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Ìåõàíè÷åñêèå õàðàêòåðèñòèêè êîíñòðóêöèîííûõ ìåòàëëè÷åñêèõ ìàòåðèàëîâ — âàæíåé-

øèå ïîêàçàòåëè èõ êà÷åñòâà. Äëÿ èõ îïðåäåëåíèÿ â ïîñëåäíèå ãîäû øèðîêî ïðèìåíÿþò ìå-

òîäû Øîðà, Áðèíåëëÿ, Ðîêâåëëà, Ëèáà, Âèêêåðñà, èíñòðóìåíòàëüíîãî èíäåíòèðîâàíèÿ è

äð. Îäèí èç èíòåíñèâíî ðàçâèâàþùèõñÿ ìåòîäîâ îïðåäåëåíèÿ ìåõàíè÷åñêèõ õàðàêòåðè-

ñòèê — äèíàìè÷åñêîå èíäåíòèðîâàíèå (ìåòîä ðàçðàáîòàí â Èíñòèòóòå ïðèêëàäíîé ôèçèêè

ÍÀÍ Áåëàðóñè). Â ðàçâèòèå ìåòîäà äèíàìè÷åñêîãî èíäåíòèðîâàíèÿ â äàííîé ðàáîòå ïðåä-

ëîæåíû ñïîñîáû ïîâûøåíèÿ òî÷íîñòè îöåíêè òâåðäîñòè êîíñòðóêöèîííûõ ìåòàëëè÷åñêèõ

ìàòåðèàëîâ. Â ðàáîòå ðåøåíû ñëåäóþùèå çàäà÷è: èçìåðåíû çíà÷åíèÿ ïàðàìåòðîâ êîíòàê-

òíîãî âçàèìîäåéñòâèÿ èíäåíòîðà ñ ìàòåðèàëîì îáðàçöîâ — òâåðäîñòè ïî Áðèíåëëþ — ñ ïî-

ìîùüþ ïðèáîðà äèíàìè÷åñêîãî èíäåíòèðîâàíèÿ; ðàññ÷èòàíû ïîâåðõíîñòíàÿ è îáúåìíàÿ

äèíàìè÷åñêèå òâåðäîñòè ñ ó÷åòîì õàðàêòåðèñòèê, ïîëó÷åííûõ ñ ïîìîùüþ ïðèáîðà ÄÈ;

ïðîâåäåí ñðàâíèòåëüíûé àíàëèç îöåíîê òâåðäîñòè, ïîëó÷åííûõ ðàçíûìè ïîäõîäàìè. Â ðå-

çóëüòàòå ñðàâíèòåëüíîãî àíàëèçà ñïîñîáîâ, à òàêæå èõ ýêñïåðèìåíòàëüíîé àïðîáàöèè

óñòàíîâëåíî, ÷òî ïîâûøåíèå òî÷íîñòè îöåíêè òâåðäîñòè ìîæåò áûòü äîñòèãíóòî ïóòåì èñ-

ïîëüçîâàíèÿ «ýíåðãåòè÷åñêîãî» ïîäõîäà, îñíîâàííîãî íà îöåíêå îòíîøåíèÿ ñóììàðíîé ðà-

áîòû ê îáúåìó âîññòàíîâëåííîãî îòïå÷àòêà ïðè äèíàìè÷åñêîì èíäåíòèðîâàíèè êîíñòðóê-

öèîííûõ ìåòàëëè÷åñêèõ ìàòåðèàëîâ. Èñïîëüçîâàíèå «ýíåðãåòè÷åñêîãî» ïîäõîäà ïîçâîëè-

ëî ïîëó÷èòü âûáîðî÷íîå ñòàíäàðòíîå îòêëîíåíèå çíà÷åíèé îáúåìíîé äèíàìè÷åñêîé òâåð-

äîñòè, êîòîðîå ñóùåñòâåííî íèæå âûáîðî÷íîãî ñòàíäàðòíîãî îòêëîíåíèÿ çíà÷åíèé ïîâåðõ-

íîñòíîé äèíàìè÷åñêîé òâåðäîñòè è äàííûõ ïðèáîðà äèíàìè÷åñêîãî èíäåíòèðîâàíèÿ, ÷òî

íàïðÿìóþ âëèÿåò íà ïîâûøåíèå òî÷íîñòè îöåíêè òâåðäîñòè ïðè äèíàìè÷åñêîì èíòåíòè-

ðîâàíèè ðàññìàòðèâàåìûõ ìàòåðèàëîâ. Íà îñíîâàíèè «ýíåðãåòè÷åñêîãî» ïîäõîäà ïðåäëî-

æåí íîâûé àëãîðèòì îáðàáîòêè èñõîäíîãî ñèãíàëà ïðè îïðåäåëåíèè äèíàìè÷åñêîé òâåðäî-

