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Öåëü ðàáîòû — îïòèìèçàöèÿ ìåòîäà îïðåäåëåíèÿ âÿçêîñòè ðàçðóøåíèÿ íà îáðàçöàõ ñ øåâ-

ðîííûì íàäðåçîì. Ñ èñïîëüçîâàíèåì èçâåñòíûõ ïîëîæåíèé ìåõàíèêè ðàçðóøåíèÿ îïðåäå-

ëåíà ãåîìåòðèÿ îáðàçöà ñ øåâðîííûì íàäðåçîì, îáåñïå÷èâàþùàÿ íåçàâèñèìîñòü êîýôôè-

öèåíòà èíòåíñèâíîñòè íàïðÿæåíèé îò äëèíû òðåùèíû â äèàïàçîíå, äîñòàòî÷íîì äëÿ åãî

ïðàêòè÷åñêîãî ïðèìåíåíèÿ. Ñôîðìóëèðîâàíî òðåáîâàíèå ê ôîðìå çàâèñèìîñòè ïîäàòëè-

âîñòü — äëèíà òðåùèíû äëÿ îáðàçöà ñ øåâðîííûì íàäðåçîì. Îáîñíîâàí âûáîð ôîðìû ïî-

ïåðå÷íîãî ñå÷åíèÿ îáðàçöà ñ øåâðîííûì íàäðåçîì, ãåîìåòðè÷åñêèõ ðàçìåðîâ îáðàçöà è

ïðèâåäåíà ñõåìà çàõâàòíîãî ïðèñïîñîáëåíèÿ. Ïîëó÷åíà è ýêñïåðèìåíòàëüíî ïîäòâåðæäå-

íà ôîðìóëà äëÿ ðàñ÷åòà âÿçêîñòè ðàçðóøåíèÿ ïî ìàêñèìàëüíîé íàãðóçêå èñïûòàíèÿ è òîë-

ùèíå îáðàçöà. Ïðîâåäåíî ñðàâíåíèå ðåçóëüòàòîâ èñïûòàíèé íà âÿçêîñòü ðàçðóøåíèÿ ñ èñ-

ïîëüçîâàíèåì îáðàçöîâ ñ øåâðîííûì íàäðåçîì è ñòàíäàðòíûõ îáðàçöîâ äëÿ ðÿäà àëþìè-

íèåâûõ ñïëàâîâ. Ïîëó÷åíû äàííûå î ìàñøòàáíîì ôàêòîðå è êîýôôèöèåíòå âàðèàöèè ïðè

îïðåäåëåíèè âÿçêîñòè ðàçðóøåíèÿ. Ïðèâåäåíû ðåçóëüòàòû èññëåäîâàíèÿ ðàñïðåäåëåíèÿ

âÿçêîñòè ðàçðóøåíèÿ ïî âûñîòå òîëñòûõ ïëèò èç ñïëàâîâ 1163Ò1 è Â95ï÷Ò2. Ïîñòðîåíà

òåìïåðàòóðíàÿ çàâèñèìîñòü âÿçêîñòè ðàçðóøåíèÿ ïëèòû èç ñïëàâà 1201Ò1 â èíòåðâàëå

òåìïåðàòóð îò –196 äî +200 °C ïðè èñïîëüçîâàíèè îáðàçöîâ ñ øåâðîííûì íàäðåçîì. Ðàñ-

ñìîòðåíû îñîáåííîñòè ïðèìåíåíèÿ îáðàçöîâ ñ øåâðîííûì íàäðåçîì äëÿ îïðåäåëåíèÿ ñêî-

ðîñòè ðîñòà òðåùèíû, ñâÿçàííûå ñ íåçàâèñèìîñòüþ êîýôôèöèåíòà èíòåíñèâíîñòè íàïðÿ-

æåíèé â âåðøèíå òðåùèíû îò åå äëèíû â äîñòàòî÷íî øèðîêîì äèàïàçîíå. Îïèñàíà ìåòî-

