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Èññëåäîâàíà âîçìîæíîñòü îöåíêè ñîïðîòèâëåíèÿ ðàçðûâó õðóïêèõ ìàòåðèàëîâ ïóòåì èñ-

ïûòàíèÿ äèàìåòðàëüíûì ñæàòèåì êîðîòêèõ öèëèíäðîâ — ñïëîøíûõ è ñ öåíòðàëüíûì îò-

âåðñòèåì. Ðàñ÷åòíûé àíàëèç âûïîëíåí ìåòîäîì êîíå÷íûõ ýëåìåíòîâ ñ ïðèìåíåíèåì ïðî-

ãðàììû ANSYS. Ïîêàçàíî, ÷òî ðàñïðåäåëåíèå íàïðÿæåíèé â äèñêå ñ îòâåðñòèåì àíàëîãè÷-

íî èõ ðàñïðåäåëåíèþ â äèñêå áåç îòâåðñòèÿ, íî èìååò âîçìóùåíèÿ, âíåñåííûå êîíöåíòðà-

òîðîì íàïðÿæåíèé â âèäå îòâåðñòèÿ. Íîðìèðîâàííûå çíà÷åíèÿ ìàêñèìàëüíûõ ïåðâûõ

ãëàâíûõ íàïðÿæåíèé äëÿ äèñêà ñ îòâåðñòèåì áîëåå ÷åì â 5 ðàç ïðåâûøàþò òàêîâûå äëÿ äè-

ñêà áåç îòâåðñòèÿ. Ýêñïåðèìåíòàëüíûé àíàëèç ïðîâåäåí ïóòåì èñïûòàíèÿ êîðîòêèõ öè-

ëèíäðîâ êàê ñïëîøíûõ, òàê è ñ öåíòðàëüíûì îòâåðñòèåì, èçãîòîâëåííûõ èç õðóïêèõ ìàòå-

ðèàëîâ — ÷óãóíà è ãðàôèòà. Óñòàíîâëåíî, ÷òî ñîïðîòèâëåíèå ðàçðóøåíèþ, îïðåäåëåííîå

ïî ôîðìóëå ñòàíäàðòà ASTM D3967-95a, äëÿ ñïëîøíûõ îáðàçöîâ èç ÷óãóíà ïðàêòè÷åñêè íå

îòëè÷àåòñÿ, à äëÿ îáðàçöîâ èç ãðàôèòà îòëè÷àåòñÿ â 1,5 ðàçà îò èñòèííîãî ñîïðîòèâëåíèÿ

ðàçðûâó ìàòåðèàëîâ. Ïðè èñïûòàíèè îáðàçöîâ èç ÷óãóíà è ãðàôèòà ñ öåíòðàëüíûì îòâåð-

ñòèåì ñîïðîòèâëåíèÿ ðàçðûâó îòëè÷àþòñÿ îò ñòàíäàðòíîãî ñîîòâåòñòâåííî â 1,5 è ïî÷òè â

2,5 ðàçà. Îòìå÷åí è ðàçíûé õàðàêòåð ðàçðóøåíèÿ îáðàçöîâ — ìåäëåííûé êîíòðîëèðóå-

ìûé ðàçðûâ ÷óãóíà è äèíàìè÷åñêîå ðàçðóøåíèå ãðàôèòà ïðè ñîîòâåòñòâóþùèõ äèàãðàì-

ìàõ äåôîðìèðîâàíèÿ. Â êà÷åñòâå ïðèìåðà ïðèâåäåíû ðåçóëüòàòû èñïûòàíèÿ ðåàëüíûõ

öèëèíäðè÷åñêèõ îáðàçöîâ ñ öåíòðàëüíûì îòâåðñòèåì — òîïëèâíûõ òàáëåòîê äèîêñèäà

óðàíà. Ïîêàçàíî, ÷òî ðåçóëüòàòû èñïûòàíèÿ îáðàçöîâ èç ãðàôèòà ÀÐÂ-1 è òîïëèâíûõ òàá-

ëåòîê õîðîøî ñîãëàñóþòñÿ. Òàêèì îáðàçîì, ïîäòâåðæäåíà âîçìîæíîñòü èñïûòàíèÿ ìàëî-

ðàçìåðíûõ êîðîòêèõ öèëèíäðîâ ïî ñõåìå äèàìåòðàëüíîãî ñæàòèÿ äëÿ êîñâåííîé îöåíêè

ïðî÷íîñòè íà ðàñòÿæåíèå õðóïêèõ ìàòåðèàëîâ. Ïðåäëîæåíà ðàñ÷åòíàÿ ôîðìóëà äëÿ êîñ-

âåííîé îöåíêè ïðî÷íîñòè íà ðàñòÿæåíèå õðóïêèõ ìàòåðèàëîâ ïî ðåçóëüòàòàì èñïûòàíèé

ìàëîðàçìåðíûõ êîðîòêèõ öèëèíäðîâ êàê ñ öåíòðàëüíûì îòâåðñòèåì, òàê è áåç íåãî ïî ñõå-

ìå äèàìåòðàëüíîãî ñæàòèÿ.
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The possibility of evaluating the tear resistance of brittle materials by diametral compression test of short

cylinders (solid and central with a central hole) has been analyzed. The computational analysis was per-

formed by the finite element method using the ANSYS program. It is shown that the stress distribution in

a disk with a hole is similar that without a hole but contains disturbances introduced by a stress concen-

trator in the form of a hole. The normalized values of the maximum first principal stresses for a disk with
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a hole exceed the values for a disk without a hole by more than 5 times. The experimental analysis was

carried out by testing short cylinders, both solid and with a central hole, made of brittle materials: cast

iron and graphite. It is noted that the fracture resistance, determined by the formula recommended by the

