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Â êîíñòðóêöèÿõ äâèãàòåëåé ñòðîèòåëüíî-äîðîæíûõ ìàøèí äîâîëüíî øèðîêîå ðàñïðîñòðàíåíèå ïî-
ëó÷èëè ãèëüçû öèëèíäðîâ, êîòîðûå èçãîòàâëèâàþòñÿ èç ñåðîãî ÷óãóíà. Ñðåäè íåãàòèâíûõ ñâîéñòâ 
äàííîãî êîíñòðóêöèîííîãî ìàòåðèàëà ìîæíî îòìåòèòü ñðàâíèòåëüíî íèçêóþ ïðî÷íîñòü è âûñîêóþ 
õðóïêîñòü. Ýòî ïîâûøàåò âåðîÿòíîñòü âîçíèêíîâåíèÿ êàê ïðîèçâîäñòâåííûõ, òàê è ýêñïëóàòàöèîí-
íûõ äåôåêòîâ. Ïîýòîìó ïîâûøåíèå ýêñïëóàòàöèîííûõ õàðàêòåðèñòèê ðàññìàòðèâàåìûõ äåòàëåé 
ÿâëÿåòñÿ àêòóàëüíîé ïðîáëåìîé. Ïåðñïåêòèâíûì íàïðàâëåíèåì â äàííîì ñëó÷àå ÿâëÿåòñÿ èñïîëü-
çîâàíèå õèìèêî-òåðìè÷åñêîé îáðàáîòêè. Öåëüþ ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå âëèÿíèÿ õèìèêî-
òåðìè÷åñêîé îáðàáîòêè ñåðîãî ÷óãóíà íà ïðî÷íîñòü. Â ðàáîòå èññëåäóåòñÿ ïðî÷íîñòü ÷óãóíà, ïîä-
âåðãíóòîãî õèìèêî-òåðìè÷åñêîé îáðàáîòêå (òåðìîäèôôóçèîííîìó ïîâåðõíîñòíîìó ëåãèðîâàíèþ). 
Íà îñíîâå ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé èçó÷åíî âëèÿíèå òîëùèíû óïðî÷íåííîãî ñëîÿ íà 
ïðî÷íîñòü. Ñîçäàíà ÷èñëåííàÿ ìîäåëü â ïàêåòå Ansys è èññëåäîâàíî âëèÿíèå óïðî÷íåííîãî ñëîÿ 
íà ïðî÷íîñòü ãèëüç öèëèíäðîâ äâèãàòåëåé ñòðîèòåëüíî-äîðîæíûõ ìàøèí.
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Ââåäåíèå
Â êîíñòðóêöèÿõ ñòðîèòåëüíî-äîðîæíûõ 

ìàøèí äîñòàòî÷íî øèðîêîå ïðèìåíåíèå ïî-
ëó÷èë ñåðûé ÷óãóí (äîëÿ ÷óãóííûõ äåòàëåé 
â îáùåé ìàññå íåêîòîðûõ ìàøèí äîñòèãàåò 
60 %). Èç äàííîãî ìàòåðèàëà èçãîòàâëèâàþòñÿ 
áëîêè öèëèíäðîâ, äåòàëè òîðìîçíûõ ñèñòåì, 
ìàõîâèêè, ãîëîâêè öèëèíäðîâ, ãèëüçû, ðàñ-
ïðåäåëèòåëüíûå è êàðäàííûå âàëû, êîðïóñ-
íûå äåòàëè è ò.ä. Òàêæå ÷óãóíû èñïîëüçóþòñÿ 
è äëÿ èçãîòîâëåíèÿ äåòàëåé íàâåñíîãî îáîðó-
äîâàíèÿ (ðàáî÷èå òåëà øàðîâûõ è ñòåðæíåâûõ 
ìåëüíèö, èçíîñîñòîéêèå íàêëàäêè íà îòâàëû 
è êîâøè, àðìèðóþùèå âñòàâêè äëÿ çóáüåâ 
êîâøåé è ò.ä.). Â çàâèñèìîñòè îò óñëîâèé 
ðàáîòû äåòàëè ê ìàòåðèàëó ìîãóò ïðåäúÿâëÿòü-
ñÿ ðàçëè÷íûå òðåáîâàíèÿ, íàïðèìåð, äëÿ êó-
ëà÷êîâ è âûñîêîíàãðóæåííûõ âàëîâ ÷óãóíû 
ëåãèðóþò ìîëèáäåíîì, õðîìîì èëè íèêåëåì, 
÷òî äàåò âîçìîæíîñòü ïðîèçâåñòè çàêàëêó 
äåòàëè. Â ñëó÷àå èíòåíñèâíîãî òåïëîâûäåëå-
íèÿ èëè áîëüøèõ ïåðåïàäîâ òåìïåðàòóð (áàðà-
áàíû, òîðìîçíûå äèñêè è ò.ä.), ïîâåðõíîñòíûé 
ñëîé ÷óãóííûõ äåòàëåé ñêëîíåí ê ïîÿâëåíèþ 
ïîâåðõíîñòíûõ òðåùèí, ïîýòîìó ñòðóêòóðà 

