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Ðàññìîòðåíà âîçìîæíîñòü ýôôåêòèâíîãî íàêëåïà ôóòåðîâêè èç ñòàëè 110Ã13Ë â 
ñëó÷àå ðàáîòû øàðîâîé ìåëüíèöû áåç ïîðîäû è áîìáàðäèðîâêè ìåëþùèìè òå-
ëàìè íåïîñðåäñòâåííî ôóòåðîâî÷íîé ïëèòû. Óñòàíîâëåíû ðàöèîíàëüíûå ïà-
ðàìåòðû ðàáîòû ìåëüíèöû äëÿ îñóùåñòâëåíèÿ ýôôåêòèâíîãî íàêëåïà. 
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Ââåäåíèå 
ûñîêîìàðãàíöåâàÿ ñòàëü 
110Ã13Ë, èçâåñòíàÿ ïî èìå-

íè àâòîðà êàê ñòàëü Ãàäôèëüäà, øè-
ðîêî èñïîëüçóåòñÿ â êà÷åñòâå êîíñò-
ðóêöèîííîãî ìàòåðèàëà äåòàëåé ãîð-
íîðóäíîãî îáîðóäîâàíèÿ, ðàáîòàþ-
ùèõ â óñëîâèÿõ èíòåíñèâíîãî àáðà-
çèâíîãî èçíîñà (ôóòåðîâêà øàðîâûõ 
ìåëüíèö, «ùåêè» äðîáèëîê, «çóáüÿ» 
êîâøåé ýêñêàâàòîðîâ). Âìåñòå ñ òåì 
èçâåñòíî, ÷òî ýòà ñòàëü îáëàäàåò âû-
ñîêîé ýðîçèîííîé ñòîéêîñòüþ òîëüêî 
ïðè èíòåíñèâíîì íàêëåïå, èìåþùåì 
ìåñòî ïðè ðàáîòå äåòàëè â óñëîâèÿõ 
çíà÷èòåëüíûõ íàïðÿæåíèé è äèíàìè-
÷åñêèõ íàãðóçîê. Òàê, ïðè èçãîòîâëå-
íèè èç ñòàëè Ãàäôèëüäà íèæíåãî è 
âåðõíåãî äíèù öåíòðîáåæíûõ äðîáè-
ëîê, äíèùà âûäåðæèâàþò ðàçìîë äî 
2000—4000 ò òâåðäîãî ãðàíèòà, à 
ùåêè ùåêîâûõ äðîáèëîê, ïðè ðàáîòå 
ïî òàêèì æå òâåðäûì ïîðîäàì, íà-
êëåïûâàþòñÿ äî òâåðäîñòè 500 ÍÂ. 
Ïðè èõ îòñóòñòâèè êàêèì-ëèáî çàìåò-
íûì ïðåèìóùåñòâîì â ýðîçèîííîé 
ñòîéêîñòè (ïî ñðàâíåíèþ ñ îáû÷íîé 
ñðåäíåóãëåðîäèñòîé ñòàëüþ) ñòàëü 
Ãàäôèëüäà íå îáëàäàåò [1]. Íàïðè-
ìåð, áèëà äëÿ ðàçìîëà èçâåñòè è 
ñêðåïêè óñòàíîâêè äëÿ ïîìîëà ïåñêà 

èç ýòîé ñòàëè î÷åíü íåäîëãîâå÷íû [2]. 
Íå ïðîèñõîäèò çàìåòíîãî íàêëåïà 
ôóòåðîâî÷íûõ ïëèò èç ñòàëè 
110Ã13Ë è ïðè ðàáîòå øàðîâûõ 
ìåëüíèö, êîãäà ìåëþùèå òåëà âîçäåé-
ñòâóþò íà ôóòåðîâêó òîëüêî ÷åðåç 
ñëîé ïîðîäû [3]. 

Èñõîäíûå äàííûå 
Â ñòàòüå àâòîðû ðàññìàòðèâàþò 

âîçìîæíîñòü ýôôåêòèâíîãî íàêëåïà 
ôóòåðîâêè èç ñòàëè 110Ã13Ë â ñëó-
÷àå ðàáîòû øàðîâîé ìåëüíèöû áåç 
ïîðîäû è áîìáàðäèðîâêè ìåëþùèìè 
òåëàìè íåïîñðåäñòâåííî ôóòåðî-
âî÷íîé ïëèòû. Óñòàíàâëèâàþòñÿ ðà-
öèîíàëüíûå ïàðàìåòðû ðàáîòû 
ìåëüíèöû äëÿ îñóùåñòâëåíèÿ ýô-
ôåêòèâíîãî íàêëåïà. 

