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Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèé ñòðóêòóðû è ôèçèêî-ìåõàíè÷åñ-
êèõ ñâîéñòâ ìàòåðèàëà ýëåìåíòîâ êðåïëåíèÿ (ðåçüáîâûå ìåòèçû) ñ öåëüþ îï-
ðåäåëåíèÿ ïðè÷èí èõ ðàçðóøåíèÿ ïðè ýêñïëóàòàöèè. Ïðîâåäåí ôðàêòîãðàôè-
÷åñêèé àíàëèç èçëîìîâ ðàçðóøåííûõ áîëòîâ, êîòîðûé óñòàíîâèë âûðàæåííûå
î÷àãè çàðîæäåíèÿ òðåùèí ñî ñëåäàìè çàìåäëåííîãî õðóïêîãî ðàçðóøåíèÿ, ÷òî
õàðàêòåðíî äëÿ âûñîêîïðî÷íûõ ìåòèçîâ, íàõîäÿùèõñÿ äëèòåëüíîå âðåìÿ ïîä
âûñîêîé íàãðóçêîé, áëèçêîé ê ïðåäåëó òåêó÷åñòè. Ñ ïîìîùüþ ìåõàíè÷åñêèõ
èñïûòàíèé èññëåäóåìûõ ýëåìåíòîâ êðåïëåíèÿ îïðåäåëåíû ïîâûøåííûå çíà-
÷åíèÿ ïðåäåëîâ ïðî÷íîñòè. Ïðîâåäåíû ðåëàêñàöèîííûå èñïûòàíèÿ ìàòåðèà-
ëà ðàçðóøåííûõ áîëòîâ è âûÿâëåíî ïîâûøåííîå çíà÷åíèå ïðåäåëà ìèêðîïëà-
ñòè÷íîñòè, îòâå÷àþùåãî çà íà÷àëî ïðîòåêàíèÿ ïðîöåññîâ ïëàñòè÷åñêîé äå-
ôîðìàöèè â ìèêðîîáúåìàõ ìàòåðèàëà, à äëÿ ìàòåðèàëà öåëûõ ìåòèçîâ ïîëó÷å-
íî, ÷òî âåëè÷èíà ïðåäåëà âõîäèò â äîïóñòèìûé èíòåðâàë, ïðè÷åì ñðåäíÿÿ òâåð-
äîñòü ìàòåðèàëà âñåõ èçäåëèé ñîîòâåòñòâóåò íîðìàòèâíûì òðåáîâàíèÿì. Ìàê-
ñèìàëüíûé ðàçáðîñ òâåðäîñòè ïî Áðèíåëëþ â 70 HB çàôèêñèðîâàí íà ðàçðó-
øåííîì áîëòå. Ñ èñïîëüçîâàíèåì ýêñïåðèìåíòàëüíûõ çíà÷åíèé ìèêðîòâåðäî-
ñòè ïðîâåäåíû òåîðåòè÷åñêèå îöåíêè êîýôôèöèåíòà ïëàñòè÷íîñòè, õàðàêòå-
ðèçóþùåãî ñïîñîáíîñòü ìàòåðèàëà âîñïðèíèìàòü óïðóãèå è ïëàñòè÷åñêèå äå-
ôîðìàöèè. Ïîëó÷åíî, ÷òî äëÿ îáåñïå÷åíèÿ äîñòàòî÷íîãî óðîâíÿ ïëàñòè÷íî-
ñòè äëèòåëüíî ðàáîòàþùåãî ìåòàëëè÷åñêîãî ìàòåðèàëà êîýôôèöèåíò ïëàñòè÷-
íîñòè äîëæåí áûòü íå ìåíåå 0,8. Ïî ðåçóëüòàòàì ïîøàãîâîãî àíàëèçà ìèêðî-
ñòðóêòóðû îáðàçöîâ óñòàíîâëåíà íåîäíîðîäíîñòü ðàñïðåäåëåíèÿ êàðáèäíîé
ôàçû ïî ïîïåðå÷íîìó ñå÷åíèþ áîëòîâ. Ìåòîäîì ðåíòãåíîñòðóêòóðíîãî àíà-
ëèçà óñòàíîâëåí äâóõôàçíûé ñîñòàâ ñòàëè (α-Fe+Fe3C), ÷òî ïîäòâåðæäàåò ðå-
çóëüòàòû ìèêðîñòðóêòóðíûõ èññëåäîâàíèé. Ïî ðåçóëüòàòàì ïðîâåäåííûõ èñ-
ñëåäîâàíèé óñòàíîâëåíî, ÷òî ðàçðóøåíèå ïðîèçîøëî âñëåäñòâèå ïîíèæåííîé
ïðî÷íîñòè è ïîâûøåííîé õðóïêîñòè ìàòåðèàëà èç-çà íàëè÷èÿ ìèêðîäåôåê-

ÏÐÎÁËÅÌÛ ÏÐÎ×ÍÎÑÒÈ È ÏËÀÑÒÈ×ÍÎÑÒÈ, ò. 83, ¹ 2, 2021 ã.

* Âûïîëíåíî â ðàìêàõ ãîñóäàðñòâåííîãî çàäàíèÿ ÈÏÔ ÐÀÍ íà ïðîâåäåíèå ôóíäàìåí-
òàëüíûõ íàó÷íûõ èññëåäîâàíèé íà 2021–2023 ãã. ïî òåìå ¹ 0030-2021-0025.



208

òîâ. Ìàòåðèàë öåëûõ áîëòîâ ïî ñòðóêòóðå è ìåõàíè÷åñêèì ñâîéñòâàì ñîîòâåò-
ñòâóåò íîðìàòèâíûì òðåáîâàíèÿì.