ïîâåðõíîñòíîãî ñëîÿ äîëæíà áûòü ïåðëèòíîé 
ñ øàðîâèäíûì ãðàôèòîì. 

Äîâîëüíî ðàñïðîñòðàíåííûì ðåøåíèåì, 
êîòîðîå èñïîëüçóåòñÿ â äâèãàòåëÿõ ñòðîèòåëü-
íî-äîðîæíûõ ìàøèí, ÿâëÿþòñÿ ãèëüçû öèëèí-
äðîâ èç ñåðîãî ÷óãóíà (íàïðèìåð, 7406.1002021 
èëè 7406.1002021-20). Ñðåäè íåãàòèâíûõ 
ñâîéñòâ äàííîãî êîíñòðóêöèîííîãî ìàòåðèàëà 
ìîæíî îòìåòèòü ñðàâíèòåëüíî íèçêóþ ïðî÷-
íîñòü è âûñîêóþ õðóïêîñòü. Ýòî ïîâûøàåò âå-
ðîÿòíîñòü âîçíèêíîâåíèÿ êàê ïðîèçâîäñòâåí-
íûõ, òàê è ýêñïëóàòàöèîííûõ äåôåêòîâ.

Ïîýòîìó ïîâûøåíèå ýêñïëóàòàöèîííûõ õà-
ðàêòåðèñòèê ðàññìàòðèâàåìûõ äåòàëåé ÿâëÿåòñÿ 
àêòóàëüíîé ïðîáëåìîé. Ïåðñïåêòèâíûì íàïðàâ-
ëåíèåì â äàííîì ñëó÷àå ÿâëÿåòñÿ èñïîëüçîâàíèå 
õèìèêî-òåðìè÷åñêîé îáðàáîòêè. Îäíàêî òðàäè-
öèîííûå ìåòîäû óïðî÷íåíèÿ [1−13] íå ïîçâîëÿ-
þò ýôôåêòèâíî óâåëè÷èâàòü ïðî÷íîñòü ÷óãóíà. 
Ñïîñîá òåðìîäèôôóçèîííîãî ïîâåðõíîñòíîãî 
ëåãèðîâàíèÿ [14] ïîçâîëÿåò ïîëó÷àòü íà ïîâåðõ-
íîñòè ÷óãóíà ñëîé òîëùèíîé äî 3 ìì (ñì. ðèñ. 1). 

Íàëè÷èå ñëîÿ ñ òàêîé òîëùèíîé óæå ìîæåò 
îêàçûâàòü çíà÷èìîå âëèÿíèå íà ïðî÷íîñòü äå-
òàëåé èç ÷óãóíà. Ïðè ýòîì øèðîêèå âîçìîæíî-
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ñòè äàåò èñïîëüçîâàíèå ìåòîäà êîíå÷íûõ ýëå-
ìåíòîâ äëÿ èçó÷åíèÿ ìåõàíè÷åñêèõ ñâîéñòâ. 
Îäíàêî ñ ó÷åòîì íåðàâíîìåðíîñòü ñâîéñòâ 
óïðî÷íåííîãî ñëîÿ è îáðàòíûé õàðàêòåð ðàñ-
ïðåäåëåíèÿ òâåðäîñòè [14]: òâåðäîñòü ïî ãëóáè-
íå óïðî÷íåííîãî ñëîÿ âîçðàñòàåò âîçíèêàåò íå-
îáõîäèìîñòü â ïðîâåäåíèè ýêñïåðèìåíòàëüíûõ 
èññëåäîâàíèé äëÿ ïîëó÷åíèÿ èñõîäíîé èíôîð-
ìàöèè ïðè ïîñòðîåíèè êîíå÷íî-ýëåìåíòíûõ 
ìîäåëåé. 