Ðàñ÷åò ïðîèçâîäèëñÿ íà ïðèìåðå 
ìåëüíèöû øàðîâîé ñ öåíòðàëüíîé 
ðàçãðóçêîé ÌØÖ-4500×6000 ñ äèà-
ìåòðàìè êîðïóñà Dì (4,43 ì) è ìå-
ëþùèõ øàðîâ D (0,04 ì) ïðè îáû÷íî 
èñïîëüçóåìîé ñòåïåíè çàïîëíåíèÿ 
ìåëüíèöû äàííîãî òèïà øàðàìè 
φ = 30 %. Ïðåäëîæåííàÿ äëÿ ðàñ÷å-
òà ìåëüíèöà øèðîêî èñïîëüçóåòñÿ íà 
îáîãàòèòåëüíîé ôàáðèêå ÎÀÎ «Êà-
ðåëüñêèé îêàòûø». Áàðàáàí ìåëüíè-
öû èçíóòðè ôóòåðîâàí ïëèòàìè, êî-
òîðûå â ðàçðåçå èìåþò ôîðìó «âîë-

Â 
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íû». Ìàêñèìàëüíàÿ òîëùèíà ôóòå-
ðîâî÷íûõ ïëèò ñîñòàâëÿåò hÁ = 128 
ìì, îíè èçãîòîâëåíû èç ñòàëè Ãàä-
ôèëüäà ñ èñõîäíîé òâåðäîñòüþ 
200 ÍÂ [2]. 

Îïðåäåëåíèå äèíàìè÷åñêîé òâåð-
äîñòè Íä ìàòåðèàëà 

Èçâåñòíû [4, 5] ôîðìóëû (1, 2), 
ñâÿçûâàþùèå äèàìåòð (d) è ãëóáèíó (h) 
ñôåðè÷åñêîé âìÿòèíû, îáðàçóþùåéñÿ 
íà ïëàñòèíå â ðåçóëüòàòå óäàðíîãî 
âîçäåéñòâèÿ øàðîîáðàçíîãî ïðåäìå-
òà, ñ ïàðàìåòðàìè øàðà (äèàìåò 
ðîì — D, ïëîòíîñòüþ ìàòåðèàëà — ρ, 
ñêîðîñòüþ â ìîìåíò óäàðà — V) è 
ïëàñòèíû (Íä): 

ρ 2
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ä

2
6

V
d D
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= ⋅ ⋅ ⋅ , (1) 
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1
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h D V
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H

d
=  (3) 

• äèíàìè÷åñêàÿ òâåðäîñòü ìàòå-
ðèàëà ïëàñòèíû (êîýôôèöèåíò ïðî-
ïîðöèîíàëüíîñòè ìåæäó óñèëèåì Ð, 
ñ êîòîðûì ïî ïëàñòèíå íàíîñèòñÿ 
óäàð, è äèàìåòðîì d ïîëó÷àåìîãî 
îòïå÷àòêà), íå çàâèñÿùàÿ îò âåëè-
÷èíû ýíåðãèè óäàðà è äèàìåòðà øà-
ðà. 

Â ëèòåðàòóðå íå óäàëîñü îáíàðó-
æèòü ýêñïåðèìåíòàëüíûõ äàííûõ ïî 
äèíàìè÷åñêîé òâåðäîñòè ñòàëè Ãàä-
ôèëüäà. Ïîýòîìó çíà÷åíèå Íä óñòà-
íàâëèâàëè ðàñ÷åòíûì ïóòåì, èñõîäÿ 
èç òâåðäîñòè ýòîãî ìàòåðèàëà ïðè 
ñòàòè÷åñêîì âäàâëèâàíèè øàðèêà. 

Â ñîîòâåòñòâèè ñ çàêîíîì Ìàéåðà 
ñïðàâåäëèâîãî ïðè âäàâëèâàíèè êàê 
äëÿ ñòàòè÷åñêèõ, òàê è äëÿ äèíàìè÷å-
ñêèõ èñïûòàíèé [4, 5] 

0
2

ø

n

n

a d
P

D −

⋅
= , (4) 

ãäå à0, n — ïîñòîÿííûå, õàðàêòåðè-
çóþùèå ìàòåðèàë ïëàñòèíû. 