Êëþ÷åâûå ñëîâà: âûñîêîïðî÷íûå áîëòû, ôðàêòîãðàôèÿ, ñòðóêòóðà, ñòàëü,
ìåõàíè÷åñêèå ñâîéñòâà, òâåðäîñòü.

Ââåäåíèå

Âûñîêîïðî÷íûå áîëòû, èìåÿ íåáîëüøèå ðàçìåðû, ñïîñîáíû îáåñïå÷èòü ðàçúåì-
íîå ñîåäèíåíèå, íå óñòóïàþùåå ïî ïðî÷íîñòè ñâàðíîìó ñîåäèíåíèþ è ïðåâîñõîäÿ-
ùåå çàêëåïî÷íîå ñîåäèíåíèå. Èíòåíñèâíî ýêñïëóàòèðóåìàÿ òåõíèêà òðåáóåò ïðè-
ìåíåíèÿ èìåííî âûñîêîïðî÷íîãî êðåïåæà. Ãëàâíîå îòëè÷èå îò ìåòèçîâ îáùåãî íà-
çíà÷åíèÿ çàêëþ÷àåòñÿ â îñîáûõ ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâàõ âûñîêîïðî÷íîãî
êðåïåæà, êîòîðûå äàþò åìó âîçìîæíîñòü âûäåðæèâàòü áîëåå òÿæåëóþ íàãðóçêó. Îä-
íàêî ïðî÷íîñòü è íàäåæíîñòü âûñîêîïðî÷íûõ áîëòîâ îïðåäåëÿþò íå ñòîëüêî èõ
êîíñòðóêòèâíûå îñîáåííîñòè, ñêîëüêî ìàòåðèàë, èç êîòîðîãî îíè èçãîòîâëåíû. Ìå-
õàíè÷åñêèå ñâîéñòâà áîëòîâ îïðåäåëÿþòñÿ ñâîéñòâàìè ñòàëè, ïðèìåíÿåìîé ïðè èõ
èçãîòîâëåíèè, è âèäà òåðìè÷åñêîé îáðàáîòêè, íî, êðîìå òîãî, âàæíà è òåõíîëîãèÿ
ïðîèçâîäñòâà. Â êà÷åñòâå èñõîäíîãî ñûðüÿ èñïîëüçóþò ñòåðæíè èëè ïðîâîëîêè.
Áîëòû ôîðìèðóþò ìåòîäîì õîëîäíîé øòàìïîâêè ïîä äàâëåíèåì íà âûñàäî÷íûõ
àâòîìàòàõ, çàòåì íà íèõ íàíîñÿò ðåçüáó íà íàêàòíûõ àâòîìàòàõ. Äëÿ ïðèäàíèÿ ãîòî-
âûì èçäåëèÿì âûñîêèõ ïðî÷íîñòíûõ õàðàêòåðèñòèê, ýêñïëóàòàöèîííîé íàäåæíîñ-
òè è óñòðàíåíèÿ õðóïêîñòè èõ ïîäâåðãàþò òåðìè÷åñêîìó óïðî÷íåíèþ ïóòåì íàãðå-
âàíèÿ â çàêàëî÷íîé ïå÷è è ïîñëåäóþùåìó îòïóñêó [1–3].

Îòêàç áîëòîâ ÿâëÿåòñÿ ñëåäñòâèåì ñîâìåñòíîãî äåéñòâèÿ íåñêîëüêèõ íåáëàãî-
ïðèÿòíûõ òåõíè÷åñêèõ ôàêòîðîâ, ñïîñîáñòâóþùèõ ðàçâèòèþ àâàðèè. Âûÿâëåíèå
âñåé ñîâîêóïíîñòè ýòèõ ôàêòîðîâ ÿâëÿåòñÿ âàæíîé çàäà÷åé, óñïåøíîå ðåøåíèå êî-
òîðîé ïîçâîëÿåò îïðåäåëèòü ìåðîïðèÿòèÿ ïî ïðåäóïðåæäåíèþ èëè íåäîïóùåíèþ
âîçíèêíîâåíèÿ àíàëîãè÷íûõ ñèòóàöèé â äàëüíåéøåì [4–10].

Ìåòîäèêà ýêñïåðèìåíòà

Îáúåêòû èññëåäîâàíèÿ – âûñîêîïðî÷íûå áîëòû, ÿâëÿþùèåñÿ ýëåìåíòàìè êðåï-
ëåíèÿ ïîñòîÿííûõ ìàãíèòîâ ê ñòóïèöå ðîòîðà ïîäâîçáóäèòåëÿ ãåíåðàòîðà. Ïðîàíà-
ëèçèðîâàíî ñîñòîÿíèå äâóõ ïàðòèé áîëòîâ: ïåðâàÿ ïàðòèÿ ñ ìàðêèðîâêîé íà ãîëîâêå
U130 12.9 VY2 (îäèí áîëò ðàçðóøåííûé, ÷åòûðå öåëûõ); âòîðàÿ ïàðòèÿ ñ ìàðêèðîâ-
êîé FKE 12.9 (ðàçðóøåííûå) (òàáëèöà 1).