ñòè ñ ïîìîùüþ ïðèáîðà äèíàìè÷åñêîãî èíäåíòèðîâàíèÿ.
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The mechanical properties of structural metallic materials are the most important indicators of their qual-

ity. Different methods (i.e., the methods of Shore, Brinell, Rockwell, Leeb, Vickers, method of instrumen-

tal indentation, and others) are currently used for determination of the hardness — one of the most im-

portant mechanical characteristics of structural metal materials. Among them is the method of dynamic

indentation first developed at the Institute of Applied Physics of the National Academy of Sciences of

Belarus. With the goal of further developing of the method of dynamic indentation, we propose the proce-

dures aimed at increasing the accuracy of assessing the hardness of structural metallic materials: parame-

ters of the contact interaction of the indenter with the sample material (Brinell hardness values) were

measured using a dynamic indentation (DI) device; the values of surface and volumetric dynamic hard-

ness were calculated taking into account the characteristics obtained using a DI device; a comparative

analysis of hardness estimates obtained by different approaches was carried out. As a result of the compar-

ative analysis of the methods, as well as their experimental testing, it was shown that an increase in the
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accuracy of hardness assessment can be achieved by using the “energy” approach based on assessing the

ratio of the total work to the volume of the recovered indentation upon dynamic indentation of structural

metal materials. The use of the “energy” approach provided obtaining the sample standard deviation of

the volumetric dynamic hardness values, which, in turn, was significantly lower than the sample standard

deviation of the surface dynamic hardness values and data of the dynamic indentation device, which di-

rectly affects an increase in the accuracy of hardness estimation during dynamic indentation of structural

metal materials. Proceeding from the “energy” approach, a new algorithm for processing the initial signal

is proposed when the dynamic hardness is determined using a dynamic indentation device.

Keywords: non-destructive testing; dynamic indentation; mechanical properties; hardness; algorithm;

signal processing.

Ââåäåíèå

Ìåõàíè÷åñêèå õàðàêòåðèñòèêè êîíñòðóêöè-

îííûõ ìåòàëëè÷åñêèõ ìàòåðèàëîâ, îïðåäåëÿþ-

ùèå èõ êà÷åñòâî, îöåíèâàþò ñ ïîìîùüþ èñïûòà-

íèé íà ðàñòÿæåíèå, ñæàòèå, èçãèá, êðó÷åíèå è äð.

Â ïîäàâëÿþùåì áîëüøèíñòâå òàêèå èñïûòàíèÿ

ïðîâîäÿò ñ ðàçðóøåíèåì èçäåëèÿ, èñïîëüçîâàíè-

åì ñòàíäàðòíûõ îáðàçöîâ è ñòàöèîíàðíîãî îáîðó-

äîâàíèÿ, ÷òî çàòðóäíÿåò âîçìîæíîñòü îïåðàòèâ-

íîãî êîíòðîëÿ ìåõàíè÷åñêèõ ñâîéñòâ îáúåêòîâ

èññëåäîâàíèÿ.

Îïðåäåëåíèå òâåðäîñòè — îäèí èç íàèáîëåå

ðàñïðîñòðàíåííûõ ìåòîäîâ ìåõàíè÷åñêèõ èñïû-

òàíèé, êîòîðûé øèðîêî ïðèìåíÿþò êàê ïðè èñ-

ñëåäîâàíèè ìåõàíè÷åñêèõ ñâîéñòâ, òàê è ïðè êîí-

òðîëå êà÷åñòâà ìàòåðèàëîâ â ïðîöåññå èõ ïðîèç-

âîäñòâà è ýêñïëóàòàöèè. Èñïûòàíèÿ íà òâåð-

äîñòü ðàçíîîáðàçíû è îòëè÷àþòñÿ äðóã îò äðóãà

ïî ñïîñîáó ïðèëîæåíèÿ íàãðóçêè (ñòàòè÷åñêèå è

äèíàìè÷åñêèå), òèïó íàãðóæåíèÿ, ñïîñîáó èçìå-

ðåíèÿ ïàðàìåòðîâ íàãðóæåíèÿ, ìàêñèìàëüíûì

çíà÷åíèÿì ïðèêëàäûâàåìîé èñïûòàòåëüíîé íà-

ãðóçêè è ãëóáèíû èíäåíòèðîâàíèÿ, ôîðìå èíäåí-

òîðà, âðåìåíè íàãðóæåíèÿ è äð. [1]. Â íàñòîÿùåå

âðåìÿ øèðîêî èñïîëüçóþò ñòàòè÷åñêèå (ïî Áðè-

íåëëþ, Ðîêâåëëó, Âèêêåðñó), êâàçèñòàòè÷åñêèå

(èíñòðóìåíòàëüíîå èíäåíòèðîâàíèå) è äèíàìè-

÷åñêèå (ïî Øîðó, Ëèáó) ìåòîäû èçìåðåíèÿ òâåð-

äîñòè [2 – 4].