Ïîñêîëüêó äëÿ äèíàìè÷åñêèõ óñëî-
âèé n = 2 [5] ñ ó÷åòîì (3, 4) 

π
0 äèí

ä

4a
H =  (5) 

Èñõîäÿ èç óñëîâèé ïðîâåäåíèÿ çà-
ìåðîâ òâåðäîñòè ìàòåðèàëîâ ïî ìåòî-
äó Áðèíåëëÿ (Ð = 30 êÍ, Dø = 10 ìì), 
îïðåäåëÿëè (4) çíà÷åíèÿ ïîñòîÿííîé 
à0 äëÿ ñòàëè Ãàäôèëüäà ñ òâåðäîñòüþ 
200 ÍÂ, ñîîòâåòñòâóþùåé äèàìåòðó 
îòïå÷àòêà d = 4,26 ìì [5], äëÿ ñòàòè-
÷åñêèõ óñëîâèé, ïðèíèìàÿ n = 2,2 [4], 
êîòîðàÿ îêàçàëàñü ðàâíîé 1960 ÌÏà. 

Äëÿ ïåðåõîäà îò ñòàòè÷åñêèõ ê äè-
íàìè÷åñêèì óñëîâèÿì âîñïîëüçîâà-
ëèñü òàáëè÷íûìè äàííûìè [5] î ñîîò-
íîøåíèè à0 äèí è à0 äëÿ ñòàëåé, â ñîîò-
âåòñòâèè ñ êîòîðûìè çíà÷åíèå à0 äèí 
ñòàëè Ãàäôèëüäà áûëî îöåíåíî â 
2800 ÌÏà, à âåëè÷èíà Íä, ðàññ÷è-
òàííàÿ ïî óðàâíåíèþ (5), îêàçàëàñü 
ðàâíîé 3567 ÌÏà. 

Ðàñ÷åò ñêîðîñòè ïàäåíèÿ øàðà 
â ìîìåíò óäàðà î ôóòåðîâêó 

Äàëåå, óñòàíàâëèâàëè òðàåêòîðèþ 
äâèæåíèÿ øàðà, ïðè êîòîðîé åãî óäàð 
î ôóòåðîâêó áóäåò íàíîñèòüñÿ íîð-
ìàëüíî ê ïîâåðõíîñòè, ò.å. áóäåò íàè-
áîëåå ýôôåêòèâíûì. Â ñîîòâåòñòâèè 
ñ [7] òàêàÿ òðàåêòîðèÿ èìååò ìåñòî 
ïðè âîäîïàäíîì ðåæèìå äâèæåíèÿ 
øàðîâ â ìåëüíèöå ïðè ñêîðîñòè âðà-
ùåíèÿ áàðàáàíà Vá = 0,75·Vá êðèò = 
= 3,5 ì/ñ (Vá êðèò — ñêîðîñòü âðàùå-
íèÿ, ñîîòâåòñòâóþùàÿ ïåðåõîäó ïàðà-
áîëè÷åñêîé òðàåêòîðèè äâèæåíèÿ 
øàðîâ ê êðóãîâîé); ïðè ýòîì óãîë α 
îòðûâà øàðîâ îò êîðïóñà áàðàáàíà 
ðàâåí 55044’. Ñêîðîñòü V øàðà â ìî-
ìåíò óäàðà î ôóòåðîâêó ðàññ÷èòûâàëè 
èç óðàâíåíèÿ ñâîáîäíîãî ïàäåíèÿ  
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øàðà, áðîøåííîãî ïîä óãëîì ê ãîðè-
çîíòó îò íàèáîëåå âûñîêîé òî÷êè Í 
òðàåêòîðèè äî ìåñòà åãî ñîïðèêîñíî-
âåíèÿ ñ ñåãìåíòîì ôóòåðîâêè (ðèñ. 1). 