Òàáëèöà 1
Õàðàêòåðíûé âíåøíèé âèä áîëòîâ ïîñëå ýêñïëóàòàöèè

Ñîñòîÿíèå Áîëòû ñ ìàðêèðîâêîé U130 12.9 VY2

Ðàçðóøåííûé

Öåëûå

Ðàçðóøåííûå

Áîëòû ñ ìàðêèðîâêîé FKE 12.9
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Ýëåìåíòíûé ñîñòàâ ìàòåðèàëà îïðåäåëÿëè îïòèêî-ýìèññèîííûì ìåòîäîì ïî
ÃÎÑÒ 6012-2011 è ÃÎÑÒ Ð ÈÑÎ 22033-2014 íà ñïåêòðîìåòðå Agilent Technologies
725-ISP-OES. Àíàëèç ìàêðî- è ìèêðîñòðóêòóðû áûë ïðîâåäåí íà îïòè÷åñêîì ìèêðî-
ñêîïå Axio Observer è ýëåêòðîííîì ìèêðîñêîïå VEGA TESCAN II. Ôàçîâûé ñîñòàâ
îïðåäåëÿëè ìåòîäîì ðåíòãåíîñòðóêòóðíîãî àíàëèçà íà äèôðàêòîìåòðå «Äðîí-3Ì». Ìå-
õàíè÷åñêèå èñïûòàíèÿ íà ðàñòÿæåíèå ïðîâîäèëè íà ðàçðûâíîé ìàøèíå Nano 25 êÍ
(òèï îáðàçöà VI ïî ÃÎÑÒ 1497-87, äèàìåòð 3 ìì). Èñïûòàíèÿ íà ðåëàêñàöèþ íà-
ïðÿæåíèé ïðîâîäèëè íà àâòîìàòèçèðîâàííîì êîìïëåêñå ÀÓÐ1 íà îáðàçöàõ öè-
ëèíäðè÷åñêîé ôîðìû ðàçìåðîì ìì0,60,3 ×  [11, 12].

Òâåðäîñòü ïî Áðèíåëëþ è ïðåäåë ïðî÷íîñòè èçìåðÿëè óëüòðàçâóêîâûì òâåðäî-
ìåðîì ÌÅÒ-Ó1 ñîãëàñíî Ïàñïîðòó è ìåòîäèêå ïðîâåðêè òâåðäîìåðà ïîðòàòèâíîãî
ÌÅÒ-Ó1: Óòâ. ÔÃÓÏ «ÂÍÈÈÔÒÐÈ». Èçìåðåíèÿ ìèêðîòâåðäîñòè ïðîâîäèëè íà
ìèêðîòâåðäîìåðå ÏÌÒ-3 ïî ÃÎÑÒ 9450-76 ïðè íàãðóçêå íà èíäåíòîð â 1 Í (ñ îòíî-
ñèòåëüíûì ðàçáðîñîì ε ±2%). Èç ýêñïåðèìåíòàëüíûõ çíà÷åíèé ìèêðîòâåðäîñòè îï-
ðåäåëÿëè ëîêàëüíûé êîýôôèöèåíò ïëàñòè÷íîñòè ìàòåðèàëà ïî ôîðìóëå [13–18]:

,213,141 )( 2

E
H

n ν−ν−−=δ (1)

ãäå H – ñðåäíåå çíà÷åíèå ìèêðîòâåðäîñòè, ν – êîýôôèöèåíò Ïóàññîíà (ν = 0,3), Å –
ìîäóëü óïðóãîñòè (äëÿ ñòàëè 30ÕÃÑÀ ïî ÃÎÑÒ 4543-71 Å = 215 ÃÏà).

Ýêñïåðèìåíòàëüíûå ðåçóëüòàòû è èõ îáñóæäåíèå

Ñîãëàñíî ìåæäóíàðîäíîé êëàññèôèêàöèè, ðåçüáîâûå ìåòèçû, èìåþùèå öèô-
ðîâóþ ìàðêèðîâêó êëàññà ïðî÷íîñòè 12.9, îòíîñÿòñÿ ê âûñîêîïðî÷íûì áîëòàì (ïî
ÃÎÑÒ 7798-70 è ÃÎÑÒ Ð 52643-2006). Ïî ðåçóëüòàòàì ïðîâåäåííîãî õèìè÷åñêîãî
àíàëèçà (òàáëèöà 2) óñòàíîâëåíî, ÷òî ýëåìåíòíûé ñîñòàâ ìàòåðèàëà ñîîòâåòñòâóåò
îòå÷åñòâåííîé ìàðêå ñòàëè 30ÕÃÑÀ (ÃÎÑÒ 4543-71).

Òàáëèöà 2
Ýëåìåíòíûé ñîñòàâ ìàòåðèàëà áîëòîâ

Ýëåìåíò Ñîäåðæàíèå ýëåìåíòà, ìàññ. %
Ïî òðåáîâàíèÿì Áîëò U130 12.9 VY2 Áîëò FKE 12.9
ÃÎÑÒ 4543-71 ðàçðóøåííûé öåëûé ðàçðóøåííûé

Ñ 0,27–0,34 0,316 0,360 0,216
Mn 0,8–1,1 0,376 0,400 0,560
Ni äî 0,3 0,0705 0,573 0,136
S äî 0,025 0,0132 0,012 0,0062
P äî 0,025 0,0134 0,0057 0,0095
Cr 0,8–1,1 1,0300 1,040 0,906