Îäèí èç ïåðñïåêòèâíûõ íåðàçðóøàþùèõ

ñïîñîáîâ áåçîáðàçöîâîé îïåðàòèâíîé îöåíêè

òâåðäîñòè ìàòåðèàëà — ìåòîä äèíàìè÷åñêîãî

èíäåíòèðîâàíèÿ (ÄÈ), ðåãëàìåíòèðîâàííûé

ÃÎÑÒ Ð 56474–2015 [5]. Íåñìîòðÿ íà çíà÷èòåëü-

íûå åãî ïðåèìóùåñòâà ïðîáëåìà òî÷íîñòè îöåí-

êè òâåðäîñòè îñòàåòñÿ àêòóàëüíîé. Â ïåðâóþ î÷å-

ðåäü ýòî îáóñëîâëåíî ðàçëè÷èåì ìåæäó äèíàìè-

÷åñêîé è ñòàòè÷åñêîé òâåðäîñòüþ, òàê êàê íàïðÿ-

æåííî-äåôîðìèðîâàííîå ñîñòîÿíèå ïîâåðõíîñò-

íûõ ñëîåâ ìàòåðèàëà ìîæåò ñóùåñòâåííî

ìåíÿòüñÿ ïðè ïåðåõîäå îò ïîñòîÿííîé ê ïåðåìåí-

íîé êîíòàêòíîé íàãðóçêå.

Öåëü ðàáîòû — ïîâûøåíèå òî÷íîñòè îöåíêè

òâåðäîñòè êîíñòðóêöèîííûõ ìåòàëëè÷åñêèõ ìà-

òåðèàëîâ.

Ìåòîäèêà, ìàòåðèàëû, îáîðóäîâàíèå

Ìåòîä ÄÈ îñíîâàí íà íåïðåðûâíîé ðåãèñòðà-

öèè ïðîöåññà óäàðíîãî ëîêàëüíîãî êîíòàêòíîãî

âçàèìîäåéñòâèÿ èíäåíòîðà ñ èññëåäóåìûì ìàòå-

ðèàëîì (ðåãèñòðàöèè òåêóùåé ñêîðîñòè äâèæå-

íèÿ èíäåíòîðà).

Ñêîðîñòü äâèæåíèÿ èíäåíòîðà â êàæäûé ìî-

ìåíò âðåìåíè ðåãèñòðèðóþò ñ ïîìîùüþ ìàãíèòî-

èíäóêöèîííîãî ïåðâè÷íîãî ïðåîáðàçîâàòåëÿ, ñî-

ñòîÿùåãî èç ïîñòîÿííîãî ìàãíèòà, æåñòêî ñîåäè-

íåííîãî ñ èíäåíòîðîì (ñèñòåìà èíäåíòèðîâàíèÿ),

è êàòóøêè èíäóêòèâíîñòè [6]. Ïðè ïåðåñå÷åíèè

ìàãíèòíîãî ïîëÿ, ñîçäàâàåìîãî ïîñòîÿííûì ìàã-

íèòîì, â êàòóøêå èíäóêòèâíîñòè íàâîäèòñÿ ýëåê-

òðîäâèæóùàÿ ñèëà (ÝÄÑ) èíäóêöèè å(t), ïðîïîð-

öèîíàëüíàÿ ñêîðîñòè äâèæåíèÿ èíäåíòîðà V(t) âî

âñåì âðåìåííîì äèàïàçîíå êîíòàêòíîãî âçàèìî-

äåéñòâèÿ èíäåíòîðà ñ ìàòåðèàëîì:

å(t) = kV(t), (1)

ãäå k — êîýôôèöèåíò ïðîïîðöèîíàëüíîñòè.

Èñïîëüçóÿ çíà÷åíèÿ å(t), ïîëó÷àåì ñëåäóþ-

ùèå âðåìåííûå çàâèñèìîñòè ñêîðîñòè äâèæåíèÿ

èíäåíòîðà V(t), êîíòàêòíîãî óñèëèÿ F(t) è ïåðå-

ìåùåíèÿ èíäåíòîðà (ãëóáèíû èíäåíòèðîâàíèÿ)

h(t) [7]:

V(t) = å(t)/k, (2)

F(t) = – mdV(t)/dt, (3)

h t V t t

t

t

( ) ( ) ,�
'

d

ê

0

(4)

ãäå m — ìàññà ñèñòåìû èíäåíòèðîâàíèÿ; t0, tê —

ìîìåíòû âðåìåíè, ñîîòâåòñòâóþùèå íà÷àëó è çà-

âåðøåíèþ êîíòàêòà èíäåíòîðà ñ ìàòåðèàëîì.

Â ðåçóëüòàòå îáðàáîòêè ïåðâè÷íîé èçìåðè-

òåëüíîé èíôîðìàöèè ñ ïîìîùüþ ïðèáîðîâ ÄÈ

ïîëó÷àåì çàâèñèìîñòü F(h) (ðèñ. 1) äëÿ äàëüíåé-

øåé îöåíêè òâåðäîñòè.