ASTM D3967 – 95a standard, practically does not differ for solid cast iron samples, and for graphite differs

by 1.5 times from the true tear resistance of materials; when testing samples with a central hole, the tear

resistance differs from the standard values by a factor of 1.5 and almost 2.5, respectively. The different na-

ture of the sample destruction is also noted: slow controlled rupture of cast iron and dynamic destruction

of graphite with the corresponding deformation diagrams. The results of testing fuel pellets of uranium di-

oxide are given as an example of testing real cylindrical samples with a central hole. It is shown that the

test results of ARV-1 graphite samples are in good agreement with the test results of fuel samples. Thus,

the possibility of testing small-sized short cylinders according to the diametral compression scheme for in-

direct assessment of the tensile strength of brittle materials has been confirmed. A calculation formula is

proposed for an indirect assessment of the tensile strength of brittle materials based on the results of test-

ing small-sized short cylinders, both with and without a central hole according to the diametral compres-

sion scheme.

Keywords: diametral compression; short cylinders with a central hole; tear resistance; brittle materials.

Ââåäåíèå

Äëÿ îöåíêè ïðî÷íîñòè ìàëîïëàñòè÷íûõ ìàòå-

ðèàëîâ íà ðàçðûâ âñå áîëüøåå ïðèìåíåíèå íàõî-

äèò ìåòîä èñïûòàíèÿ êîðîòêèõ öèëèíäðîâ (òîë-

ñòûõ äèñêîâ) ïî ñõåìå äèàìåòðàëüíîãî ñæàòèÿ îá-

ðàçöà [1 – 16]. Èñïûòàíèÿ ïðîâîäÿò â ñîîòâåòñò-

âèè ñî ñòàíäàðòîì ASTM D3967-95a, êîòîðûé

ïðåäíàçíà÷åí äëÿ èñïûòàíèÿ îáðàçöîâ ãîðíûõ

ïîðîä [17, 18]. Äèàìåòð îáðàçöîâ ãîðíîé ïîðîäû

ïðèíÿò ðàâíûì 50 ìì, òîëùèíà — îò 0,2 äî 0,75

äèàìåòðà.

Â ðàáîòå èññëåäîâàíà âîçìîæíîñòü èñïîëü-

çîâàíèÿ ýòîãî ìåòîäà ïðè èñïûòàíèè ìàëî-

ðàçìåðíûõ êîðîòêèõ öèëèíäðîâ ñ öåíòðàëüíûì

îòâåðñòèåì äëÿ îïðåäåëåíèÿ ïðî÷íîñòè õðóïêèõ

ìàòåðèàëîâ, òàêèõ êàê êàðáèäû, íèòðèäû è äðó-

ãèå. Îñîáåííî âàæíûì äàííûé ìåòîä îêàçàëñÿ

äëÿ îöåíêè ïðî÷íîñòè ìàòåðèàëîâ, ïîëó÷åííûõ

ýëåêòðîèìïóëüñíîé êîíñîëèäàöèåé ïîðîøêîâ

[19 – 21].

Ðàñ÷åòíûé àíàëèç íàãðóæåíèÿ äèñêà

ñ öåíòðàëüíûì îòâåðñòèåì è áåç íåãî

ïî ñõåìå äèàìåòðàëüíîãî ñæàòèÿ

Äåòàëüíûé ðàñ÷åòíûé àíàëèç íàãðóæåíèÿ

ìàëîðàçìåðíîãî ñïëîøíîãî äèñêà ïî ñõåìå äèà-

ìåòðàëüíîãî ñæàòèÿ (áðàçèëüñêîãî òåñòà) ïðåä-

ñòàâëåí â ðàáîòå [22]. Ïîêàçàíî, ÷òî ïðè òàêîé

ñõåìå íàãðóæåíèÿ äèñêîâîãî îáðàçöà â åãî äèà-

ìåòðàëüíîé ïëîñêîñòè âîçíèêàþò ðàñòÿãèâàþ-

ùèå íàïðÿæåíèÿ, êîòîðûå ïðèâîäÿò ê õðóïêîìó

ðàçðóøåíèþ ìàëîïëàñòè÷íûõ ìàòåðèàëîâ. Ñî-

ïðîòèâëåíèå ìàòåðèàëà ðàçðûâó ðàññ÷èòûâàþò

ïî ôîðìóëå, ðåêîìåíäîâàííîé ñòàíäàðòîì ASTM

D3967-95a,

�

�

t

P
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�

2
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ãäå P — ìàêñèìàëüíàÿ íàãðóçêà â ìîìåíò ðàç-

ðóøåíèÿ îáðàçöà; L è D — òîëùèíà è äèàìåòð

îáðàçöà.

Ìåòîäîì êîíå÷íûõ ýëåìåíòîâ ñ ïðèìåíåíèåì

ïðîãðàììíîãî êîìïëåêñà ANSYS Mechanical [23,

24] ïðîâåäåíî ñðàâíåíèå äèàìåòðàëüíîãî ñæàòèÿ

äèñêîâîãî îáðàçöà ñ îòâåðñòèåì è áåç íåãî. Ðàç-

ìåðû äèñêîâ ïîëàãàëèñü îäèíàêîâûìè — òîëùè-

íà 4 ìì, äèàìåòð 7,2 ìì. Â îáðàçöå ñ îòâåðñòèåì

äèàìåòð öåíòðàëüíîãî îòâåðñòèÿ ñîñòàâëÿë

1,1 ìì. Áûëî ïîêàçàíî, ÷òî ðàñïðåäåëåíèÿ íà-

ïðÿæåíèé â äèñêå ñ îòâåðñòèåì è áåç îòâåðñòèÿ

àíàëîãè÷íû, íî â ïåðâîì ñëó÷àå èìåþòñÿ âîç-

ìóùåíèÿ, âíåñåííûå êîíöåíòðàòîðîì íàïðÿæå-

íèé â âèäå îòâåðñòèÿ. Íà êîíòóðå îòâåðñòèÿ íà-

áëþäàåòñÿ îò÷åòëèâàÿ çîíà êîíöåíòðàöèè íàïðÿ-

æåíèé, âåëè÷èíà êîòîðûõ ñóùåñòâåííî ïðåâîñõî-

äèò ñðåäíåå çíà÷åíèå. Íîðìèðîâàííûå çíà÷åíèÿ

ìàêñèìàëüíûõ ïåðâûõ ãëàâíûõ íàïðÿæåíèé äëÿ

äèñêà ñ îòâåðñòèåì áîëåå ÷åì â ïÿòü ðàç ïðåâû-

øàþò òàêîâûå äëÿ äèñêà áåç îòâåðñòèÿ.