Â õîäå ôðàêòîãðàôè÷åñêîãî èññëåäîâàíèÿ áûë îïðåäåëåí õàðàêòåð ðàçðóøåíèÿ
áîëòîâ (ðèñ. 1). Îáðûâ ñòåðæíÿ áîëòà âñåãäà ïðîèñõîäèò â íàèìåíüøåì ïîïåðå÷-
íîì ñå÷åíèè – ïî âïàäèíå ðåçüáîâîé ÷àñòè (ñì. òàáëèöà 1). Îáúåìíîå íàïðÿæåííîå
ñîñòîÿíèå â çîíàõ âïàäèí ðåçüáû ÷àñòî ïðèâîäèò ê òîìó, ÷òî ñòåðæåíü áîëòà â ìåñòå
îáðûâà íå ïðèîáðåòàåò ôîðìó âîðîíêè, à ïðåäñòàâëÿåò ñîáîé ïîêðûòûé òðåùèíà-
ìè ñêîë ñå÷åíèÿ, ðàñïðîñòðàíÿþùèéñÿ ïîä óãëîì 30–45° ê îñè ìåòèçà, ÷òî ñîîòâåò-
ñòâóåò ïîëîæåíèþ ïëîùàäêè, íà êîòîðóþ äåéñòâóåò ìàêñèìàëüíîå ðàñòÿãèâàþùåå
íàïðÿæåíèå â ñòåðæíå áîëòà, íàãðóæåííîì îäíîâðåìåííî îñåâûì óñèëèåì è êðóòÿ-
ùèì ìîìåíòîì, è çàíèìàåò äâà âèòêà ðåçüáû. Â èçëîìå íàáëþäàåòñÿ âûðàæåííûé
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î÷àã çàðîæäåíèÿ òðåùèíû, êîòîðûé èìååò ñëåäû çàìåäëåííîãî õðóïêîãî ðàçðóøå-
íèÿ (ðèñ. 2).

Òàêîé âèä ðàçðóøåíèÿ õàðàêòåðåí äëÿ âûñîêîïðî÷íûõ áîëòîâ, êîòîðûå äîëãîå
âðåìÿ íàõîäÿòñÿ ïîä âûñîêîé íàãðóçêîé, áëèçêîé ê ïðåäåëó òåêó÷åñòè. Â çîíå èçëî-
ìà áîëòà (ñì. ðèñ. 2) îáíàðóæåíû òðåùèíû, ýòî ñâèäåòåëüñòâóåò î íåäîñòàòî÷íîé
ïëàñòè÷íîñòè ìàòåðèàëà, â êîòîðîì çàòðóäíåíà äåôîðìàöèÿ, âûðàâíèâàþùàÿ íà-
ïðÿæåíèÿ ìåæäó áîëåå è ìåíåå íàãðóæåííûìè çîíàìè. Ó õðóïêîãî ìàòåðèàëà èç-
ëîì ïðîèñõîäèò â îñíîâíîì ïåðïåíäèêóëÿðíî ãëàâíîìó íîðìàëüíîìó íàïðÿæåíèþ

U130 12.9 VY2

à)                                              á)

FKE 12.9

â)                                              ã)

Ðèñ. 1. Õàðàêòåðíûå âèäû èçëîìà áîëòîâ:
à, â, ä, æ, ç – ñ òîðöà; á, ã, å – ñî ñòîðîíû ðåçüáû )50(×

FKE 12.9

ä)                                              å)

æ)                                            ç)

FKE 12.9
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â ðåçóëüòàòå ïðåîäîëåíèÿ ñèë ñöåïëåíèÿ ìåæäó êðèñòàëëè÷åñêèìè ïëîñêîñòÿìè.
Åñëè ìàòåðèàë îáëàäàåò ïëàñòè÷íîñòüþ, òî ñíà÷àëà ïîÿâëÿþòñÿ ïîëîñû ñêîëüæå-
íèÿ è òîëüêî ïðè èñ÷åðïàíèè ýòèõ ñèñòåì ñêîëüæåíèÿ è ïðè ïðåâûøåíèè íàïðÿæå-
íèé, íåîáõîäèìûõ äëÿ ïðåîäîëåíèÿ ñèë ñöåïëåíèÿ, ïðîèñõîäèò ðàçäåëåíèå ìàòåðè-
àëà â íàïðàâëåíèè íàïðÿæåíèÿ îñíîâíîãî ñäâèãà.

Îáðàçîâàíèå çîíû èçëîìà îò íîðìàëüíîãî íàïðÿæåíèÿ èëè îò íàïðÿæåíèÿ ñäâè-
ãà, òî åñòü õðóïêîãî èçëîìà èëè âÿçêîãî ðàçðóøåíèÿ, çàâèñèò íå òîëüêî îò ñâîéñòâ
ìàòåðèàëà, íî è îò òîëùèíû äåòàëè. Ïðè áîëüøèõ ïîïåðå÷íûõ ñå÷åíèÿõ ó âÿçêîãî
ìàòåðèàëà âíà÷àëå ìîæåò âîçíèêíóòü äèíàìè÷åñêàÿ òðåùèíà êàê ñêîë îò íàïðÿæå-
íèÿ ñäâèãà, ïðè÷åì ïåðåä âåðøèíîé ðàçâèâàþùåéñÿ òðåùèíû óâåëè÷èâàåòñÿ êîí-
öåíòðàöèÿ íàïðÿæåíèÿ. Îíà îïèñûâàåòñÿ êîýôôèöèåíòîì èíòåíñèâíîñòè íàïðÿæå-
íèÿ è çàâèñèò îò äåôîðìàöèîííîé ñïîñîáíîñòè ìàòåðèàëà è îò íàïðÿæåííîãî ñî-
ñòîÿíèÿ â äåòàëè. Ñ ðàñïðîñòðàíåíèåì òðåùèíû â ïîïåðå÷íîì ñå÷åíèè âîçðàñòàåò
òîðìîæåíèå äåôîðìàöèè â âåðøèíå òðåùèíû âñëåäñòâèå ïåðåõîäà îò ïëîñêîãî íà-
ïðÿæåííîãî ñîñòîÿíèÿ ê ïëîñêîìó äåôîðìèðîâàííîìó ñîñòîÿíèþ. Òàê êàê çàòåì
íàïðÿæåíèÿ â âåðøèíå òðåùèíû ïëàñòè÷åñêè óìåíüøàþòñÿ â ìåíüøåé ìåðå, òî â
ýòîì ìåñòå âîçðàñòàåò íàïðÿæåíèå. Êîãäà íàêîïëåííàÿ óïðóãàÿ ýíåðãèÿ äîñòèãàåò
ñîïðîòèâëåíèÿ òðåùèíû ìàòåðèàëà, òðåùèíà ðàñïðîñòðàíÿåòñÿ íåñòàáèëüíî, òî åñòü
áåç ïîâûøåíèÿ âíåøíåé ñèëû, äåéñòâóþùåé íà äåòàëè [19–22].