2
ì2,25 sin cos 3,8 ìH D α α= ⋅ ⋅ ⋅ =   (6) 

2 8,6 ì ñV gH= =  (7) 

Îïðåäåëåíèå òâåðäîñòè è èç-
íîñîñòîéêîñòè ñòàëè 

Ïîñëå ïîäñòàíîâêè óñòàíîâëåííûõ 
çíà÷åíèé Íä è V â óðàâíåíèÿ (1, 2) ðàñ-
ñ÷èòàííûå äèàìåòð è ãëóáèíà ñôåðè÷å-
ñêîé âìÿòèíû íà ñåãìåíòå èç ñòàëè 
Ãàäôèëüäà, ïîëó÷åííîé îò åäèíè÷íî-
ãî óäàðà ìåëþùåãî øàðà, îêàçàëèñü 
ðàâíûìè d = 5,8 ìì, h = 0,2 ìì. 

Ïîñêîëüêó ïðè ïîñëåäóþùèõ óäà-
ðàõ äèàìåòð ëóíêè óâåëè÷èâàåòñÿ 
(êàê ïîêàçûâàþò îïûòû [6] äî 15—
20 óäàðîâ), âëèÿíèå ìíîãîêðàòíîãî 
óäàðà ó÷èòûâàëîñü ïî ôîðìóëå (7) 
èç [6] 

( )<
−= ⋅ − ⋅ =

=

31,54 10
7,8 (8)

d d HB
ìì

Ñîîòâåòñòâåííî, ãëóáèíà 
íàêëåïàííîãî ñëîÿ hí.ñ ñ 
ó÷åòîì ìàëîé êðèâèçíû 
ìåëþùèõ øàðîâ 
( í.ñ. ì1,5h d m= ⋅ , ãäå 

1 0,0175m D= + ⋅  [6]) îêà-
çàëàñü ðàâíîé ~ 7 ìì. 

Òàêèì îáðàçîì, ïðè 20 
êðàòíîì óäàðå ìåëþùèõ 
øàðîâ ïî ñòàëüíîé ôóòå-
ðîâêå ìåëüíèö íà ôóòå-
ðîâêå ñïîñîáåí îáðàçîâû-
âàòüñÿ íàêëåïàííûé ñëîé 
ãëóáèíîé 7 ìì ñ äèàìåòðîì 
êðàòåðîâ íà ïîâåðõíîñòè 
~ 7,8 ìì. 

Èñõîäÿ èç âåëè÷èíû îò-
íîñèòåëüíîé äåôîðìàöèè 
( ε ì  7,8 40d D= = 0,2= ), 
ïîëó÷åííîé ìàòåðèàëîì â 

ðåçóëüòàòå óäàðíîãî ñæèìàþùåãî âîç-
äåéñòâèÿ, òâåðäîñòü, ïðèîáðåòåííàÿ íà-
êëåïàííûì ñëîåì, â ñîîòâåòñòâèè ñ 
ðèñ. 2 [2] áûëà îöåíåíà â 325 ÍÂ. 

Êàê ìîæíî çàêëþ÷èòü èç ãðàôèêà 
ðèñ. 3 [2], òàêîå óâåëè÷åíèå òâåð-
äîñòè (ñ 200 äî 325 ÍÂ) äîëæíî  
ïîâûñèòü ñòîéêîñòü ñòàëè ê èñòèðà-
íèþ (∆m200HB / ∆m325HB) ïðèìåðíî â 
1,9 ðàçà. 

Ðàñ÷åò âðåìåíè óïðî÷íÿþùåé 
îáðàáîòêè ôóòåðîâêè øàðîâîé 
ìåëüíèöû 

Ïðè ðàñ÷åòå âðåìåíè, íåîáõî-
äèìîãî äëÿ 20 êðàòíîé áîìáàðäè-
ðîâêè âñåé ïîâåðõíîñòè ôóòåðîâêè 
áàðàáàíà, ïðåäïîëàãàëè, ÷òî ýô-
ôåêòèâíûå óäàðû íàíîñÿò ëèøü øà-
ðû âíåøíåãî ñëîÿ, ïîñêîëüêó øàðû 
âíóòðåííèõ ñëîåâ ñîóäàðÿþòñÿ ñ 
óæå ëåæàùèìè øàðàìè.  