Ýêñïåðèìåíòàëüíûé àíàëèç èñïûòàíèÿ

ïî ñõåìå äèàìåòðàëüíîãî ñæàòèÿ õðóïêèõ

äèñêîâ ñ öåíòðàëüíûì îòâåðñòèåì

Äëÿ èñïûòàíèÿ ïî ñõåìå äèàìåòðàëüíîãî

ñæàòèÿ áûëè âûáðàíû õðóïêèå ìàòåðèàëû — ñå-

ðûé ÷óãóí Ñ× 10 (ïî ÃÎÑÒ 1412) è ãðàôèò

ÀÐÂ-1. Ìåõàíè÷åñêèå ñâîéñòâà ýòèõ ìàòåðèàëîâ

ïðèâåäåíû â òàáë. 1.

Èñïûòàíèÿ ñïëîøíûõ êîðîòêèõ öèëèíäðîâ

èç ñåðîãî ÷óãóíà. Èñïûòûâàëè ñïëîøíûå êîðîò-

êèå öèëèíäðû èç ñåðîãî ÷óãóíà ðàçìåðîì D × L,

ãäå D — äèàìåòð öèëèíäðà, L — åãî äëèíà. Îá-
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Òàáëèöà 1. Ìåõàíè÷åñêèå è ôèçè÷åñêèå ñâîéñòâà èññëå-

äóåìûõ ìàòåðèàëîâ

Table 1. The mechanical and physical properties of the ma-

terials under study

Ìàòåðèàë �â
ð, ÌÏà �â

ñæ, ÌÏà E, ÃÏà

Ñåðûé ÷óãóí Ñ× 10 104 404 100

Ãðàôèò ÀÐÂ-1 13,8 37 7 – 11



ðàçöû íàãðóæàëè íà èñïûòàòåëüíîé ìàøèíå

INSTRON â ñïåöèàëüíîì ïðèñïîñîáëåíèè, îáåñ-

ïå÷èâàþùåì ñòðîãóþ ïàðàëëåëüíîñòü ïëîñêîñòåé

øòàìïîâ. Îäíîâðåìåííî ñ íàãðóæåíèåì îáðàçöîâ

ñ ïîìîùüþ ìåòîäà öèôðîâîé êîððåëÿöèè èçîáðà-

æåíèé (ÖÊÈ) [25, 26] ðåãèñòðèðîâàëè äåôîðìà-

öèþ ïîâåðõíîñòíûõ òî÷åê êàæäîãî îáðàçöà.

Â òàáë. 2 ïðåäñòàâëåíû ðåçóëüòàòû èñïûòà-

íèÿ ïÿòè êîðîòêèõ öèëèíäðîâ èç ÷óãóíà ðàçìå-

ðîì 10 × 4 ìì — ìàêñèìàëüíûå íàãðóçêè, ñîîò-

âåòñòâóþùèå íà÷àëó ðàçðóøåíèÿ âñåõ èñïûòàí-

íûõ îáðàçöîâ, ðàçðóøàþùèå íàïðÿæåíèÿ, ðàñ-

ñ÷èòàííûå ïî ôîðìóëå (1) è ôîðìóëå

S
P

LD
0

� . (2)

Ñîâïàäåíèå ðàçðóøàþùåãî íàïðÿæåíèÿ,

îïðåäåëåííîãî ïî ôîðìóëå (1), ñ ïðî÷íîñòüþ ìà-

òåðèàëà ïðè ðàñòÿæåíèè ïîäòâåðæäàåò âîçìîæ-

íîñòü ïðèìåíåíèÿ ýòîé ôîðìóëû äëÿ ìàòåðèàëîâ

òèïà ÷óãóíà, èìåþùèõ ìàøèííóþ äèàãðàììó

ñæàòèÿ äèñêà, ïðåäñòàâëåííóþ íà ðèñ. 1.

Íà÷àëî ðîñòà òðåùèíû ñâÿçàíî ñ ìàêñèìàëü-

íîé íàãðóçêîé íà îáðàçåö. Ïëàâíîå ñíèæåíèå

íàãðóçêè ïîñëå ìàêñèìóìà — ìåäëåííîå ðàñ-

ïðîñòðàíåíèå òðåùèíû, îòõîä îäíîé ïîëîâèíû

îáðàçöà îò äðóãîé. Íå îòìå÷åíî âçðûâíîãî ðàçðó-

øåíèÿ, õàðàêòåðíîãî äëÿ õðóïêîãî ðàçðûâà îò

íîðìàëüíûõ íàïðÿæåíèé. Îáðûâ äèàãðàììû íà

äàííîì óðîâíå íàãðóçêè ñâÿçàí ñ ïðåêðàùåíèåì

ïðîöåññà äåôîðìèðîâàíèÿ îáðàçöà. Ñòóïåí÷àòûé

èçëîì â äèàìåòðàëüíîé ïëîñêîñòè äèñêà ñâèäå-

òåëüñòâóåò î òîì, ÷òî ðàçðûâ îáðàçöà ïðîèñõîäèò

ïîä äåéñòâèåì êàñàòåëüíûõ íàïðÿæåíèé.