Ïðè óäàðíîì èíäåíòèðîâàíèè (ñì. ðèñ. 1,

ýòàï 1) ïî ìåðå óâåëè÷åíèÿ êîíòàêòíîãî óñèëèÿ

âûäåëÿþòñÿ äâå ñòàäèè âíåäðåíèÿ (íàãðóæåíèÿ):

óïðóãîå è óïðóãîïëàñòè÷åñêîå. Óïðóãàÿ ñòàäèÿ
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õàðàêòåðíà äëÿ íà÷àëà èíäåíòèðîâàíèÿ, êîãäà

ïîä èíäåíòîðîì íå îáðàçóåòñÿ ïëàñòè÷åñêîé äå-

ôîðìàöèè. Îäíàêî ïîñëå äîñòèæåíèÿ âíóòðåííè-

ìè íàïðÿæåíèÿìè ïðåäåëüíîãî óïðóãîãî ñîñòîÿ-

íèÿ ïðîèñõîäèò åå ôîðìèðîâàíèå è äàëåå ïðàê-

òè÷åñêè íà âñåì ýòàïå íàãðóæåíèÿ èìååò ìåñòî

óïðóãîïëàñòè÷åñêàÿ äåôîðìàöèÿ. Íà ýòàïå âÿç-

êîóïðóãîãî ðàçðóøåíèÿ (ýòàï 2), ïðè êîòîðîì

ãëóáèíà âíåäðåíèÿ óâåëè÷èâàåòñÿ ïî ìåðå óìåíü-

øåíèÿ êîíòàêòíîãî óñèëèÿ, õàðàêòåðåí ïðîöåññ

ýâîëþöèè âíóòðåííèõ ïîëåé óïðóãèõ íàïðÿæå-

íèé, âûçâàííûõ äåôîðìàöèîííûìè äåôåêòàìè

êðèñòàëëè÷åñêîãî ñòðîåíèÿ ìàòåðèàëà. Â äàëü-

íåéøåì ïîñëå äîñòèæåíèÿ ìàêñèìàëüíîé ãëóáè-

íû âíåäðåíèÿ èíäåíòîðà (ýòàï 3) íàáëþäàåòñÿ

óïðóãîå ðàçðóøåíèå (ñòàäèÿ óïðóãîé äåôîðìà-

öèè). Óïðóãîå âîññòàíîâëåíèå (ðàçãðóçêà) ñîïðî-

âîæäàåòñÿ íå òîëüêî óìåíüøåíèåì ãëóáèíû âíå-

äðåíèÿ èíäåíòîðà, íî è óâåëè÷åíèåì ðàäèóñà

êðèâèçíû ïîâåðõíîñòè âîññòàíîâëåííîãî îòïå-

÷àòêà, êîòîðûé ìîæíî îïðåäåëèòü ïî ôîðìóëå

R % = R(1 + áó/2hf), (5)

ãäå áó — îáðàòèìîå óïðóãîå ñáëèæåíèå êîíòàêòè-

ðóþùèõ òåë; R — ðàäèóñ êðèâèçíû èíäåíòîðà.

Îòìåòèì, ÷òî âûðàæåíèå (5) ïîëó÷åíî ïðè

äîïóùåíèè, ÷òî ïîâåðõíîñòü êîíòàêòèðóþùèõ

òåë âíå çîíû êîíòàêòà íå äåôîðìèðóåòñÿ.

Ïîñêîëüêó îòíîøåíèå ìàêñèìàëüíîé ãëóáè-

íû âíåäðåíèÿ èíäåíòîðà ê îñòàòî÷íîé ãëóáèíå

îòïå÷àòêà ïîñëå èíäåíòèðîâàíèÿ íàõîäèòñÿ â

äèàïàçîíå 1 – 1,6 è R % ñóùåñòâåííî íå îòëè÷àåò-

ñÿ îò R, äîïóñòèëè, ÷òî ðàäèóñû êðèâèçíû âîñ-

ñòàíîâëåííîãî îòïå÷àòêà è èíäåíòîðà ðàâíû.

Èñïîëüçóåìûé ïðèáîð (ðèñ. 2) ñ ïðåîáðàçîâà-

òåëåì ãðàâèòàöèîííîãî ðàçãîíà (ðàäèóñ èíäåíòî-

ðà R = 0,75 · 10–3 ì, ìàññà ñèñòåìû èíäåíòèðîâà-

íèÿ m = 4,8 · 10–3 êã, íà÷àëüíàÿ ñêîðîñòü ñèñòå-

ìû èíäåíòèðîâàíèÿ V0 = 0,9 ì/ñ) ïîçâîëÿë íå

òîëüêî èçìåðÿòü ïàðàìåòðû êîíòàêòíîãî âçàèìî-

äåéñòâèÿ èíäåíòîðà ñ ìàòåðèàëîì, íî è îïðåäå-

ëÿòü çíà÷åíèå òâåðäîñòè ïî Áðèíåëëþ.