Êîëè÷åñòâî øàðîâ N âî âíåøíåì 
ñëîå â ïîïåðå÷íîì ñå÷åíèè áàðàáàíà 
ìåëüíèöû ðàññ÷èòûâàëè ïî ôîðìóëå 

 

 
Ðèñ. 1. Ïðåäëàãàåìàÿ òðàåêòîðèÿ äâèæåíèÿ øàðîâ
â ìåëüíèöå äëÿ íàèáîëåå ýôôåêòèâíîãî íàêëåïà
áðîíè 
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N = L / D,               (9) 

ãäå L — äëèíà äóãè 
îêðóæíîñòè áàðàáàíà, 
íà êîòîðîé íàõîäÿòñÿ 
øàðû âíåøíåãî ñëîÿ â 
ñòàòè÷åñêîì ïîëîæå-
íèè. 

Çíà÷åíèå L, ðàñ-
ñ÷èòàííîå äëÿ ñòåïåíè 
çàïîëíåíèÿ áàðàáàíà 
φ = 30 %, îêàçàëàñü 
ðàâíûì 5,5 ì, à êîëè-
÷åñòâî øàðîâ 
N = 138 øòóê. 

Òîãäà, êîëè÷åñòâî 
óäàðîâ ïî ôóòåðîâêå 
Nóä â ïîïåðå÷íîì ñå-
÷åíèè áàðàáàíà â 
åäèíèöó âðåìåíè ðàâ-
íî  

Nóä = N / ti, (10) 
ãäå ti — âðåìÿ ìåæäó óäàðàìè ïî ôó-
òåðîâêå îäíîãî è òîãî æå øàðà. 

Ïðè ýòîì çíà÷åíèå ti ðàññ÷èòûâàëè 
êàê ñóììó âðåìåí äâèæåíèÿ øàðà ïî 
êðóãîâîé è ïàðàáîëè÷åñêîé òðàåê-
òîðèÿì ïî ôîðìóëå 

( )ì

á

360 4
2 sin cos

360i

D
t

V

π α
α α

⎛ ⎞−
= + ⋅ ⋅⎜ ⎟⎜ ⎟

⎝ ⎠
 (11) 

Â ñîîòâåòñòâèè ñ ðàñ÷åòîì çíà÷å-
íèÿ ti è N îêàçàëèñü ðàâíûìè 2,7 ñ è 
3067 óäàðîâ / ìèí ñîîòâåòñòâåííî. 

Â ïðåäïîëîæåíèè, ÷òî ìåñòà 
óäàðîâ øàðîâ ðàñïðåäåëåíû ïî 
äëèíå îêðóæíîñòè áàðàáàíà ðàâíî-
ìåðíî è ïî êàæäîé òî÷êå îêðóæíî-
ñòè äëÿ ýôôåêòèâíîãî íàêëåïà íå-
îáõîäèìî íàíåñòè 20 óäàðîâ íåîá-
õîäèìîå âðåìÿ áîìáàðäèðîâêè tΣ 
ñîñòàâëÿåò 

ì

ì óä

20
12 ìèíóò

D
t

d N

π
Σ

⋅ ⋅
= ≈

⋅
 (12) 

Âðåìÿ ýêñïëóàòàöèè øàðîâîé 
ìåëüíèöû ìåæäó óïðî÷íÿþùèìè 
íàêëåïàìè 

Ðàñ÷åò äîïóñòèìîãî âðåìåíè ýêñ-
ïëóàòàöèè ìåëüíèöû ìåæäó óïðî÷íÿþ-
ùèìè íàêëåïàìè ïðîâîäèëè ñ èñïîëüçî-
âàíèåì ýêñïåðèìåíòàëüíûõ äàííûõ [8] î 
ñêîðîñòè èçíîñà ôóòåðîâêè èç ñòàëè 
Ãàäôèëüäà ñ òâåðäîñòüþ 200 HB â óñ-
ëîâèÿõ ðàáîòû øàðîâûõ ìåëüíèö: 
Vèçí 200HB = 0,0054 ìì/÷ (äàííàÿ ýêñïå-
ðèìåíòàëüíàÿ ñêîðîñòü èçíîñà îêà-
çàëàñü ñîïîñòàâèìà ñ ýêñïëóàòàöèîí-
íîé ñêîðîñòüþ èçíîñà øàðîâîé ìåëü-
íèöû ÌØÖ-4500×6000), ÷òî ñ ó÷åòîì 
óïðî÷íÿþùåé îáðàáîòêè ñîñòàâëÿåò 
Vèçí 325HB=Vèçí 200HB/1,9=0,0028ìì/÷. 