Èñïûòàíèÿ êîðîòêèõ öèëèíäðîâ ñ öåí-

òðàëüíûì îòâåðñòèåì, èçãîòîâëåííûõ èç ñåðî-

ãî ÷óãóíà. Öèëèíäðû ñ îòâåðñòèåì, èçãîòîâëåí-

íûå èç ÷óãóíà, èìåëè ñëåäóþùèå ðàçìåðû: äèà-

ìåòð D = 7,2 ìì, òîëùèíà L = 4 ìì, äèàìåòð

öåíòðàëüíîãî îòâåðñòèÿ d = 1,2 ìì.

Ðàçðóøåíèå öèëèíäðà ñ îòâåðñòèåì ïðîèñõî-

äèëî â äèàìåòðàëüíîé ïëîñêîñòè ïî ëèíèè íàãðó-

æåíèÿ è íà÷èíàëîñü îò öåíòðàëüíîãî îòâåðñòèÿ.

Õàðàêòåð ðàçðóøåíèÿ àíàëîãè÷åí ïðîöåññó ðàç-

ðóøåíèÿ ñïëîøíûõ îáðàçöîâ — ìåäëåííîå êîí-

òðîëèðóåìîå ðàñïðîñòðàíåíèå òðåùèíû.

Â òàáë. 3 ïðåäñòàâëåíû ðåçóëüòàòû èñïûòà-

íèÿ îáðàçöîâ ñ öåíòðàëüíûì îòâåðñòèåì. Ñîïðî-

òèâëåíèå ìàòåðèàëà ðàçðóøåíèþ óth è S1 ðàññ÷è-

òûâàëè ïî ôîðìóëàì:

�

�
th

P

L D d
�

�

2

( )
(3)

è

S
P

L D d
1

�

�( )
. (4)

Ñîïðîòèâëåíèå ÷óãóííûõ îáðàçöîâ ðàçðóøåíèþ

îêàçàëîñü â 1,5 ðàçà ìåíüøå èñòèííîé ìåõàíè÷å-

ñêîé õàðàêòåðèñòèêè (ñì. òàáë. 1). Òàêîé ýôôåêò

ñíèæåíèÿ ñîïðîòèâëåíèÿ ìàòåðèàëà ðàçðóøå-

íèþ ïðè èñïûòàíèè îáðàçöà ñâÿçàí ñ êîíöåíòðà-

öèåé íàïðÿæåíèÿ ó öåíòðàëüíîãî îòâåðñòèÿ.

Èòàê, â îòëè÷èå îò ñïëîøíîãî öèëèíäðà ðàç-

ðóøåíèå öèëèíäðà ñ öåíòðàëüíûì îòâåðñòèåì

íà÷èíàåòñÿ îò ýòîãî îòâåðñòèÿ. Âî âñåì îñòàëü-

íîì êàðòèíà ïîâåäåíèÿ öèëèíäðîâ ñ îòâåðñòèåì

è ñïëîøíûõ áûëà ñõîæà. Íå îòìå÷åíî âçðûâíîãî

ðàçðóøåíèÿ, õàðàêòåðíîãî äëÿ õðóïêîãî ðàçðûâà

îò íîðìàëüíûõ íàïðÿæåíèé. Íàáëþäàëè ìåäëåí-

íûé îòõîä îäíîé ïîëîâèíû îáðàçöà îò äðóãîé,

÷òî îáû÷íî ïðèñóùå ïëàñòè÷åñêîìó ðàçðóøåíèþ.
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Ðèñ. 1. Õàðàêòåðíàÿ ìàøèííàÿ äèàãðàììà ñæàòèÿ äèñêà

èç ÷óãóíà ðàçìåðîì 10 × 4 ìì

Fig. 1. Typical machine diagram for compression of a cast

iron disk 10 × 4 mm

Òàáëèöà 2. Çíà÷åíèÿ ñîïðîòèâëåíèÿ ðàçðóøåíèþ

ñïëîøíûõ îáðàçöîâ èç ÷óãóíà, îïðåäåëåííûå ïî ôîðìó-

ëàì (1) è (2)

Table 2. The fracture resistance of cast iron determined by

formulas (1) and (2)

Íîìåð îáðàçöà P, Í ó
t
, ÌÏà S

0
, ÌÏà

1 5333 85,3 134

2 6028 96,2 151

3 6979 111 174

4 6847 109 171

5 7029 112 176

Ñðåäíèå çíà÷åíèÿ 103 161

Òàáëèöà 3. Çíà÷åíèÿ ñîïðîòèâëåíèÿ ðàçðóøåíèþ îá-

ðàçöîâ ÷óãóíà ñ öåíòðàëüíûì îòâåðñòèåì d = 1,2 ìì,

îïðåäåëåííûå ïî ôîðìóëàì (3) è (4)

Table 3. The fracture resistance of cast iron, determined

by formulas (3) and (4) for samples with a central hole (d =

= 1.2 mm)

Íîìåð îáðàçöà P, Í ó
th

, ÌÏà S
1
, ÌÏà

1 3103 83 130

2 2555 68 107

3 3040 80 126

Ñðåäíèå çíà÷åíèÿ 77 121



Äèàãðàììû äåôîðìèðîâàíèÿ ðàññìàòðèâàåìûõ

îáðàçöîâ òàêæå íå îòëè÷àëèñü.