äèêà îïðåäåëåíèÿ ñêîðîñòè ðîñòà òðåùèíû è ïðèâåäåíû ðåçóëüòàòû îöåíêè dà/dN – ÄK

äëÿ ïëèòû èç àëþìèíèåâîãî ñïëàâà 1163Ò. Ïðîñòîòà è íàäåæíîñòü ìåòîäîâ îïðåäåëåíèÿ

âÿçêîñòè ðàçðóøåíèÿ è ñêîðîñòè ðîñòà òðåùèíû (óñòàëîñòè, ïîëçó÷åñòè, êîððîçèè) íà îá-

ðàçöàõ ñ øåâðîííûì íàäðåçîì ïðåäëîæåííîé ãåîìåòðèè ïîçâîëÿþò ðåêîìåíäîâàòü èõ äëÿ

ïðîâåäåíèÿ êîíòðîëÿ è èññëåäîâàíèé â ðàçëè÷íûõ óñëîâèÿõ èñïûòàíèé.
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The goal of the study is optimization of the fracture toughness determination procedure on the samples

with a chevron notch. Well-known principles of fracture mechanics are used to determine the geometry of

a specimen with a chevron notch, which ensures the independence of the stress intensity factor from the

crack length in the range sufficient for its practical application. A requirement to the shape of the depend-

ence “compliance – crack length” is formulated for a chevron-notched specimen. The choice of the

cross-sectional shape of the specimen with a chevron notch, the geometric dimensions of the specimen,

and the drawing of the gripping device are justified. The formula for calculation of the fracture toughness

from the maximum test load and thickness of the specimen is derived and experimentally validated. The

results of the fracture toughness tests of the samples with a chevron notch and standard samples are com-

pared for a number of aluminum alloys. The data on the scale factor in the range of a sample thicknesses

of 12.5, 25, and 50 mm and variation coefficient obtained upon the fracture toughness determination re-

vealed the absence of the significant effect of the scale factor, 6% variation under the normal law of the

fracture toughness distribution in the tests of chevron-notched specimens. The results on the fracture
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toughness distribution in the height of the thick plates of alloys 1163T1 and V95pchT2 are presented. The

temperature dependence of the fracture toughness of the plate (alloy 1201T1) are constructed for chev-

ron-notched specimens within a temperature range of –196 – +200°C. The features of using chev-

ron-notched specimens for determination of the crack growth rate attributed to independence of the stress

intensity factor at the crack tip on crack length are considered in a rather wide range. The method of the

crack growth rate determination is described and the results of assessing da/dN – ÄK for an aluminum al-

loy plate 1163T are presented. The simplicity and reliability of the methods for determination of the frac-

ture toughness and fracture growth rate (fatigue, creep, corrosion) on chevron-notched specimen of the

proposed geometry allow us to recommend them for control tests and research in various test conditions.

Keywords: chevron-notched specimen; compliance; fracture toughness; crack growth rate; aluminum

alloys.

Ââåäåíèå

Ïðåèìóùåñòâà è íåäîñòàòêè ìåòîäà îïðåäå-

ëåíèÿ âÿçêîñòè ðàçðóøåíèÿ K1cV íà îáðàçöàõ ñ

øåâðîííûì íàäðåçîì (chevron-notched short bar

specimens) õîðîøî èçâåñòíû [1 – 14]. Äàííàÿ ðà-

áîòà ïîñâÿùåíà îáîñíîâàíèþ, îïòèìèçàöèè è

ïðàêòè÷åñêîìó èñïîëüçîâàíèþ ìåòîäà.

