòü, ÷òî øàðîâûå îïëàâëåíèÿ

îáðàçîâàëèñü íå òîëüêî ïî êàñàòåëüíîé ê ïîâåðõíîñòè

ïðîâîäíèêà, íî è íà åãî òîðöå (ñì. ðèñ. 4). Íà ðèñ. 5

ïîêàçàíû òî÷êè ìèêðîàíàëèçà øàðîâûõ îïëàâëåíèé,

ïðèâåäåííûõ íà ðèñ. 4,à è 4,â, à â òàáë. 1 è 2 ïðèâå-

äåíû ðåçóëüòàòû ìèêðîàíàëèçà.

Íåîáõîäèìî îòìåòèòü, ÷òî ÃÎÑÒ 859–2001 äî-

ïóñêàåò ñîäåðæàíèå â ìåäè ìàðêè Ì1 äî 0,005 % æå-

ëåçà. Èç ñðàâíåíèÿ äàííûõ òàáë. 1 è 2 ñëåäóåò âû-

âîä, ÷òî ïðîöåññ, âûçâàâøèé îáðàçîâàíèå øàðîâûõ

îïëàâëåíèé, îäèí è òîò æå, è îí íå ñâÿçàí ñ áîëüøèì

ïåðåõîäíûì ñîïðîòèâëåíèåì èëè êîðîòêèì çàìûêà-

íèåì. Êàê ïîêàçàíî â ðàáîòå [12], êîðîòêîå çàìûêà-

íèå õàðàêòåðèçóåòñÿ ìàññîïåðåíîñîì, ÷åãî â äàííîì

ñëó÷àå íå íàáëþäàåòñÿ. Êðîìå òîãî, ñëåäóåò ïîä÷åðê-

íóòü, ÷òî îáðàçîâàíèå øàðîâûõ îïëàâëåíèé ïðîè-

çîøëî â çîíå íàèáîëåå íèçêîé òåìïåðàòóðû ïðîâîä-

íèêà, îáóñëîâëåííîé äåéñòâèåì òîêîâîé ïåðåãðóçêè.

Ýòî ñâèäåòåëüñòâóåò î òîì, ÷òî îáðàçîâàíèå øàðî-

âîãî îïëàâëåíèÿ íà òîðöå ìåäíîãî ïðîâîäíèêà íå ñâÿ-

çàíî ñ åãî íàãðåâîì äî òåìïåðàòóðû ïëàâëåíèÿ. Îá-

ùåèçâåñòíî, ÷òî òåêó÷åñòü — ñïîñîáíîñòü ïëàñòè÷-

íûõ ìåòàëëîâ è òåë ïðè ïîñòåïåííîì ïîâûøåíèè

äàâëåíèÿ óñòóïàòü äåéñòâèþ ñäâèãàþùèõ ñèë è òå÷ü

ïîäîáíî âÿçêèì æèäêîñòÿì. Â ðàáîòå [24] îòìå÷àåò-

ñÿ, ÷òî ïðè çàðîæäåíèè î÷àãà ðàçðóøåíèÿ òâåðäîãî

òåëà ïðîèñõîäèò ðîñò çàðîäûøà â æèäêîé ôàçå, çà-

òåì îáðàçîâàíèå ïóçûðüêîâ ïàðà â æèäêîñòè ïðè åå

êàâèòàöèè è ïîñëåäóþùåå ïðåîáðàçîâàíèå â öåïî÷-

êó ïîëîñòåé â òâåðäîé ôàçå. Â ðàáîòå [25] ïîêàçàíà

Ðèñ. 3. Îäíîïðîâîëî÷íûé ïðîâîäíèê ïîä äåéñòâèåì òîêîâîé ïåðåãðóçêè: à — ñåðåäèíà ïðîâîäíèêà êðàñíàÿ îò íàãðåâà, êîíöû

òåìíûå; á — òåìïåðàòóðà ñåðåäèíû ïðîâîäíèêà; â — òåìïåðàòóðà íà êîíöàõ ïðîâîäíèêà

Fig. 3. Onewire explorer under the action of current overload: à — the middle of explorer is red from heating, ends dark; b — tempera-

ture of middle of explorer; v — temperature of ends of explorer

Ðèñ. 4. Øàðîâûå îïëàâëåíèÿ ìåäíîãî îäíîïðîâîëî÷íîãî ïðîâîäíèêà: à — îáùèé âèä; á — øàðîâîå îïëàâëåíèå íà òîðöå ïðî-

âîäíèêà, óâåëè÷åíèå 30�; â — øàðîâîå îïëàâëåíèå ïî êàñàòåëüíîé ê ïîâåðõíîñòè ïðîâîäíèêà, óâåëè÷åíèå 45�; ã — øàðîâîå

îïëàâëåíèå ïî êàñàòåëüíîé ê ïîâåðõíîñòè ïðîâîäíèêà, óâåëè÷åíèå 60�

Fig. 4. Ball burn-offs of copper onewire explorer: à — general view; b — ball burn-off on the butt end of explorer, increase of 30�; v — ball

burn-off on a tangent to the surface of explorer, increase of 45�; g — ball burn-off on a tangent to the surface of explorer, increase of 60�
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ðîëü ïëàñòè÷åñêîé äèñòîðñèè â ìåõàíèçìå ïëàñòè-

÷åñêîé äåôîðìàöèè è ðàçðóøåíèè òâåðäûõ òåë.