Èñïûòàíèå ñïëîøíûõ êîðîòêèõ öèëèíäðîâ

èç ãðàôèòà. Öèëèíäðû èç ãðàôèòà èìåëè

ñëåäóþùèå òèïîðàçìåðû D × L: 8 × 4, 8 × 8 è

8 × 12 ìì. Õàðàêòåðíàÿ äèàãðàììà ñæàòèÿ ãðà-

ôèòîâîãî äèñêà 8 × 8 ìì â äèàìåòðàëüíîé ïëîñ-

êîñòè ïðåäñòàâëåíà íà ðèñ. 2.

Ðàçðóøåíèå ãðàôèòîâîãî öèëèíäðà ïðîèñõî-

äèëî äèíàìè÷åñêè íà ïðàêòè÷åñêè ëèíåéíîì ó÷à-

ñòêå äèàãðàììû ïðè ìàêñèìàëüíîé íàãðóçêå ñ

ðàçäåëåíèåì îáðàçöà èíîãäà íà íåñêîëüêî ôðàã-

ìåíòîâ. Â îáðàçöå òàêæå âûÿâëåíû íà÷àëüíûå

òðåùèíû â êîíòàêòíîé îáëàñòè, êîòîðûå ñëóæè-

ëè èñòî÷íèêîì ðàçðóøåíèÿ îáðàçöà.

Â òàáë. 4 ïðèâåäåíû çíà÷åíèÿ ñîïðîòèâëåíèÿ

ðàçðóøåíèþ ãðàôèòîâûõ îáðàçöîâ, ðàññ÷èòàí-

íûå ïî ôîðìóëàì (1) è (2). Âèäíî, ÷òî óñðåäíåí-

íîå çíà÷åíèå ñîïðîòèâëåíèÿ ãðàôèòà ðàçðóøå-

íèþ, ðàññ÷èòàííîå ïî ôîðìóëå (1), âîçðàñòàåò

ïðèìåðíî íà 10 % ñ óâåëè÷åíèåì òîëùèíû îáðàç-

öà â äâà ðàçà. Ïðè÷åì ót îêàçàëîñü ïî÷òè â äâà

ðàçà íèæå èñòèííîãî çíà÷åíèÿ (ñì. òàáë. 1), ÷òî

ñâÿçàíî ñ áîëåå õðóïêèì ñîñòîÿíèåì ãðàôèòà ïî

ñðàâíåíèþ ñ ÷óãóíîì. Îá ýòîì ñâèäåòåëüñòâóåò è

ðàçëè÷èå äèàãðàìì ñæàòèÿ îáðàçöîâ èç ÷óãóíà è

ãðàôèòà.

Èñïûòàíèÿ êîðîòêèõ öèëèíäðîâ ñ öåí-

òðàëüíûì îòâåðñòèåì, èçãîòîâëåííûõ èç ãðà-

ôèòà. Öèëèíäðû ñ öåíòðàëüíûì îòâåðñòèåì èç

ãðàôèòà èìåëè òå æå ðàçìåðû, ÷òî è ñïëîøíûå

îáðàçöû; äëÿ âñåõ äèñêîâ äèàìåòð öåíòðàëüíîãî

îòâåðñòèÿ — 1 ìì. Â òàáë. 5 ïðèâåäåíû ðåçóëüòà-

òû èõ èñïûòàíèÿ.

Äèàãðàììà ñæàòèÿ îáðàçöîâ èç ãðàôèòà ñ

öåíòðàëüíûì îòâåðñòèåì ëèíåéíà âïëîòü äî

õðóïêîãî ðàçðóøåíèÿ, êàê è îáðàçöîâ áåç îòâåð-

ñòèÿ. Îáðàçöû ðàçðóøèëèñü àáñîëþòíî õðóïêî â

äèàìåòðàëüíîé ïëîñêîñòè äèñêà. Ðàçðóøåíèå íà-

÷àëîñü îò öåíòðàëüíîãî îòâåðñòèÿ. Íà íåêîòîðûõ

îáðàçöàõ íàáëþäàëè íàðÿäó ñ äèàìåòðàëüíîé íå-

ñêîëüêî äîïîëíèòåëüíûõ òðåùèí, ÷òî õàðàêòåð-

48 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 7

Í
à
ã
ð

ó
ç
ê
à
,
ê
Í

Ïåðåìåùåíèå, ìì

Ðèñ. 2. Õàðàêòåðíàÿ ìàøèííàÿ äèàãðàììà ñæàòèÿ ãðà-

ôèòîâîãî öèëèíäðà ðàçìåðîì 8 × 8 ìì

Fig. 2. Typical machine diagram for compression of a

graphite disk 8 × 8 mm

Òàáëèöà 4. Çíà÷åíèÿ ñîïðîòèâëåíèÿ ðàçðóøåíèþ ñïëîøíûõ îáðàçöîâ èç ãðàôèòà

Table 4. The fracture resistance of solid graphite samples

Íîìåð îáðàçöà Ðàçìåð îáðàçöà D × L, ìì P, Í ó
t
, ÌÏà S

0
, ÌÏà

1 8 × 4 307 6,1 9,6

2 8 × 8 660 6,6 10,3

3 8 × 8 695 6,9 10,9

4 8 × 8 595 5,9 9,3

5 8 × 12 1100 7,4 11,5

6 8 × 12 1108 7,4 11,5

Òàáëèöà 5. Çíà÷åíèÿ ñîïðîòèâëåíèÿ ðàçðóøåíèþ ãðàôèòîâûõ äèñêîâ ñ öåíòðàëüíûì îòâåðñòèåì

Table 5. Graphite fracture resistance for disks with a central hole

Íîìåð îáðàçöà Ðàçìåð îáðàçöà D × L, ìì P, Í ó
th

, ÌÏà S
1
, ÌÏà

1 8 × 4 321 7,3 11,5

2 8 × 4 283 6,5 10,2

3 8 × 4 233 5,3 8,3

4 8 × 8 479 5,5 8,6

5 8 × 8 514 5,8 9,1

6 8 × 12 611 4,7 7,4

7 8 × 12 820 6,2 9,7

8 8 × 12 710 5,4 8,5



íî äëÿ õðóïêîãî ðàçðóøåíèÿ, ñîïðîâîæäàþùåãî-

ñÿ áîëüøèì êîëè÷åñòâîì îñêîëêîâ.