Ðèñ. 1. Îáðàçåö ñ óïðî÷íåííûì ñëîåì

Öåëüþ ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå âëè-
ÿíèÿ õèìèêî-òåðìè÷åñêîé îáðàáîòêè ñåðîãî 
÷óãóíà íà ïðî÷íîñòü.

Ìåòîäû è ìàòåðèàëû
Îïðåäåëåíèå ãðàíè÷íûõ óñëîâèé âûïîë-

íÿëîñü ýêñïåðèìåíòàëüíî íà ïðåññå Ï-150Ì 
ñ ìàêñèìàëüíûì óñèëèåì ñæàòèÿ 15 òîíí. Èñ-
ïîëüçîâàëèñü îáðàçöû èç ñåðîãî ÷óãóíà ìàðêè 
Ñ×-20 ÃÎÑÒ 1412-85 áåç óïðî÷íåíèÿ è ñ óïðî÷-
íåíèåì â êîíòàêòå ñ îêñèäàìè æåëåçà, õðîìà 
è ìîëèáäåíà. Èñïîëüçîâàëèñü îáðàçöû öèëèí-
äðè÷åñêîé ôîðìû äèàìåòðîì 15 ìì. Ïðèìåð 
ðàçðóøåííîãî îáðàçöà ïðèâåäåí íà ðèñ. 2.

Ðèñ. 2. Ðàçðóøåííûé îáðàçåö

Äëÿ èññëåäîâàíèÿ âëèÿíèÿ òîëùèíû ñëîÿ 
íà ïðî÷íîñòü îáðàçöà èñïîëüçîâàëñÿ ïðî-
ãðàììíûé ïàêåò Ansys [15, 16]. Ïðèìåð ìîäåëè 
ïðèâåäåí íà ðèñ. 3.

Áûë âûïîëíåí ïîëíûé ôàêòîðíûé ýêñïåðè-
ìåíò [17, 18]. Â êà÷åñòâå ôàêòîðîâ ðàññìàòðèâà-
þòñÿ äèàìåòð îáðàçöà è òîëùèíà óïðî÷íåííî-
ãî ñëîÿ (ñì. òàáëèöû 1 è 2).

Òàáëèöà 1 
Óðîâíè âàðüèðîâàíèÿ ôàêòîðîâ 

Óðîâåíü Êîäèðîâàííûå çíà÷åíèÿ ôàêòîðîâ
Íàòóðàëüíûå çíà÷åíèÿ ôàêòîðîâ

d, ìì g, ìì
Íèæíèé -1 10  1
Âåðõíèé +1 40 3
Îñíîâíîé 0 25 2
Èíòåðâàë âàðüèðîâàíèÿ 1 15 1

Òàáëèöà 2 

Çíà÷åíèÿ òîëùèíû óïðî÷íåííîãî ñëîÿ 
ïðè âçàèìîäåéñòâèè îñíîâû ÷óãóíà 
ñ îêñèäàìè ëåãèðóþùèõ ýëåìåíòîâ

Íîìåð îïûòà y σ
b
, ÌÏà

1 y
1

977
2 y

2
378

3 y
3

630
4 y

4
132

5 y
5

735
6 y

6
305

7 y
7

924
8 y

8
3519

3519 y
9

536 Ðèñ. 3. Ðàñ÷åòíàÿ ìîäåëü
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Ðåçóëüòàòû è èõ îáñóæäåíèå
Â ðåçóëüòàòå ýêñïåðèìåíòàëüíûõ èññëå-

äîâàíèé áûëà ïîëó÷åíà çàâèñèìîñòü ïðåäå-
ëà ïðî÷íîñòè îáðàçöîâ ñ óïðî÷åííûì ñëîåì, 
ïðåäñòàâëåííàÿ íà ðèñ. 4. 