Èñïûòàíèÿ ïðîâîäèëè íà îáðàçöàõ (ìåðàõ

òâåðäîñòè), èìåþùèõ ñëåäóþùèå õàðàêòåðèñòè-

êè: îáðàçåö 1 — 101 HB 10/1000/10, îáðàçåö 2 —

383 HB 10/3000/10 (ñîãëàñíî ÃÎÑÒ 8.062–85).

Ïðè ÄÈ óäàðíîå êîíòàêòíîå âçàèìîäåéñòâèå

ñîïðîâîæäàåòñÿ ïðåîáðàçîâàíèåì êèíåòè÷åñêîé

ýíåðãèè ñèñòåìû èíäåíòèðîâàíèÿ â ìåõàíè÷å-

ñêóþ ðàáîòó óïðóãîïëàñòè÷åñêîé äåôîðìàöèè èñ-

ïûòóåìîãî ìàòåðèàëà. Ïðè ýòîì äåôîðìàöèîí-

íûé ïðîöåññ íîñèò îáúåìíûé õàðàêòåð, ò.å. äèíà-

ìè÷åñêàÿ òâåðäîñòü ïðè óäàðå õàðàêòåðèçóåò ñî-

ïðîòèâëåíèå âíåäðåíèþ íå òîëüêî íà ïîâåðõ-

íîñòè, íî è â íåêîòîðîì îáúåìå ìàòåðèàëà.

Ïî ðåçóëüòàòàì èíäåíòèðîâàíèÿ ñôåðè÷å-

ñêèì èíäåíòîðîì (ÃÎÑÒ Ð 56474–2015) ïîâåðõ-

íîñòíóþ äèíàìè÷åñêóþ òâåðäîñòü îöåíèâàëè ïî

ôîðìóëàì

HD(S) = Fhmax/(2ðRhf) (6)

èëè

HD
F

R
V VS h

m

( ) max

max min
( ),� �

2

2 2

2�
(7)

ãäå Fhmax — çíà÷åíèå êîíòàêòíîé ñèëû, ñîîòâåò-

ñòâóþùåå ìàêñèìàëüíîé ãëóáèíå âäàâëèâàíèÿ;

R — ðàäèóñ èíäåíòîðà; hf — îñòàòî÷íàÿ ãëóáèíà

îòïå÷àòêà ïîñëå èíäåíòèðîâàíèÿ; m — ìàññà ñèñ-

òåìû èíäåíòèðîâàíèÿ; Vmax è Vmin — ñêîðîñòü èí-

äåíòîðà â íà÷àëå è êîíöå êîíòàêòíîãî âçàèìî-

äåéñòâèÿ.
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Ðèñ. 1. Çàâèñèìîñòü êîíòàêòíîãî óñèëèÿ F îò ãëóáèíû

âíåäðåíèÿ èíäåíòîðà h: 1 – 3 — ýòàïû íàãðóæåíèÿ, âÿçêî-

óïðóãîãî è óïðóãîãî ðàçãðóæåíèé ñîîòâåòñòâåííî; 4 — êà-

ñàòåëüíàÿ ê êðèâîé óïðóãîãî ðàçãðóæåíèÿ ïðè ìàêñè-

ìàëüíîé ãëóáèíå âíåäðåíèÿ èíäåíòîðà h
max

; F
max

, h
Fmax

—

ìàêñèìàëüíîå êîíòàêòíîå óñèëèå è ãëóáèíà âíåäðåíèÿ

èíäåíòîðà ïðè F
max

; h
max

, F
hmax

— ìàêñèìàëüíàÿ ãëóáèíà

âíåäðåíèÿ èíäåíòîðà è êîíòàêòíîå óñèëèå ïðè h
max

; h
f
—

îñòàòî÷íàÿ ãëóáèíà îòïå÷àòêà ïîñëå èíäåíòèðîâàíèÿ;

h
c

— òî÷êà ïåðåñå÷åíèÿ ñ îñüþ h êàñàòåëüíîé 4

Fig. 1. The dependence of the contact force F on the pene-

tration depth of the indenter: 1, 2, 3 — stages of loading,

viscoelastic and elastic unloading, respectively; 4 — tangent

to the curve of elastic unloading at the maximum penetra-

tion depth of the indenter hmax; Fmax, hFmax — the maximum

contact force and indenter penetration depth at Fmax; hmax,

Fhmax — the maximal penetration depth of the indenter and

contact force at hmax; hf — residual depth of indentation;

hc — the intersection point of the tangent 4 and axis h

Ðèñ. 2. Ïðèáîð äëÿ äèíàìè÷åñêîãî èíäåíòèðîâàíèÿ

Fig. 2. A device for dynamic indentation



Ñ ó÷åòîì «ýíåðãåòè÷åñêîãî» ïîäõîäà [8 – 10]

ôîðìóëà äëÿ îïðåäåëåíèÿ òâåðäîñòè ìàòåðèàëà

èìååò âèä

H(V) = Wtotal/Vf , (8)

ãäå Wtotal = mVmax
2 /2 — íà÷àëüíàÿ êèíåòè÷åñêàÿ

ýíåðãèÿ äâèæåíèÿ èíäåíòîðà; Vf = �h
f

2 (R – 1/3hf)

— îáúåì âîññòàíîâëåííîãî îòïå÷àòêà.