Ìåõàíè÷åñêèå õàðàêòåðèñòèêè (óñëîâíûé ïðåäåë òåêó÷åñòè σ0,2 è ïðåäåë ïðî÷-
íîñòè σâ) äëÿ îáåèõ ïàðòèé îáðàçöîâ (òàáëèöà 3) ïîêàçàëè áëèçêèå çíà÷åíèÿ, ÷òî
ãîâîðèò îá èäåíòè÷íîñòè äàííûõ ïàðòèé. Ïðè ýòîì äëÿ âñåõ ýêñïåðèìåíòàëüíûõ
îáðàçöîâ ïîëó÷åíû ïîâûøåííûå (íà ~100 ÌÏà) çíà÷åíèÿ ïðåäåëà ïðî÷íîñòè σâ.

Òàáëèöà 3
Ðåçóëüòàòû ìåõàíè÷åñêèõ èñïûòàíèé áîëòîâ

Îáúåêò èññëåäîâàíèÿ σ0,2, ÌÏà σâ, ÌÏà δ, %
Ïî òðåáîâàíèÿì ÃÎÑÒ Ð 53644–2009 1080–1100 1078–1275 ≥8

1225 1329 8,9
Áîëòû U130 12.9 VY2 öåëûå 1050 1339 10,6

1050 1304 8,6
1150 1358 12,2

Áîëòû FKE 12.9 ðàçðóøåííûå 1250 1371 10,6
1025 1280 10,5

Ðèñ. 2. Ìèêðîàíàëèç õàðàêòåðíîãî èçëîìà áîëòà ¹21: à – îáùèé âèä èçëîìà,
î÷àã çàðîæäåíèÿ òðåùèíû; á – çîíà ðàñïðîñòðàíåíèÿ òðåùèíû

à)     á)

Î÷àã çàðîæäåíèÿ òðåùèíû

SEM HY 20 kV    SEM MAG 20X SEM HY 20 kV    SEM MAG 100X

Det: SE Det: SE2 ììê 100 ììê
VEG
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Äëÿ îïðåäåëåíèÿ èñòèííûõ çíà÷åíèé ìåõàíè÷åñêèõ õàðàêòåðèñòèê ìàòåðèàëà
áûëè ïðîâåäåíû äîïîëíèòåëüíî èñïûòàíèÿ íà ðàçðûâ öåëîãî áîëòà (ðèñ. 3â, ã).

Äëÿ îïðåäåëåíèÿ ôèçè÷åñêîãî ïðåäåëà òåêó÷åñòè σò è ïðåäåëà ìèêðîïëàñòè÷-
íîñòè σ0 èñïîëüçîâàëè ìåòîä ðåëàêñàöèîííûõ èñïûòàíèé (òàáëèöà 4). Íîðìàëüíîå
çíà÷åíèå ïðåäåëà ìèêðîïëàñòè÷íîñòè íåïîâðåæäåííîãî ìàòåðèàëà íîðì

0σ  ìîæíî îï-
ðåäåëèòü èç íîðìèðóåìîãî íà äàííûé ñïëàâ ïðåäåëà òåêó÷åñòè ïî êðèòåðèþ [6, 7]:

.
1,5

òíîðì
0

σ
=σ (2)

Ïðè σò = 1080 ÌÏà ïîëó÷àåì ÌÏà.720íîðì
0 =σ  Ðåæèì ýêñïëóàòàöèè èçäåëèÿ áóäåò

êðèòè÷åñêèì, åñëè òåõíè÷åñêîå ñîñòîÿíèå ìàòåðèëà îïðåäåëåíî êàê ïîâðåæäåííîå,
à íîðìàëüíûì ñ÷èòàåòñÿ íàïðÿæåíèå, åñëè ðàñ÷åòíîå íàïðÿæåíèå îòëè÷àåòñÿ íà 20%
îò ïðåäåëà ìèêðîïëàñòè÷íîñòè σ0

íîðì. Äëÿ ìàòåðèàëà èññëåäóåìûõ áîëòîâ: 576 ≤
≤ σ0

íîðì ≤ 864 ÌÏà.
Òàáëèöà 4

Ðåçóëüòàòû ðåëàêñàöèîííûõ èñïûòàíèé ìàòåðèàëà áîëòîâ
Îáúåêò èññëåäîâàíèÿ σ0, ÌÏà σò, ÌÏà (σò – σ0), ÌÏà
Áîëò U130 12.9 VY2 ðàçðóøåííûé 1075 1368 293
Áîëò U130 12.9 VY2 öåëûé 772 1274 502
Áîëò FKE 12.9 ðàçðóøåííûé 888 1243 355

Ïî ðåçóëüòàòàì ðåëàêñàöèîííûõ èñïûòàíèé ìàòåðèàëû áîëòîâ èç ðàçíûõ ïàðòèé
èìåëè ðàçëè÷íûå ïðåäåëû ìèêðîïëàñòè÷íîñòè, îòâå÷àþùèå çà íà÷àëî ïðîòåêàíèÿ
ïðîöåññîâ ïëàñòè÷åñêîé äåôîðìàöèè â ìèêðîîáúåìàõ ìàòåðèàëà (ñì. òàáëèöà 4).