Âîñïîëüçóåìñÿ èçâåñòíûì ñîîòíîøåíèåì Èð-

âèíà – Êèñà äëÿ ñêîðîñòè âûñâîáîæäåíèÿ ýíåð-

ãèè â îáùåì âèäå äëÿ îáðàçöà ñ òðåùèíîé ïðîèç-

âîëüíîé ôîðìû [15]:
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ãäå P — íàãðóçêà íà îáðàçöå; C — ïîäàòëèâîñòü
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ïîëó÷èì âûðàæåíèå äëÿ êîýôôèöèåíòà èíòåí-

ñèâíîñòè íàïðÿæåíèé â âèäå
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Ôîðìóëó (6) ìîæíî çíà÷èòåëüíî óïðîñòèòü, åñëè

âûáðàòü ôîðìó îáðàçöà, ïðè êîòîðîé âûðàæåíèå

â ôèãóðíûõ ñêîáêàõ ïðåâðàùàåòñÿ â êîíñòàíòó.

Òàêàÿ ãåîìåòðèÿ îáðàçöà îáåñïå÷èâàåò ñëåäó-

þùóþ êâàäðàòè÷íóþ çàâèñèìîñòü ïîäàòëèâîñòè

îò äëèíû òðåùèíû:
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ãäå ë — êîýôôèöèåíò àïïðîêñèìèðóþùåãî ýêñ-

ïåðèìåíòàëüíûå äàííûå ïîëèíîìà. Ïîäñòàíîâêà

(7) â (6) è èñïîëüçîâàíèå ìàêñèìàëüíîãî çíà÷å-

íèÿ íàãðóçêè èñïûòàíèÿ ïîçâîëÿþò ïîëó÷èòü èñ-

êîìóþ ôîðìóëó äëÿ îïðåäåëåíèÿ êðèòè÷åñêîãî

êîýôôèöèåíòà èíòåíñèâíîñòè íàïðÿæåíèé (âÿç-
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Ðèñ. 1. Ñõåìà îáðàçöà ñ øåâðîííûì íàäðåçîì: H — âû-

ñîòà îáðàçöà; B — øèðèíà (òîëùèíà) îáðàçöà; a
0

— äëèíà

êîíñîëè (ðàññòîÿíèå îò îñè íàãðóæåíèÿ äî âåðøèíû íàä-

ðåçà); a — äëèíà òðåùèíû; W — ðàññòîÿíèå îò îñè íàãðó-

æåíèÿ äî çàäíåãî òîðöà; ø — óãîë øåâðîíà; b — øèðèíà

ôðîíòà òðåùèíû; t — øèðèíà íàäðåçà

Fig. 1. The scheme of a chevron-notched sample, where

H — height of the sample; B — width (thickness) of the

sample; a0 — length of the console (distance from the load-

ing axis to the top of the notch); a — crack length; W — dis-

tance from the loading axis to the rear end; ø — chevron

angle; b — width of the crack front; t — width of the notch



êîñòè ðàçðóøåíèÿ) íà îáðàçöå ñ øåâðîííûì íàä-

ðåçîì:
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ãäå A = const è íå çàâèñèò îò äëèíû òðåùèíû

â îáðàçöå, ò.å. âÿçêîñòü ðàçðóøåíèÿ â äàííîì

ñëó÷àå îïðåäåëÿåòñÿ òîëüêî íàãðóçêîé èñïûòà-

íèÿ áåç çàïèñè äèàãðàììû íàãðóçêà – ðàñêðûòèå

òðåùèíû.

Ýêñïåðèìåíòàëüíûå ðåçóëüòàòû

Îïðåäåëÿëè ãåîìåòðèþ îáðàçöà, îáåñïå÷è-

âàþùóþ òðåáóåìóþ â ñîîòâåòñòâèè ñ âûðàæåíè-

åì (7) ôîðìó çàâèñèìîñòè ïîäàòëèâîñòè îò äëè-

íû òðåùèíû.

Ñíà÷àëà èçãîòàâëèâàëè îáðàçöû êðóãëîãî è

êâàäðàòíîãî ïîïåðå÷íûõ ñå÷åíèé èç ïðåññî-

âàííûõ ïîëîñ ñïëàâà òèïà Ä16. Äëÿ âñåõ îáðàç-

öîâ â äàííîì èññëåäîâàíèè óãîë â âåðøèíå øåâ-

ðîííîãî íàäðåçà ø = 60°, òîëùèíà (äèàìåòð) B =

= 25 ìì. Îñíîâàíèå øåâðîííîãî íàäðåçà ñîâìå-

ùåíî ñ çàäíèì òîðöîì îáðàçöà — òàêîå ïîëîæå-

íèå øåâðîííîãî íàäðåçà â îáðàçöå çàôèêñèðîâà-

íî â ñòàíäàðòå ASTM E 1304.