Òàêèì îáðàçîì, ïîä äåéñòâèåì ñâåðõòîêà â ìåä-

íîì ïðîâîäíèêå ïðîèñõîäÿò ñëîæíûå ôèçè÷åñêèå

ïðîöåññû íà óðîâíå êðèñòàëëè÷åñêîé ðåøåòêè,

íî äàííûé âîïðîñ áóäåò ðàññìîòðåí â îòäåëüíîé

ðàáîòå.

Ïîëó÷åííûå äàííûå äîïîëíÿþò ðåçóëüòàòû, ïî-

ëó÷åííûå â ðàáîòàõ [9, 10]. Â íèõ èñïîëüçîâàëàñü

êðàòíîñòü òîêîâîé ïåðåãðóçêè 4–12 è âûøå, ÷òî òðóä-

íî äîñòèæèìî â ýëåêòðè÷åñêîé öåïè àâòîìîáèëÿ.

Ñëåäóåò îòìåòèòü ñîïîñòàâèìîñòü ðåçóëüòàòîâ

èññëåäîâàíèÿ ìíîãîïðîâîëî÷íîãî ïðîâîäíèêà â ñî-

ñòàâå æãóòà òàõîãðàôà è îäèíî÷íîãî ìåäíîãî ïðî-

âîäíèêà. Â ýòèõ äâóõ ñëó÷àÿõ ðàçðóøåíèå ïðîèñõî-

äèëî â îáëàñòè èçãèáà ïðîâîäíèêîâ, è òåìïåðàòóðà

â ìåñòàõ ïîäñîåäèíåíèÿ îáðàçöîâ áûëà íèæå, ÷åì

â ñåðåäèíå, î ÷åì ñâèäåòåëüñòâóåò è ñîõðàíèâøàÿñÿ

èçîëÿöèÿ, è ðåçóëüòàòû èçìåðåíèé òåïëîâèçîðîì.

Ýòî ãîâîðèò î òîì, ÷òî ïðè òîêîâîé ïåðåãðóçêå ïðî-

âîäíèêè ðàçðóøàþòñÿ â ïåðâóþ î÷åðåäü â ìåñòàõ,

ïîäâåðæåííûõ ïðåäâàðèòåëüíîìó íàïðÿæåíèþ (èç-

ãèá, íàäëîì è ò. ï.). Îäíàêî ýòî íå èñêëþ÷àåò

ðàçðóøåíèÿ ïðîâîäíèêà â ëþáîì äðóãîì ìåñòå ïðè

çíà÷èòåëüíîé òîêîâîé ïåðåãðóçêå, ÷òî ÿâëÿåòñÿ êîñ-

âåííûì äèàãíîñòè÷åñêèì ïðèçíàêîì [9, 10].

Â ðàáîòå [10] âûñêàçûâàåòñÿ òàêæå ìíåíèå, ÷òî

ïîä ñëîåì èçîëÿöèè ñîçäàåòñÿ äàâëåíèå, âûçûâà-

þùåå äâèæåíèå ìåòàëëà ïðîâîäíèêà, ÷òî ïðèâîäèò

ê âîçíèêíîâåíèþ íà ïîâåðõíîñòè ìåäíîãî ïðîâîä-

íèêà îáðàçîâàíèé ñôåðè÷åñêîé ôîðìû. Êðîìå òîãî,

àâòîðîì [10] ôîðìóëèðóåòñÿ ïðîìåæóòî÷íûé âû-

âîä î òîì, ÷òî âçäóòèÿ íà ïîâåðõíîñòè ìåäíîãî ïðî-

âîäíèêà îáðàçóþòñÿ òîëüêî ïðè íàëè÷èè íà íåì

öåëîé èçîëÿöèè. Ýêñïåðèìåíòàëüíûå äàííûå ñ

ìåäíûì ïðîâîäíèêîì áåç èçîëÿöèè ïîêàçûâàþò,

÷òî íàëè÷èå èëè îòñóòñòâèå èçîëÿöèè íå îêàçûâàåò

ñóùåñòâåííîãî âëèÿíèÿ íà ìåõàíèçì îáðàçîâàíèÿ

øàðîâûõ îïëàâëåíèé.