Ñîãëàñíî ïîëó÷åííûì äàííûì, ðàçðóøåííûé áîëò U130 12.9 VY2 èìååò ïîâû-
øåííîå çíà÷åíèå ïðåäåëà ìèêðîïëàñòè÷íîñòè (σ0 = 1075 ÌÏà) ïî ñðàâíåíèþ ñ äðó-
ãèìè áîëòàìè, åãî ìàòåðèàë íàõîäèòñÿ â îõðóï÷åííîì ñîñòîÿíèè. Ïðè ýòîì ðàç-
íîñòü (σò – σ0) èìååò ìèíèìàëüíîå çíà÷åíèå, ÷òî ñâèäåòåëüñòâóåò î êîðîòêîé ñòà-
äèè ïåðåõîäà èç îáëàñòè óïðóãèõ äåôîðìàöèé â îáëàñòü ïëàñòè÷åñêèõ äåôîðìàöèé.
Ìàòåðèàë ðàçðóøåííîãî áîëòà FKE 12.9 òàêæå èìååò ïîâûøåííîå çíà÷åíèå ïðåäå-
ëà ìèêðîïëàñòè÷íîñòè (σ0 = 888 ÌÏà). Çíà÷åíèå ïðåäåëà ìèêðîïëàñòè÷íîñòè (σ0 =
= 772 ÌÏà) ìàòåðèàëà öåëîãî áîëòà âõîäèò â èíòåðâàë äîïóñòèìûõ çíà÷åíèé. Îò-
ìå÷àåòñÿ òåíäåíöèÿ ñáëèæåíèÿ çíà÷åíèé ïðåäåëà ìèêðîïëàñòè÷íîñòè è ôèçè÷åñ-
êîãî ïðåäåëà òåêó÷åñòè äëÿ ìàòåðèàëà âñåõ ðàçðóøåííûõ ìåòèçîâ.

Äëÿ àíàëèçà ìèêðîñòðóêòóðû ìàòåðèàëà áûëè ñäåëàíû ïîïåðå÷íûå øëèôû íà
îáðàçöàõ: áîëòîâ U130 12.9 VY2 öåëîãî è ðàçðóøåííîãî, áîëòà FKE 12.9 ðàçðóøåí-

à) á)

â) ã)

Ðèñ. 3. Âèä îáðàçöîâ ïðè ïðîâåäåíèè ìåõàíè÷åñêèõ èñïûòàíèé áîëòà:
à, â – äî èñïûòàíèÿ; á, ã – ïîñëå èñïûòàíèÿ
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íîãî. Ìåòàëëîãðàôè÷åñêèé àíàëèç ïîêàçàë, ÷òî ìàòåðèàë èìååò òðîîñòî-ñîðáèòíóþ
ñòðóêòóðó (ðèñ. 4, 5).

Ðèñ. 4. Ìèêðîñòðóêòóðà ìàòåðèàëà ïîïåðå÷íîãî øëèôà áîëòà U130 12.9 VY2 öåëîãî:
à, á – â öåíòðå; â, ã – îêîëî êðàÿ øëèôà ; ä – êàðáèäíàÿ ôàçà

á)

ä)

à) â)

ã)

100 ìêì 100 ìêì

100 ìêì

100 ìêì

100 ìêì 20 ìêì

à) á) â)

100 ìêì

ã)

Ðèñ. 5. Ìèêðîñòðóêòóðà ìàòåðèàëà ïîïåðå÷íîãî øëèôà áîëòà U130 12.9 VY2
 ðàçðóøåííîãî: à – â öåíòðå, á – îêîëî êðàÿ øëèôà; áîëò FKE 12.9 ðàçðóøåííûé:

â – â öåíòðå; ã – îêîëî êðàÿ ïîïåðå÷íîãî øëèôà;  ä – êàðáèäíàÿ ôàçà

ä)

100 ìêì

20 ìêì

100 ìêì

100 ìêì
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Ñðåäíèé ðàçìåð ÷àñòèö óïðî÷íÿþùåé êàðáèäíîé ôàçû – äî 8 ìêì. Îäíàêî âñòðå-
÷àþòñÿ îòäåëüíûå êðóïíûå êàðáèäû ðàçìåðîì äî ~20 ìêì (ñì. ðèñ. 4ä, 5ä). Ïî ðå-
çóëüòàòàì ïîøàãîâîãî àíàëèçà ìèêðîñòðóêòóðû øëèôîâ óñòàíîâëåíà íåîäíîðîä-
íîñòü ðàñïðåäåëåíèÿ êàðáèäíîé ôàçû ïî ïîïåðå÷íîìó ñå÷åíèþ áîëòîâ.