Èñõîäÿ èç òîãî, ÷òî ìàêñèìàëüíàÿ 
òâåðäîñòü íàêëåïàííîãî ñëîÿ ðàñïðî-
ñòðàíÿåòñÿ  ïðèìåðíî íà ÷åòâåðòü åãî 
ãëóáèíû [9], â êà÷åñòâå äîïóñòèìîé 
òîëùèíû íàêëåïàííîãî ñëîÿ, êîòîðûé 
ìîæåò áûòü ïîäâåðãíóò èñòèðàíèþ, 
áûëà ïðèíÿòà âåëè÷èíà  

häîï = 0,25·h í.ñ = 1,8 ìì (13) 

 

 
Ðèñ. 2. Çàâèñèìîñòü òâåðäîñòè ñòàëè 110Ã13Ë îò âåëè-
÷èíû îòíîñèòåëüíîé äåôîðìàöèè ε ïëàñòèíû ïðè ñæà-
òèè 
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Îòñþäà çàêëþ÷àåì, ÷òî âðåìÿ â òå-
÷åíèå êîòîðîãî ôóòåðîâêà ìåëüíèöû 
ìîæåò èçíàøèâàòüñÿ íà äîïóñòèìóþ 
âåëè÷èíó häîï, ñîâïàäàþùåå ñ ïåðèî-
äîì ìåæäó ïðîâåäåíèÿìè óïðî÷íÿþ-
ùåãî íàêëåïà, ñîñòàâëÿåò 

tì.ó.í. = häîï / V èçí 325HB = 643 ÷ ≈  
27 ñóòîê (14) 

Òàêèì îáðàçîì, äëÿ ïîâûøåíèÿ 
ñðîêà ñëóæáû ôóòåðîâî÷íûõ ïëèò èç 
ñòàëè Ãàäôèëüäà (â 1,9 ðàçà) òðåáóåò-
ñÿ ïðîâåäåíèå ïåðèîäè÷åñêèõ (â òå-
÷åíèè ~ 12 ìèíóò) óïðî÷íÿþùèõ îá-
ðàáîòîê ôóòåðîâêè øàðàìè ñ ïåðèî-
äîì ìåæäó óïðî÷íÿþùèìè îáðàáîò-
êàìè ≈ 27 ñóòîê. 

Èñõîäÿ èç òîãî, ÷òî ôóòåðîâêó 
ìåëüíèöû ÌØÖ-4500×6000 ìåíÿþò 
ïðè ïîëíîì èçíîñå ãðåáíÿ «âîëíû» 
(ò.å. êîãäà ïîâåðõíîñòü ôóòåðîâêè 
ñòàíîâèòñÿ àáñîëþòíî ãëàäêîé) äî 
òîëùèíû â 81—87 ìì, ñðîê ñëóæáû 
ïëèòû ñîñòàâèò ïîðÿäêà 700 ñóòîê, à 
êîëè÷åñòâî óïðî÷íÿþùèõ îáðàáîòîê 
Nóïð ~ 28. 

Íåîáõîäèìî îòìåòèòü, ÷òî ïðåäëà-
ãàåìàÿ ðàáîòà ìåëüíèöû áåç çàãðóçêè 
ïîðîäû íå ïðîòèâîðå÷èò íîðìàòèâ-
íûì äîêóìåíòàì ïî ýêñïëóàòàöèè øà-
ðîâûõ ìåëüíèö: ïðè ïóñêå ìåëüíèö 
ïîñëå êàïèòàëüíîãî èëè òåêóùåãî ðå-
ìîíòà åå ïðîâåðÿþò íà ðàáîòîñïî-
ñîáíîñòü áåç ïîðîäû ïðè çàãðóçêå 
øàðàìè ïîëíîé çàãðóçî÷íîé ìàññû â 
òå÷åíèå 20 ìèíóò [10, 11]. 