Óñðåäíåííîå ñîïðîòèâëåíèå ðàçðûâó, îïðåäå-

ëåííîå ïî ôîðìóëå (1), äëÿ îáðàçöîâ ñ öåíòðàëü-

íûì îòâåðñòèåì îêàçàëîñü â 2,7 ðàçà ìåíüøå èñ-

òèííîãî (ñì. òàáë. 1). Ïî ñðàâíåíèþ ñ ÷óãóíîì íà-

ëè÷èå öåíòðàëüíîãî îòâåðñòèÿ â ãðàôèòîâîì îá-

ðàçöå ñíèæàåò ðàçðóøàþùåå íàïðÿæåíèå áîëåå

÷åì â 1,5 ðàçà. Ýòî ìîæíî îáúÿñíèòü òåì, ÷òî ãðà-

ôèò ÿâëÿåòñÿ áîëåå õðóïêèì ìàòåðèàëîì, ÷åì ÷ó-

ãóí, è ïîýòîìó áîëåå ÷óâñòâèòåëåí ê êîíöåíòðà-

öèè íàïðÿæåíèé. Ýòî ïîäòâåðæäàåòñÿ è ðàçëè÷è-

åì äèàãðàìì äåôîðìèðîâàíèÿ îáðàçöîâ èç ÷óãó-

íà è ãðàôèòà (ñì. ðèñ. 1 è 2).

Èñïûòàíèÿ òîïëèâíûõ òàáëåòîê äèîêñèäà

óðàíà ñ öåíòðàëüíûì îòâåðñòèåì. Â êà÷åñòâå

ïðèìåðà èñïûòàíû ïî ñõåìå äèàìåòðàëüíîãî

ñæàòèÿ îáðàçöû ðåàëüíîé êîíñòðóêöèè â âèäå êî-

ðîòêîãî öèëèíäðà ñ öåíòðàëüíûì îòâåðñòèåì —

òîïëèâíûå òàáëåòêè èç äèîêñèäà óðàíà. Äèàìåòð

öåíòðàëüíîãî îòâåðñòèÿ — 1,1 ìì. Ðàçìåðû îá-

ðàçöîâ è ðåçóëüòàòû èõ èñïûòàíèÿ ïðèâåäåíû â

òàáë. 6.

Îòìåòèì ïðàêòè÷åñêè ëèíåéíûé ðîñò íàãðóç-

êè âïëîòü äî õðóïêîãî ðàçðóøåíèÿ îáðàçöîâ, àíà-

ëîãè÷íûé ïîëó÷åííîìó ïðè èñïûòàíèÿõ ãðàôè-

òîâûõ îáðàçöîâ. Õàðàêòåð ðàçðóøåíèÿ òîïëèâ-

íûõ òàáëåòîê àíàëîãè÷åí îñîáåííîñòÿì ðàçðóøå-

íèÿ ãðàôèòîâûõ îáðàçöîâ — àáñîëþòíî õðóïêîå

ðàçðóøåíèå â äèàìåòðàëüíîé ïëîñêîñòè äèñêà ïî

ëèíèè íàãðóæåíèÿ, êîòîðîå áåðåò íà÷àëî îò öåí-

òðàëüíîãî îòâåðñòèÿ. Îäíîâðåìåííî îáðàçîâà-

ëèñü äâå òðåùèíû èç îáëàñòè ìàêñèìàëüíûõ êà-

ñàòåëüíûõ íàïðÿæåíèé. Ðåçóëüòàòû ýêñïåðèìåí-

òà ïðîäåìîíñòðèðîâàëè âîçìîæíîñòü èñïûòàíèÿ

ðåàëüíîé õðóïêîé êîíñòðóêöèè ïî ñõåìå äèàìåò-

ðàëüíîãî ñæàòèÿ ñ êîñâåííîé îöåíêîé ñîïðîòèâ-

ëåíèÿ ìàòåðèàëà õðóïêîìó ðàçðóøåíèþ. Óðî-

âåíü ðàçðóøàþùèõ íàïðÿæåíèé äëÿ òîïëèâíûõ

òàáëåòîê õîðîøî ñîãëàñóåòñÿ ñî çíà÷åíèÿìè ðàç-

ðóøàþùåãî íàïðÿæåíèÿ ãðàôèòîâûõ îáðàçöîâ, à

ðàñ÷åòíûé óðîâåíü ïðî÷íîñòè — ñ èñòèííûì ñî-

ïðîòèâëåíèåì ðàçðûâó ãðàôèòà ÀÐÂ-1.

Òàêèì îáðàçîì, ðåçóëüòàòû èñïûòàíèÿ îáðàç-

öîâ ïî ñõåìå äèàìåòðàëüíîãî ñæàòèÿ, èìåþùèõ

ëèíåéíóþ ìàøèííóþ äèàãðàììó ñæàòèÿ, àíàëî-

ãè÷íóþ äèàãðàììå èñïûòàíèÿ ãðàôèòîâûõ îá-

ðàçöîâ, ìîãóò áûòü èñïîëüçîâàíû äëÿ ôîðìèðî-

âàíèÿ ðàñ÷åòíîé ôîðìóëû îöåíêè ïðî÷íîñòè ìà-

òåðèàëà ïðè ðàñòÿæåíèè. Èñòèííîå ñîïðîòèâëå-

íèå ìàòåðèàëà ðàçðûâó äîëæíî îöåíèâàòüñÿ ïî

ôîðìóëå

� â 


1 5, P

LD
—

ïî äàííûì èñïûòàíèÿ ñïëîøíûõ îáðàçöîâ èëè

� â 


�

1 5,

( )

P

L D d
—

ïî äàííûì èñïûòàíèÿ îáðàçöîâ ñ öåíòðàëüíûì

îòâåðñòèåì.