Ó÷èòûâàÿ (8) îáúåìíóþ äèíàìè÷åñêóþ òâåð-

äîñòü îöåíèâàëè ïî ôîðìóëå

HD(V) = Wplast/Vf , (9)

ãäå Wplast = m V V( ) /max min

2 2 2� — ìåõàíè÷åñêàÿ ðà-

áîòà, çàòðà÷èâàåìàÿ íà óïðóãîïëàñòè÷åñêóþ äå-

ôîðìàöèþ ìàòåðèàëà.

Àëãîðèòì ýêñïåðèìåíòà âêëþ÷àë â ñåáÿ:

èçìåðåíèÿ çíà÷åíèé ïàðàìåòðîâ êîíòàêòíîãî

âçàèìîäåéñòâèÿ èíäåíòîðà ñ ìàòåðèàëîì îáðàç-

öîâ è òâåðäîñòè ïî Áðèíåëëþ ñ ïîìîùüþ ïðèáî-

ðà ÄÈ;

ðàñ÷åò ïîâåðõíîñòíîé è îáúåìíîé äèíàìè÷å-

ñêîé òâåðäîñòè ïî ôîðìóëàì (7) è (9);

ñðàâíèòåëüíûé àíàëèç ïîëó÷åííûõ äàííûõ.

Îáñóæäåíèå ðåçóëüòàòîâ

Ðåçóëüòàòû èíäåíòèðîâàíèÿ ïðåäñòàâëåíû â

òàáë. 1 (â òîì ÷èñëå, ðàññ÷èòàííûå ñ ïîìîùüþ çà-

ëîæåííûõ â ïðèáîð çíà÷åíèé òâåðäîñòè HB).

Ñòàíäàðòíóþ íåîïðåäåëåííîñòü (ñðåäíåå çíà÷å-

íèå q è âûáîðî÷íîå ñòàíäàðòíîå îòêëîíåíèå s(q))

îöåíèâàëè ïî ÃÎÑÒ Ð 54500.3–2011.
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Òàáëèöà 1. Ðåçóëüòàòû èñïûòàíèé îáðàçöîâ

Table 1. The results of testing samples

Ñòàòèñòè÷åñêèå

õàðàêòåðèñòèêè

Îáðàçåö 1 Îáðàçåö 2

V
max

, ì/ñ V
min

, ì/ñ h
f
, ìêì F

hmax
, Í HB V

max
, ì/ñ V

min
, ì/ñ h

f
, ìêì F

hmax
, Í HB

0,90 0,27 23,68 136,38 94,16 0,91 0,51 16,14 198,46 372,56

0,93 0,27 23,79 124,48 90,58 0,89 0,53 17,36 251,63 400,31

0,89 0,27 24,32 148,83 87,35 0,91 0,53 17,04 227,73 390,24

0,90 0,27 23,09 129,79 94,97 0,91 0,53 17,10 227,14 386,10

0,88 0,27 25,66 156,93 93,87 0,91 0,54 16,82 232,98 400,47

0,91 0,28 23,03 140,98 102,53 0,92 0,50 16,99 218,43 361,40

0,90 0,27 25,08 148,36 89,85 0,90 0,52 16,96 229,95 379,18

0,90 0,27 24,18 146,49 88,21 0,90 0,51 16,64 221,38 367,32

0,87 0,27 23,37 153,06 100,90 0,90 0,52 16,91 226,77 387,17

0,90 0,27 24,32 129,99 93,67 0,90 0,53 17,33 231,74 390,44

q 0,90 0,27 24,05 141,53 93,61 0,91 0,53 16,93 226,62 383,52

s(q) 0,02 0 0,85 10,97 5,02 0,01 0,01 0,35 13,30 13,22
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F
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Í
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Ðèñ. 3. Çàâèñèìîñòü F(h) äëÿ îáðàçöîâ 1 è 2

Fig. 3. Dependence F(h) for samples 1 and 2

Òàáëèöà 2. Ðåçóëüòàòû ðàñ÷åòà äèíàìè÷åñêîé òâåð-

äîñòè, ÌÏà

Table 2. Test results of calculations of the dynamic hard-

ness, MPa

Ñòàòèñòè÷å-

ñêèå õàðàê-

òåðèñòèêè

Îáðàçåö 1 Îáðàçåö 2

HD(S) HD(V) HD(S) HD(V)