Ìåòîäîì ðåíòãåíîñòðóêòóðíîãî àíàëèçà óñòàíîâëåí äâóõôàçíûé ñîñòàâ α-Fe+Fe3C
ñòàëè, ÷òî ïîäòâåðæäàåò ðåçóëüòàòû ìèêðîñòðóêòóðíûõ èññëåäîâàíèé (òðîîñòèòî-
îáðàçíûé è ñîðáèòîîáðàçíûé ïåðëèò + öåìåíòèò). Ñëåäóåò îòìåòèòü, ÷òî ôàçîâûé
ñîñòàâ âñåõ èññëåäîâàííûõ îáðàçöîâ, èçãîòîâëåííûõ èç ðàçíûõ ïàðòèé áîëòîâ, èäåí-
òè÷åí. Áðàêîâî÷íûõ ïðèçíàêîâ ïî ôàçîâîìó ñîñòàâó è ìèêðîñòðóêòóðå (íàëè÷èå
ìàðòåíñèòà) ïî ï. 4.1.3 ÃÎÑÒà Ð53664-2009 íå âûÿâëåíî [3, 23–29].

Òâåðäîñòü ïî Áðèíåëëþ è ìèêðîòâåðäîñòü ìàòåðèàëà èçìåðÿëè íà êðàþ è â öåí-
òðå ïîïåðå÷íîãî øëèôà (òàáëèöà 5). Ïîëó÷åííûå çíà÷åíèÿ òâåðäîñòè äëÿ ìàòåðèà-
ëà âñåõ áîëòîâ ñîîòâåòñòâóþò òðåáîâàíèÿì ÃÎÑÒ Ð 53664-2009. Íî ñëåäóåò îáðà-
òèòü âíèìàíèå, ÷òî, ñîãëàñíî ï. 4.1.3 ÃÎÑÒà, ðàçíîñòü ìåæäó çíà÷åíèÿìè òâåðäî-
ñòè íå äîëæíà áûòü áîëåå 30 ÍÂ.

Òàáëèöà 5
Ðåçóëüòàòû èçìåðåíèé òâåðäîñòè ïî ïîïåðå÷íîìó ñå÷åíèþ îáðàçöà

Îáðàçåö Òâåðäîñòü, ÍÂ ÍÂñðåä Ðàçáðîñ çíà÷åíèé
òâåðäîñòè HBmax–  HBmin

Áîëò U130 12.9 VY2 327, 323, 347, 325 36ðàçðóøåííûé 315, 330, 311
Áîëò U130 12.9 VY2 376, 359, 380, 368 21öåëûé 359, 368
Áîëò FKE 12.9 305, 345, 310, 315 70ðàçðóøåííûé 275, 319, 326

Èç äàííûõ òàáëèöû 5 âèäíî, ÷òî ìàêñèìàëüíûé ðàçáðîñ òâåðäîñòè ïî Áðèíåë-
ëþ â 70 HB çàôèêñèðîâàí íà ðàçðóøåííîì áîëòå FKE 12.9. Çíà÷åíèÿ òâåðäîñòè äëÿ
öåëîãî áîëòà U130 12.9 VY2 èìåþò íàèìåíüøèé ðàçáðîñ 21 HB.

Áîëüøîé ðàçáðîñ îáíàðóæåí òàêæå ïðè èçìåðåíèÿõ ìèêðîòâåðäîñòè (òàáëèöà 6).
Ìàêñèìàëüíûé ðàçáðîñ çíà÷åíèé ìèêðîòâåðäîñòè ïîëó÷åí íà îáðàçöàõ, âûðåçàí-
íûõ èç áîëòîâ, â êîòîðûõ íàáëþäàëîñü íåðàâíîìåðíîå ðàñïðåäåëåíèå â ìèêðîñòðóê-
òóðå êàðáèäíûõ âûäåëåíèé. Ñ èñïîëüçîâàíèåì ýêñïåðèìåíòàëüíûõ çíà÷åíèé ìèê-
ðîòâåðäîñòè áûëè ïðîâåäåíû òåîðåòè÷åñêèå îöåíêè êîýôôèöèåíòà ïëàñòè÷íîñòè
[10–12], õàðàêòåðèçóþùåãî ñïîñîáíîñòü ìàòåðèàëà âîñïðèíèìàòü óïðóãèå è ïëàñòè-
÷åñêèå äåôîðìàöèè. Äëÿ îáåñïå÷åíèÿ äîñòàòî÷íîãî óðîâíÿ ïëàñòè÷íîñòè äëèòåëü-
íî ðàáîòàþùåãî ìåòàëëè÷åñêîãî ìàòåðèàëà êîýôôèöèåíò ïëàñòè÷íîñòè δn äîëæåí
áûòü íå ìåíåå 0,8. Äëÿ çíà÷åíèé òâåðäîñòè â èíòåðâàëå îò H(min) = 3,30 äî  H(max) =
= 3,88  êîýôôèöèåíò ïëàñòè÷íîñòè δn íàõîäèòñÿ â äîïóñòèìûõ ïðåäåëàõ îò 0,85 äî
0,83. Ñðåäíåå çíà÷åíèå òâåðäîñòè òàêæå óäîâëåòâîðÿåò ýòîìó êðèòåðèþ îöåíêè ïëà-
ñòè÷íîñòè ìàòåðèàëà.
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Òàáëèöà 6
Ðåçóëüòàòû èçìåðåíèé ìèêðîòâåðäîñòè è ðàñ÷åòíîãî êîýôôèöèåíòà ïëàñòè÷íîñòè

Îáúåêò Ìèêðîòâåðäîñòü
Ñðåäíåå Ðàçáðîñ

Êîýôôèöèåíò
èññëåäîâàíèÿ H, ÃÏà

çíà÷åíèå (Í màõ –  Í min),
ïëàñòè÷íîñòè δnH ñðåä, ÃÏà ÃÏà

3,22; 3,47; 3,86; 3,50;
Áîëò U130 12.9 VY2 3,38; 3,47; 3,97; 4,20; 3,71 0,98 0,839
ðàçðóøåííûé 4,20; 3,86; 3,86; 3,50