Çàêëþ÷åíèå

Ïðèâåäåíû ðåçóëüòàòû ðàñ÷åòíîãî è ýêñïå-

ðèìåíòàëüíîãî àíàëèçîâ ïîâåäåíèÿ êâàçèïëà-

ñòè÷íîãî (÷óãóíà) è õðóïêîãî (ãðàôèòà) ìàòåðèà-

ëîâ ïðè äèàìåòðàëüíîì ñæàòèè êîðîòêèõ öèëèí-

äðè÷åñêèõ îáðàçöîâ (äèñêîâ), êîòîðûå ñâèäåòåëü-

ñòâóþò î ñóùåñòâåííîì è ðàçëè÷íîì âëèÿíèè

êîíöåíòðàöèè íàïðÿæåíèÿ. Íàëè÷èå öåíòðàëü-

íîãî îòâåðñòèÿ â äèñêå çíà÷èòåëüíî ñíèæàåò

ïðî÷íîñòü ïðè åãî äèàìåòðàëüíîì ñæàòèè, åñëè

ìàòåðèàë ïðè èñïûòàíèè äåìîíñòðèðóåò õðóïêîå

ðàçðóøåíèå (íà ëèíåéíîì ó÷àñòêå äèàãðàììû äå-

ôîðìèðîâàíèÿ), è â ìåíüøåé ñòåïåíè ñíèæàåò

åå, åñëè ìàòåðèàë ïðîÿâëÿåò ïëàñòè÷åñêèå ñâîé-

ñòâà. Ñîïðîòèâëåíèå ðàçðóøåíèþ, îïðåäåëåííîå

ïî ôîðìóëå, ðåêîìåíäîâàííîé ñòàíäàðòîì ASTM

D3967-95a, äëÿ ñïëîøíûõ îáðàçöîâ èç ÷óãóíà

ïðàêòè÷åñêè íå îòëè÷àåòñÿ, à èç ãðàôèòà îòëè÷à-

åòñÿ â 1,5 ðàçà îò èñòèííîé ïðî÷íîñòè ìàòåðèà-

ëîâ. Ïðè èñïûòàíèè îáðàçöîâ ñ öåíòðàëüíûì îò-

âåðñòèåì ñîïðîòèâëåíèå ðàçðûâó îòëè÷àåòñÿ îò

èñòèííîé ïðî÷íîñòè ìàòåðèàëîâ ñîîòâåòñòâåííî

â 1,5 è ïî÷òè â 2,5 ðàçà. Ïðîäåìîíñòðèðîâàíà
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Òàáëèöà 6. Ðåçóëüòàòû èñïûòàíèÿ òîïëèâíûõ òàáëåòîê

Table 6. The results of testing fuel tablets

Íîìåð îáðàçöà Ðàçìåð D × L, ìì P, Í ó
th

, ÌÏà S
1
, ÌÏà

1 6,0 × 10 406 5,17 8,12

2 6,0 × 10 531 6,75 10,6

3 7,2 × 13 796 6,31 9,90

4 7,2 × 13 1488 11,8 18,5

5 8,3 × 10 351 3,06 4,80

6 8,3 × 10 382 3,33 5,23

7 8,3 × 10 612 8,50 12,7



âîçìîæíîñòü èñïûòàíèÿ ÿäåðíîãî òîïëèâà (òîï-

ëèâíûõ òàáëåòîê) ïî ñõåìå äèàìåòðàëüíîãî ñæà-

òèÿ ñ êîñâåííîé îöåíêîé ñîïðîòèâëåíèÿ ìàòå-

ðèàëà õðóïêîìó ðàçðóøåíèþ.

Áëàãîäàðíîñòü

Ñòàòüÿ íàïèñàíà â ðàìêàõ ïðîãðàììû ïî

ïîâûøåíèþ êîíêóðåíòîñïîñîáíîñòè ÍÈßÓ

«ÌÈÔÈ».

ËÈÒÅÐÀÒÓÐÀ/REFERENCES

1. Rodriguez J., Navarro C., Sanchez-Galvez V. Splitting

tests: an alternative to determine the dynamic tensile strength

of ceramic materials / Journal de Physique IV Colloque. 1994.

N 04(C8). P. C8-101 – C8-106. DOI: 10.1051/jp4:1994815

2. Bell F. G. Rock properties and their assessment / Selley, R. C.,

Ed. Encyclopedia of Geology. — Amsterdam: Elsevier, 2005.

P. 566 – 580. DOI: 10.1016/b0-12-369396-9/00211-2

3. Drouet C., Largeot C., Raimbeaux G., Estournès C., De-

chambre G., Combes C., Rey C. Bioceramics: spark plasma

sintering (SPS) of calcium phosphates / Advances in Science

and Technology. 2006. Vol. 49. P. 45 – 50.

DOI: 10.4028/www.scientific.net/AST.49.45

4. Proveti J. R. C., Michot G. The Brazilian test: a tool for mea-

suring the toughness of a material and its brittle to ductile

transition / Int. J. Fract. 2006. 139. P. 455 – 460.

DOI: 10.1007/s10704-006-0067-6

5. Akhtar F., Vasiliev P. O., Bergström L. Hierarchically Po-

rous Ceramics from Diatomite Powders by Pulsed Current Pro-

cessing / J. Am. Ceram. Soc. 2009. N 92(2). P. 338 – 343.

DOI: 10.1111/j.1551-2916.2008.02882.x

6. Es-Saheb M. H., Albedah A., Benyahia F. Diametral com-

pression test: validation using finite element analysis / Int. J.