Ðèñ. 5. Òî÷êè ìèêðîàíàëèçà íà ïîâåðõíîñòè ïîâðåæäåíèÿ: à — øàðîâîå îïëàâëåíèå íà òîðöå ïðîâîäíèêà (ñì. ðèñ. 4,à); á —

øàðîâîå îïëàâëåíèå ïî êàñàòåëüíîé ê ïîâåðõíîñòè ïðîâîäíèêà (ñì. ðèñ. 4,â)

Fig. 5. Points of microanalysis on the surface of damage: à — ball burn-off on the butt end of explorer (see Fig. 4,a); b — ball burn-off on

a tangent to the surface of explorer (see Fig. 4,v)

Íîìåð òî÷êè
èçìåðåíèÿ

Measurement
point number

Ñîäåðæàíèå õèìè÷åñêîãî ýëåìåíòà, % ìàññ.

Content of chemical element, % by mass

O Fe Cu

Ñïåêòð 1

Range 1 13,13 – 86,87

Ñïåêòð 2

Range 2 22,17 1,79 76,04

Ñïåêòð 3

Range 3 14,53 – 85,47

Òàáëèöà 1. Ðåçóëüòàòû ìèêðîàíàëèçà ó÷àñòêà íà ðèñ. 5,à

Table 1. The results of the microanalysis of the section shown in

Fig. 5,à

Íîìåð òî÷êè
èçìåðåíèÿ

Measurement
point number

Ñîäåðæàíèå õèìè÷åñêîãî ýëåìåíòà, % ìàññ.

Content of chemical element, % by mass

O Fe Cu

Ñïåêòð 1

Range 1 1,69 0,95 97,36

Ñïåêòð 2

Range 2 14,74 – 84,56

Ñïåêòð 3

Range 3 3,29 – 96,71

Ñïåêòð 4

Range 4 3,90 – 95,25

Òàáëèöà 2. Ðåçóëüòàòû ìèêðîàíàëèçà ó÷àñòêà íà ðèñ. 5,á

Table 2. The results of the microanalysis of the section shown in

Fig. 5,b
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Èññëåäîâàííûå îáðàçöû ìåäíûõ ïðîâîäíèêîâ

õðàíèëèñü 3 ìåñ. (÷òî áîëüøå ñðåäíåãî ñðîêà ðàññëå-

äîâàíèÿ äåë î ïîæàðàõ), â ðàçíûõ óñëîâèÿõ (â ïîìå-

ùåíèè áåç óïàêîâêè; â ïîìåùåíèè â ãåðìåòè÷íîé

óïàêîâêå; íà îòêðûòîì âîçäóõå, áåç äîñòóïà âîäû,

â æèäêîì àãðåãàòíîì ñîñòîÿíèè, ò. å. áåç ïîãðóæå-

íèÿ â âîäó). Ïðè ñðàâíåíèè îáðàçöîâ óñòàíîâëåíî,

÷òî âûÿâëåííûå ïðèçíàêè ÿâëÿþòñÿ óñòîé÷èâûìè è

íå ïîäâåðæåíû èçìåíåíèÿì â åñòåñòâåííûõ óñëî-

âèÿõ õðàíåíèÿ (áåç óìûøëåííîãî óíè÷òîæåíèÿ èõ).

Òàêèì îáðàçîì, â ðåçóëüòàòå èññëåäîâàíèÿ ìåòî-

äîì ðàñòðîâîé ìèêðîñêîïèè ôðàãìåíòîâ ìåäíûõ

ïðîâîäíèêîâ, ïîäâåðãøèõñÿ ïðîòåêàíèþ ñâåðõòîêà,

óñòàíîâëåíû õàðàêòåðíûå ïðèçíàêè, ïîçâîëÿþùèå

èäåíòèôèöèðîâàòü ïðîöåññ, êîòîðûé ïðèâåë ê èõ ðàç-

ðóøåíèþ (òîêîâàÿ ïåðåãðóçêà, êîðîòêîå çàìûêàíèå).

Òîêîâàÿ ïåðåãðóçêà õàðàêòåðèçóåòñÿ òàêèìè ïðè-

çíàêàìè, êàê âçäóòèÿ èëè øàðîâûå îïëàâëåíèÿ, ðàñ-

ïîëîæåííûå â ìåñòàõ èçãèáà ìåäíîãî ïðîâîäíèêà,

îòñóòñòâèå ïðèçíàêîâ ìàññîïåðåíîñà.