3,38; 2,14; 2,33; 3,38;
Áîëò U130 12.9 VY2 2,91; 4,20; 4,08; 3,06; 3,32 2,19 0,856öåëûé 4,33; 3,97; 2,72; 3,86;

3,47; 2,60
3,86; 3,86; 4,20; 4,33;

Áîëò FKE 12.9 4,45; 4,33; 3,22; 2,91; 3,62 1,61 0,8443
ðàçðóøåííûé 2,72; 2,91; 2,72; 3,22;

3,06; 3,76

Çàêëþ÷åíèå

Ïðîâåäåí àíàëèç ìàòåðèàëà áîëòîâ äâóõ ïàðòèé ñ öåëüþ îïðåäåëåíèÿ ïðè÷èíû
èõ ðàçðóøåíèÿ. Ïî ðåçóëüòàòàì ïðîâåäåííûõ èññëåäîâàíèé óñòàíîâëåíî:

1. Äëÿ ïàðòèè èçäåëèé U130 12.9 VY2 ðàçðóøåíèå îòäåëüíîãî áîëòà ïðîèçîø-
ëî èç-çà ïîíèæåííîé ïðî÷íîñòè è ïîâûøåííîé õðóïêîñòè ìàòåðèàëà, îáóñëîâëåí-
íûõ íàëè÷èåì ìèêðîäåôåêòîâ. Îñòàëüíûå ìåòèçû ïî ìèêðîñòðóêòóðå è ìåõàíè÷åñ-
êèì ñâîéñòâàì ñîîòâåòñòâóþò òðåáîâàíèÿì ÃÎÑÒ Ð 53664-2009.

2. Ñ ïîìîùüþ ôðàêòîãðàôè÷åñêîãî àíàëèçà óñòàíîâëåíî, ÷òî áîëòû èç ïàðòèè
FKE 12.9 èìåþò ðàçíûé âèä èçëîìà: õðóïêèé áëåñòÿùèé è îêèñëåííûé õðóïêî-âÿç-
êèé. Ðàçðóøåíèå êîíñòðóêöèè íà÷àëîñü ñ íåêîíäèöèîííûõ áîëòîâ, à çàòåì ïðîèñõî-
äèëî ïîñëåäîâàòåëüíî èç-çà óâåëè÷åíèÿ íàãðóçêè íà äðóãèå ìåòèçû. Ïðè÷èíîé ðàç-
ðóøåíèÿ íåêîíäèöèîííûõ áîëòîâ ÿâèëàñü íåîäíîðîäíîñòü ìèêðîñòðóêòóðû, ïðî-
ÿâëÿþùàÿñÿ â íåðàâíîìåðíîì ðàñïðåäåëåíèè è ìîðôîëîãèè ÷àñòèö óïðî÷íÿþùåé
êàðáèäíîé ôàçû, ÷òî ïðèâåëî ê áîëüøîìó ðàçáðîñó çíà÷åíèé òâåðäîñòè ïî Áðèíåë-
ëþ (36–70 HB) âûøå òðåáîâàíèé ï.4.1.3 ÃÎÑÒ Ð 53664-2009 (íå áîëåå 30 ÍÂ).
Ðàçáðîñ çíà÷åíèé ìèêðîòâåðäîñòè â ìàòåðèàëå äîñòèãàåò âåëè÷èíû 0,98–2,19 ÃÏà.
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 DETERMINATION OF THE CAUSES OF DESTRUCTION
OF HIGH-STRENGTH FASTENING ELEMENTS

Berdnik O.B.1, Tsareva I.N.1, Krivina L.A.1, Kirikov S.V.1,
Tarasenko Yu.P.1, Chegurov M.K.2
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Nizhny Novgorod, Russian Federation
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Nizhny Novgorod, Russian Federation

Intensively operated modern technology requires the use of high-strength fasteners. The article
presents the results of studies of the structure and physical and mechanical properties of the material
of fastening elements (threaded hardware) in order to determine the causes of their destruction
during operation. The fractographic analysis of fractures of fractured bolts revealed pronounced
centers of crack initiation with traces of delayed brittle fracture, which is typical for high-strength

′
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hardware that are under high load for a long time, close to the yield point. Mechanical tests of the
studied fastening elements showed increased values of ultimate strength. The performed relaxation
tests of the material of broken bolts also revealed an increased value of the microplasticity limit,
which is responsible for the onset of plastic deformation processes in microvolumes of the material,
and for the material of whole hardware, the value of the limit is included in the permissible interval.
At the same time, the average hardness of the material of all products meets the regulatory
requirements. The maximum spread of hardness 70 HB is fixed on the destroyed bolt. Using the
experimental values of microhardness, theoretical estimates of the coefficient of plasticity, which
characterize the ability of a material to perceive elastic and plastic deformations, were carried out.
To ensure a sufficient level of ductility of a long-term working metal material, the ductility coefficient
must be at least 0.8. The average value of the hardness of the material of the fastening elements
satisfies this criterion for assessing ductility. According to the results of a step-by-step analysis of
the microstructure of the samples, the inhomogeneity of the distribution of the carbide phase over
the cross-section of the bolts was established. The two-phase composition (α-Fe + Fe3C) of steel
was established by X-ray structural analysis, which confirms the results of microstructural studies.
It should be noted that the phase composition of all studied samples is identical. Based on the
results of the studies carried out, it was found that the destruction occurred due to the reduced
strength and increased fragility of the material due to the presence of microdefects. The material of
the whole bolts in terms of structure and mechanical properties comply with regulatory requirements.

Keywords: high strength bolts, fractography, structure, steel, mechanical properties, hardness.