1114,70 1044,28 3003,67 4126,62

872,43 1111,56 3470,99 3642,36

1325,93 1045,49 4212,98 3874,12

1011,10 1042,76 4137,75 3924,12

1513,54 1018,38 4516,37 3782,50

1181,84 1052,48 3657,18 4105,76

1320,93 1042,86 4253,01 3912,81

1267,87 1059,32 3882,85 3972,23

1527,48 957,91 4195,65 3857,08

1009,40 1047,70 4412,39 3830,41

q 1214,52 1042,47 4174,31 3902,80

s(q) 217,42 37,90 631,34 144,19



Çàâèñèìîñòè F(h), ïîëó÷åííûå â ðåçóëüòàòå

èñïûòàíèé, ïðåäñòàâëåíû íà ðèñ. 3.

Ðåçóëüòàòû ðàñ÷åòà ïîâåðõíîñòíîé è îáúåì-

íîé äèíàìè÷åñêîé òâåðäîñòè ïî ôîðìóëàì (7) è

(9) ïðèâåäåíû â òàáë. 2.

Âèäíî, ÷òî âûáîðî÷íîå ñòàíäàðòíîå îòêëîíå-

íèå çíà÷åíèé îáúåìíîé äèíàìè÷åñêîé òâåðäîñòè

ñóùåñòâåííî íèæå àíàëîãè÷íîãî ïîêàçàòåëÿ äëÿ

ïîâåðõíîñòíîé äèíàìè÷åñêîé òâåðäîñòè. Ýòî ñâè-

äåòåëüñòâóåò î òîì, ÷òî äàííûé ïîäõîä ìîæíî èñ-

ïîëüçîâàòü äëÿ ïîâûøåíèÿ òî÷íîñòè îïðåäåëå-

íèÿ òâåðäîñòè ìàòåðèàëîâ.

Çàêëþ÷åíèå

Ðåçóëüòàòû ïðîâåäåííûõ èññëåäîâàíèé ïîêà-

çàëè, ÷òî òàêóþ õàðàêòåðèñòèêó, êàê îáúåìíàÿ

äèíàìè÷åñêàÿ òâåðäîñòü ìàòåðèàëà, ìîæíî ñ óñ-

ïåõîì èñïîëüçîâàòü êàê äîïîëíèòåëüíûé (ê òðà-

äèöèîííûì) (ÃÎÑÒ Ð 56474–2015) ïîêàçàòåëü.

Ïðè åå îïðåäåëåíèè ñ ïðèìåíåíèåì «ýíåðãåòè÷å-

ñêîãî» ìåòîäà (â îòëè÷èå îò ïðîåêöèîííîé (ïî-

âåðõíîñòíîé) äèíàìè÷åñêîé òâåðäîñòè) îöåíèâà-

åòñÿ îòíîøåíèå ðàáîòû óïðóãîïëàñòè÷åñêîé äå-

ôîðìàöèè ê îáúåìó âîññòàíîâëåííîãî îòïå÷àòêà.

Ïðåäëîæåííûé ïîäõîä ìîæåò áûòü èñïîëüçîâàí

äëÿ ñîâåðøåíñòâîâàíèÿ (ïîâûøåíèÿ òî÷íîñòè)

îöåíêè òâåðäîñòè êîíñòðóêöèîííûõ ìåòàëëè÷å-

ñêèõ ìàòåðèàëîâ ñ ïîìîùüþ ïðèáîðîâ äèíàìè÷å-

ñêîãî èíäåíòèðîâàíèÿ.

ËÈÒÅÐÀÒÓÐÀ

1. Êîëìàêîâ À. Ã., Òåðåíòüåâ Â. Ô., Áàêèðîâ Ì. Á. Ìåòîäû

èçìåðåíèÿ òâåðäîñòè. — Ì., 2005. — 149 ñ.

2. Oliver W. C., Pharr G. M. Measurement of hardness and elastic

modulus by instrumented indentation: Advances in under-

standing and refinements to methodology / J. Mater. Res. 2004.

Vol. 19. N 1. P. 3 – 21.

3. Ãîëîâèí Þ. È. Íàíîèíäåíòèðîâàíèå è ìåõàíè÷åñêèå ñâîé-

ñòâà òâåðäûõ òåë â ñóáìèêðîîáúåìàõ, òîíêèõ ïðèïîâåðõíîñò-

íûõ ñëîÿõ è ïëåíêàõ (îáçîð) / Ôèçèêà òâåðäîãî òåëà. 2008.

Ò. 50. ¹ 12. Ñ. 2113 – 2142.

4. Áàðèíîâ À. Â. Àíàëèç ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ ìàòå-

ðèàëîâ, èñïîëüçóåìûõ â èçäåëèÿõ ðàêåòíî-êîñìè÷åñêîé òåõ-

íèêè / III Âñåðîññèéñêèé êîíãðåññ ìîëîäûõ ó÷åíûõ: ñá. òð. —

ÑÏá.: ÍÈÓ ÈÒÌÎ, 2014. Ñ. 159.