Ñëåäóåò îòìåòèòü, ÷òî åñëè íà ìåñòå ïîæàðà îá-

íàðóæåíî ñîåäèíåíèå ïðîâîäíèêîâ, âûïîëíåííîå

ìåòîäîì “ñêðóòêè”, òî, êàê ïðàâèëî, èìåííî íà ýòî

îáñòîÿòåëüñòâî óêàçûâàþò, êàê íà ïðè÷èíó ïîæàðà.

Îäíàêî íàñòîÿùèì èññëåäîâàíèåì ýêñïåðèìåíòàëü-

íî ïîêàçàíî, ÷òî ïðè ïðîòåêàíèè ñâåðõòîêà â äåôîð-

ìèðîâàííîì ïðîâîäíèêå îáðàçóþòñÿ øàðîâûå îïëàâ-

ëåíèÿ, íî ýòî ÿâëÿåòñÿ ñëåäñòâèåì, à íå ïðè÷èíîé.

Òàêèì îáðàçîì, ñîåäèíåíèå ìåäíûõ ïðîâîäíèêîâ

ìåòîäîì “ñêðóòêè” äàëåêî íå âñåãäà ïðèâîäèò ê âîç-

íèêíîâåíèþ ïîæàðîîïàñíîãî ðåæèìà. Äëÿ óñòàíîâ-

ëåíèÿ ïðè÷èííîé ñâÿçè ìåæäó “ñêðóòêîé” è ïîæà-

ðîì äîëæíû èìåòü ìåñòî ïðèçíàêè áîëüøîãî

ïåðåõîäíîãî ñîïðîòèâëåíèÿ [26].

Çàêëþ÷åíèå

Ýêñïåðèìåíòàëüíî ïîêàçàíî, ÷òîðàçðóøåíèåìåä-

íîãî ïðîâîäíèêà àâòîìîáèëüíîé ýëåêòðè÷åñêîé ñåòè

ïîä äåéñòâèåì òîêîâîé ïåðåãðóçêè ïðîèñõîäèò â ïåð-

âóþ î÷åðåäü â ìåñòàõ, èìåþùèõ ïðåäâàðèòåëüíîå

íàïðÿæåíèå âñëåäñòâèå ïëàñòè÷åñêîé äåôîðìàöèè.

Äîêàçàíî, ÷òî îáðàçîâàíèå øàðîâûõ îïëàâëåíèé

ìåäíîãî ïðîâîäíèêà ïîä äåéñòâèåì ñâåðõòîêà âîç-

ìîæíî ïðè òåìïåðàòóðå, êîòîðàÿ ñóùåñòâåííî íèæå

òåìïåðàòóðû ïëàâëåíèÿ ìåäè.

Êðîìå òîãî, íàãëÿäíî ïðîèëëþñòðèðîâàíî, ÷òî

òåìïåðàòóðà ìåäíîãî ïðîâîäíèêà, ïîäâåðãíóòîãî òî-

êîâîé ïåðåãðóçêå, ðàçëè÷íà ïî åãî äëèíå.

Ïîêàçàíî òàêæå, ÷òî ðàñòðîâóþ ìèêðîñêîïèþ

ìîæíî èñïîëüçîâàòü ïðè èññëåäîâàíèè ôðàãìåíòîâ

ìåäíûõ ïðîâîäíèêîâ â êà÷åñòâå íå òîëüêî âñïîìî-

ãàòåëüíîãî, íî è îñíîâíîãî ìåòîäà èññëåäîâàíèÿ.

Íàñòîÿùèì èññëåäîâàíèåì óñòàíîâëåíî, ÷òî

ïðèçíàêè, âûÿâëåííûå íà ïîâåðõíîñòÿõ ðàçðóøå-

íèÿ ìåäíûõ ïðîâîäíèêîâ, ÿâëÿþòñÿ óñòîé÷èâûìè è

íå ïîäâåðæåíû èçìåíåíèÿì â åñòåñòâåííûõ óñëî-

âèÿõ õðàíåíèÿ (áåç óìûøëåííîãî óíè÷òîæåíèÿ èõ).

Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâà-

íû ïðè ýêñïåðòíîì èññëåäîâàíèè ôðàãìåíòîâ ìåä-

íûõ ïðîâîäíèêîâ, èçûìàåìûõ ñ ìåñò ïîæàðîâ, óñòà-

íîâëåíèè ìåõàíèçìà èõ ïîâðåæäåíèÿ è, â êîíå÷íîì

ñ÷åòå, ïðè÷èíû ïîæàðà àâòîìîáèëÿ. Çíàíèå òåõíè-

÷åñêîé ïðè÷èíû ïîæàðà äàñò âîçìîæíîñòü ðàçðàáî-

òàòü ïðîôèëàêòè÷åñêèå ìåðîïðèÿòèÿ è òåõíè÷åñêèå

ðåøåíèÿ, íàïðàâëåííûå íà åå óñòðàíåíèå.
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