Ðèñ. 4. Çàâèñèìîñòü ïðåäåëà ïðî÷íîñòè îáðàçöà

Â ðåçóëüòàòå ðàñ÷åòîâ áûëè ïîëó÷åíû ñëå-
äóþùèå çàâèñèìîñòè äëÿ îïðåäåëåíèÿ ïðåäåëà 
ïðî÷íîñòè â çàâèñèìîñòè îò äèàìåòðà îáðàçöà 
è òîëùèíû óïðî÷íåííîãî ñëîÿ:

2

2

0,23 0,42 21,5

9,92 80,18 1016,16.
b d d g d

g g

        

  
 

Íà ðèñ. 5 ïðèâåäåí ïðèìåð èññëåäîâàíèÿ 
ïðî÷íîñòè è æåñòêîñòè ãèëüç öèëèíäðîâ, èç-
ãîòîâëåííûõ èç ñåðîãî ÷óãóíà áåç óïðî÷íåíèÿ 
è ñ óïðî÷íåíèåì. Â êà÷åñòâå íàãðóçêè ðàññìà-
òðèâàåòñÿ óñèëèå çàïðåññîâêè ãèëüçû, êîòîðîå 
îïðåäåëÿëè ñîãëàñíî ðåêîìåíäàöèÿì òåõíè÷å-
ñêîé ëèòåðàòóðû [19, 20].

Ðèñ. 5. Ðåçóëüòàò îïðåäåëåíèÿ íàïðÿæåíèé 
â ãèëüçå èç ñåðîãî Ñ×20 ÷óãóíà ñ óïðî÷íåíèåì

Çàêëþ÷åíèå
Àíàëèçèðóÿ äàííûå íà ðèñ. 4, ìîæíî ñäå-

ëàòü âûâîä, ÷òî èñïîëüçîâàíèå òåðìîäèôôó-
çèîííîãî ïîâåðõíîñòíîãî ëåãèðîâàíèÿ äàåò 
âîçìîæíîñòü ïîâûñèòü ïðî÷íîñòü îáðàçöîâ 
áîëåå ÷åì â 2 ðàçà. Â ðåçóëüòàòå ïëàíèðîâàíèÿ 
áûëà ïîëó÷åíà çàâèñèìîñòü ïðåäåëà ïðî÷íî-
ñòè îò äèàìåòðà äåòàëè è òîëùèíû óïðî÷íåí-
íîãî ñëîÿ, êîòîðàÿ â äàëüíåéøåì ìîæåò áûòü 
èñïîëüçîâàíà ïðè êîíñòðóèðîâàíèè èçäåëèé. 
Èññëåäîâàíèÿ ïðî÷íîñòè è æåñòêîñòè ãèëüç 
èç ñåðîãî ÷óãóíà Ñ×-20 ñ óïðî÷åííûì ñëîåì 
ïîêàçàëè, ÷òî èìååòñÿ âîçìîæíîñòü ïîâûñèòü 
èõ ïðî÷íîñòü áîëåå ÷åì íà 60 % è æåñòêîñòü 
áîëåå ÷åì íà 40 %. 
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INCREASE OF STRENGTH OF CAST-IRON CYLINDER LINERS 
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Cylinder liners made of gray cast iron are quite widespread in the design of engines of road construction 
vehicles. The negative properties of this structural material include relatively low strength and high fra-
gility. This increases the probability of both manufacturing and operational defects. Therefore, improving 
the performance of the considered parts is an urgent problem. A promising direction in this case is the 
use of chemical-and-thermal treatment. The aim of the work is to study the effect of chemical-and-ther-
mal treatment of gray cast iron on strength. The paper investigates the strength of cast iron subjected 
to chemical-and-thermal treatment (thermal diffusion surface alloying). On the basis of experimental 
studies, the effect of the thickness of the hardened layer on the strength was studied. A numerical model 
is created in the Ansys software. The effect of the hardened layer on the strength of cylinder liners of 
engines of road-building vehicles is investigated.
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