5. Vriend N. M., Kren A. P. Determination of the viscoelastic pro-

perties of elastomeric materials by the dynamic indentation met-

hod / Polymer Testing. 2004. Vol. 23. N 4. P. 369 – 375.

6. Ðóäíèöêèé Â. À., Êðåíü À. Ï. Èñïûòàíèå ýëàñòîìåðíûõ

ìàòåðèàëîâ ìåòîäàìè èíäåíòèðîâàíèÿ. — Ìèíñê: Áåëîðóñ-

ñêàÿ íàóêà, 2007. — 228 ñ.

7. Ðàáöåâè÷ À. Â., Ìàöóëåâè÷ Î. Â. Íîâûå âîçìîæíîñòè ìå-

òîäà äèíàìè÷åñêîãî èíäåíòèðîâàíèÿ â ïðèáîðå «Èìïóëüñ-

2Ì» / Âåñòíèê Ãîìåëüñêîãî ãîñóäàðñòâåííîãî òåõíè÷åñêîãî

óíèâåðñèòåòà. 2007. ¹ 2(29). Ñ. 29 – 36.

8. Ìîùåíîê Â. È. Ñîâðåìåííàÿ êëàññèôèêàöèÿ ìåòîäîâ

îïðåäåëåíèÿ òâåðäîñòè / Àâòîìîáèëüíûé òðàíñïîðò. 2010.

Âûï. 25. Ñ. 129 – 132.

9. Îãàð Ï. Ì., Òàðàñîâ Â. À., Òóð÷åíêî À. Â., Ôåäî-

ðîâ È. Á. Ïðèìåíåíèå êðèâûõ êèíåòè÷åñêîãî èíäåíòèðîâà-

íèÿ ñôåðîé äëÿ îïðåäåëåíèÿ ìåõàíè÷åñêèõ ñâîéñòâ ìàòåðèà-

ëîâ / Ñèñòåìû, ìåòîäû, òåõíîëîãèè. 2013. Âûï. 1(17).

Ñ. 41 – 47.

10. Ìèëüìàí Þ. Â., ×óãóíîâà Ñ. È., Ãîí÷àðîâà È. Â. Õàðàê-

òåðèñòèêà ïëàñòè÷íîñòè, îïðåäåëÿåìàÿ ìåòîäîì èíäåíòèðî-

âàíèÿ / Ôèçèêà ðàäèàöèîííûõ ïîâðåæäåíèé è ðàäèàöèîííîå

ìàòåðèàëîâåäåíèå. 2011. ¹ 4. Ñ. 182 – 187.

REFERENCES

1. Kolmakov A. G., Terentiev V. F., Bakirov M. B. Methods for

measuring hardness. — Moscow, 2005. — 149 p. [in Russian].

2. Oliver W. C., Pharr G. M. Measurement of hardness and elas-

tic modulus by instrumented indentation: Advances in under-

standing and refinements to methodology / J. Mater. Res. 2004.

Vol. 19. N 1. P. 3 – 21.

3. Golovin U. I. Nanoindentation and mechanical properties of

solids in submicroscopic volumes, thin near-surface layers and

films (review) / Fiz. Tv. Tela. 2008. Vol. 50. N 12. P. 2113 – 2142

[in Russian].

4. Barinov A. V. Analysis of physical and mechanical properties

of materials used in products of rocket and space technology /

III All-Russsian Congress of Young Scientists: collection of

works. — SPb: NIU ITMO, 2014. P. 159 [in Russian].

5. Vriend N. M., Kren A. P. Determination of the viscoelastic

properties of elastomeric materials by the dynamic indentation

method / Polymer Testing. 2004. Vol. 23. N 4. P. 369 – 375.

6. Rudniskiy V. A., Kren A. P. Testing of elastomeric materi-

als by indentation methods. — Minsk: Belarusskaya nauka,

2007. — 228 p. [in Russian].

7. Rabysevich A. V. New possibilities of the dynamic indentation

method in the Impulse-2M device / Vestn. Gomel’. Gos. Tekhn.

Univ. 2007. N 2(29). P. 29 – 36 [in Russian].

8. Moshenok V. I. Modern classification of methods for determin-

ing hardness / Avtomobil. Transport. 2010. Issue 25. P. 129 –

132 [in Russian].

9. Ogar P. M., Tarasov V. A., Turchenko A. V., Fedorov I. B.

Application of curves of kinetic indentation by a sphere for de-

termination of mechanical properties of materials / Sist. Met.

Tekhnol. 2013. N 1(17). P. 41 – 47 [in Russian].

10. Milman U. V., Chugunova S. I., Goncharova I. V. The plas-

ticity characteristic, determined by the method of indentation /

Fiz. Radiats. Povrezhd. Radiats. Materialoved. 2011. N 4.

P. 182 – 187 [in Russian].

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 1 61