Âûâîäû 
1. Íà ïðèìåðå ìåëüíèöû øàðî 

âîé ñ öåíòðàëüíîé ðàçãðóçêîé ÌØÖ-
4500×6000 ñ ôóòåðîâêîé èç ñòàëè 
Ãàäôèëüäà ïðè ñòåïåíè çàïîëíåíèÿ 
ìåëüíèöû øàðàìè φ = 30% ïîêàçàíî, 
÷òî ïðè ðàáîòå  ìåëüíèöû  áåç ïîðîäû 
áîìáàðäèðîâêà ìåëþùèìè òåëàìè íå-
ïîñðåäñòâåííî ôóòåðîâêè ñïîñîáíà 
âûçâàòü åå ýôôåêòèâíûé íàêëåï ñ 
ïîâûøåíèåì òâåðäîñòè ñ 200 äî 
325 ÍÂ ïðè ãëóáèíå íàêëåïàííîãî 
ñëîÿ äî 7 ìì.  

2. Äëÿ îáåñïå÷åíèÿ ýôôåêòèâíî-
ãî íàêëåïà øàðû äîëæíû öèðêóëè-
ðîâàòü â âîäîïàäíîì ðåæèìå ñ íà-

 
Ðèñ. 3. Çàâèñèìîñòü ïîòåðè âåñà ñòàëåé îò èõ òâåðäîñòè ïðè èñòèðàíèè îòëèâîê 
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ïðàâëåíèåì óäàðà ïî ôóòåðîâêå 
íîðìàëüíî ê ïîâåðõíîñòè, ÷òî îáåñ-
ïå÷èâàåòñÿ ïðè ñêîðîñòè âðàùåíèÿ 
áàðàáàíà ìåëüíèöû  
VÁ = 0,75 Vá êðèò = 3,5 ì/ñ. 

3. Óêàçàííîå óïðî÷íåíèå ñòàëè 
ñïîñîáñòâóåò óâåëè÷åíèþ åå ñòîéêî-
ñòè ê èñòèðàíèþ ìÿãêèìè ïîðîäàìè 
ïðèìåðíî â 2 ðàçà (ñ 0,0054 äî 
0,0028 ìì/÷). 

4. Äëÿ èñïîëüçîâàííîé ñòåïåíè çà-
ïîëíåíèÿ φ øàðàìè âðåìÿ, íåîáõîäè-
ìîå äëÿ îñóùåñòâëåíèÿ ýôôåêòèâíîé 
áîìáàðäèðîâêè, ñîñòàâëÿåò ~ 12 ìè-
íóò, ïåðèîä ìåæäó óïðî÷íÿþùèìè 
íàêëåïàìè ~ 27 ñóòîê. 

5. Êîëè÷åñòâî óïðî÷íÿþùèõ îáðà-
áîòîê â òå÷åíèè ñðîêà ñëóæáû ôóòå-
ðîâêè ñîñòàâëÿåò ~ 28. 
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High-manganese steel 110G13L, or the Hadfield steel, is widely used in manufacture of mining equipment parts meant for 

operation in the severe abrasive wear conditions (inner lining of ball mills, jaws of jaw mills, teeth of shovel buckets).  
The article considers quality of cold work hardening of 110G13L steel inner lining of a ball mill without rock feed, 

when grinding bodies attack directly the lining plate. The rational parameters of mill operation for the cold work harden-
ing to be efficient are found. The dynamic hardness Íd of steel is calculated based on the steel hardness under static 
impression of a ball.  

The calculation of ball fall velocity at the time of the lining collision, V, uses the equation of free fall of a ball thrown 
at an angle relative to horizon, from the highest point of the ball trajectory, H, up to the ball and lining collision point. 
The time of the coal work hardening of the ball mill inner lining is calculated, too.  

The calculation of time for the 20-fold attack of the total inner lining surface supposes that only the outward layer balls deliver 
effective blows, and inward layer balls collide with the lying balls.  

The ball mill life period between the coal work hardening stages is evaluated. It is proved that for the increased life 
(1.9 times) of the Hadfield steel inner lining plates, it is required to carry out cyclic strengthening treatment (during 12 
min) of inner lining by balls with the strengthening cycle duration for 27 days. . 

Taking a ball mill with a central discharge (type: MBC-4500×6000) operating without rocks as an example it is 
shown that a bombardment of the lining by grinding bodies made of steel 110G13L directly is capable to raise its hard-
ness from 200 to  325HB at the depth of the cold-hardened layer up to 7 mm that will approximately 2 times increase 
its firmness to an abrasion .The time needed for the realization of an effective bombardment is 12 minutes, the period 
between strengthening cold - work hardenings is 27 days. 

Key words: lining of a ball mill, Hadfield’s steel, cold hardening, hardness, wear resistance. 
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