Adv. Manuf. Technol. 2011. Vol. 57. P. 501 – 509.

DOI: 10.1007/s00170-011-3328-0

7. Bragov A. M., Konstantinov A. Y., Lamzin D. A., Lomu-

nov A. K., Filippov A. R. Dynamic deformation and de-

struction of brittle structurally inhomogeneous media / Probl.

Prochn. Plast. 2012. Issue 74. P. 59 – 67 [in Russian].

8. Molotnikov V. Ya., Molotnikova A. A. Notes on the Bra-

zilian method for studying the tensile strength of brittle mate-

rials / Vestn. DGTU. 2014. Vol. 14. N 4(79). P. 30 – 38 [in Rus-

sian]. DOI: 10.12737/6889

9. Zaytsev D., Panfilov P. Deformation behavior of human

dentin in liquid nitrogen: A diametral compression test / Mate-

rials Science and Engineering. 2014. Vol. 42. P. 48 – 51.

DOI: 10.1016/j.msec.2014.05.011

10. Patil S. G., Sajjan M. S., Patil R. The effect of temperature

on compressive and tensile strengths of commonly used luting

cements: an in vitro study / J. Int. Oral Health. 2015. Vol. 7(2).

P. 13 – 19.

11. Mazel V., Guerard S., Croquelois B., Kopp J.-B., Girar-

dot J., Harona D., Busignies V., Tchoreloff P. Reevaluation

of the diametral compression test for tablets using the flattened

disc geometry / International Journal of Pharmaceutics. 2016.

N 513(1 – 2). P. 669 – 677. DOI: 10.1016/j.ijpharm.2016.09.088

12. Rocha J. A. L., Wahrhaftig A. M. Superposition of Stress

Fields in Diametrically Compressed Cylinders / Latin American

Journal of Solids and Structures. 2016. Vol. 13. P. 1954 – 1967.

DOI: 0. 1590/1679-782526

13. Zaitsev D. V., Kochanov A. N., Toktogulov Sh. Zh., Pante-

leev I. A., Panfilov P. E. Influence of the scale effect and het-

erogeneity of displaced rocks in determining their strength

properties / Gorn. Inf.-Anal. Byull. 2016. N 11. P. 208 – 215 [in

Russian].

14. Markides C. F., Kourkoulis S. K. Parametric study of the de-

formation of transversely isotropic discs under diametral com-

pression / Frattura ed Integrità Strutturale. 2017. Vol. 41.

P. 396 – 411. DOI: 10.3221/IGF-ESIS.41.51

15. Horynová M., Casas-Luna M., Montufar E. B., Diaz-de-

la-Torre S., Celko L., Klakurková L., Diéguez-Trejo G.,

Dvorak K., Zikmund T., Kaiser J. Fracture Mechanism of

Interpenetrating Iron-Tricalcium Phosphate Composite / Solid

State Phenomena. 2017. Vol. 258. P. 333 – 336.

DOI: 10.4028/www.scientific.net/SSP.258.333

16. Luginina M., Orru R., Cao G., Grossin D., Brouillet F.,

et al. First successful stabilization of consolidated amorphous

calcium phosphate (ACP) by cold sintering: toward highlyre-

sorbable reactive bioceramics / Journal of materials chemistry

B, Royal Society of Chemistry. 2020. Vol. 8(4). P. 629 – 635.

DOI: 10.1039/c9tb02121c

17. ASTM D3967-95a. Standard Test Method for Splitting Tensile

Strength of Intact Rock Core Specimens.

18. Wang Q. Z., Jiaa X. M., Koub S. Q., Zhangh Z. X.,

Lindgvistg P. A. / Int. J. of Rock Mechanics and Mining Sci-

ences. 2004. Vol. 41. Issue 2. February. P. 245 – 253.

19. Grigoriev E. G., Rosliakov A. V. Electro-discharge compac-

tion of WC-Co and W-Ni-Fe-Co composite materials / Journal of

Materials Processing Technology. 2007. Vol. 191. N 1 – 3,

P. 182 – 184. DOI: 10.1016/j.jmatprotec.2007.03.016

20. Smirnov K. L., Grigoryev E. G., Nefedova E. V.

SiAlON-TiN Ceramic Composites by Electric Current Assisted

Sintering / Materials Science Forum. 2019. Vol. 946. February.

P. 53 – 57. DOI: 10.4028/www.scientific.net/MSF.946.53

21. Klyatskina E. A., Borrell A., Grigoriev E. G., Zhol-

nin A. G., Salvador M. D., Stolyarov V. V. Structure features

and properties of graphene Al
2
O

3
composite / Journal of Ce-

ramic Science and Technology. 2018. Vol. 9. N 3. P. 215 – 224.

DOI: 10.4416/JCST2018-00006

22. Goltsev V. Y., Osintsev A. V., Plotnikov A. S. / Letters of Ma-

terials. 2017. Vol. 7(1). P. 21 – 25 [in Russian].

DOI: 10.22226/2410-3535-2017-1-21-25

23. Release 16. 2 Documentation for ANSYS [electronic docu-

ment] / ANSYS Inc. Electronic data and software.

24. NAFEMS search engineering analysis and simulation — FEA,

Finite Element Analysis, CFD, Computational Fluid Dynamics,

and Simulation. — NAFEMS Ltd., Hamilton, United Kingdom.

25. Sutton M. A., Orteu J. J., Schreier H. W. Image Correlation

for Shape, Motion and Deformation Measurements: basic con-

cepts, theory and applications. — Springer, 2009. P. 321.

26. Chu T. C., Ranson W. F., Sutton M. A., Peters W. H. / Exper-

imental mechanics. 1985. Vol. 25(3). P. 232 – 245.

50 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 7