Äëÿ îïðåäåëåíèÿ çàâèñèìîñòè ïîäàòëè-

âîñòü – äëèíà òðåùèíû òðåùèíó èìèòèðîâàëè

ïðîðåçüþ 0,3 ìì, âûïîëíåííîé íà ýëåêòðîèñ-

êðîâîì ñòàíêå. Ïîäàòëèâîñòü èçìåðÿëè ñ èñïîëü-

çîâàíèåì äâóõêîíñîëüíîãî äàò÷èêà ðàñêðûòèÿ

(ðèñ. 2). Öèëèíäðè÷åñêàÿ ôîðìà îáðàçöà áûëà

èñêëþ÷åíà èç äàëüíåéøåãî ðàññìîòðåíèÿ âñëåä-

ñòâèå ëèíåéíîñòè çàâèñèìîñòè ìåæäó ïîäàòëèâî-

ñòüþ îáðàçöà è äëèíîé òðåùèíû.

Ñåðèÿ ýêñïåðèìåíòîâ ïî èññëåäîâàíèþ âëèÿ-

íèÿ âûñîòû îáðàçöà ïðÿìîóãîëüíîãî ñå÷åíèÿ

(15 – 35 ìì) è äëèíû åãî êîíñîëè (6 – 20 ìì) íà

õàðàêòåð çàâèñèìîñòè ïîäàòëèâîñòè îò äëèíû

òðåùèíû ïîçâîëèëà îïðåäåëèòü òðåáóåìóþ ãåî-

ìåòðèþ îáðàçöà [12]. Ýêñïåðèìåíòàëüíûå äàí-

íûå ïî ïîäàòëèâîñòè îáðàçöà ñ H = 21 ìì è a0 =

= 6 ìì â çàâèñèìîñòè îò äëèíû òðåùèíû àï-

ïðîêñèìèðóþòñÿ óðàâíåíèåì
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ñî ñðåäíåêâàäðàòè÷åñêîé ïîãðåøíîñòüþ àïïðî-

êñèìàöèè îêîëî 6 %.
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Ðèñ. 2. Çàâèñèìîñòè ïîäàòëèâîñòè îò äëèíû òðåùèíû

äëÿ îáðàçöîâ êðóãëîãî è êâàäðàòíîãî ïîïåðå÷íûõ ñå÷åíèé

Fig. 2. Comparison of compliance dependence on crack

length for samples with a round and square cross section
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Ðèñ. 3. Ðàçìåðû îáðàçöà ñ øåâðîííûì íàäðåçîì

Fig. 3. The dimensions of a chevron-notched sample

0,5B

0
,5

B

0,675B

(2
4

)
÷

B �
0,4

B

1
,6

B

0,25B

0
,1

7
5
B

0
,2

2
5
B

0,2875B

0,3375B

B

Ðèñ. 4. Ñõåìà çàõâàòà äëÿ èñïûòàíèÿ îáðàçöîâ ñ øåâðîí-

íûì íàäðåçîì

Fig. 4. Gripper tool for testing chevron-notched samples



Ïîäñòàíîâêà ðàçìåðîâ îáðàçöà è ë = 418 â (8)

äàåò èñêîìóþ ôîðìóëó äëÿ îïðåäåëåíèÿ âÿçêîñòè
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Ñîîòíîøåíèÿ ðàçìåðîâ äàííîãî îáðàçöà è çàõâà-

òîâ äëÿ èñïûòàíèé ïîêàçàíû íà ðèñ. 3 è 4. Äëÿ

èñïûòàíèÿ îáðàçöîâ èç òèòàíîâûõ ñïëàâîâ ïðè-

ìåíÿþòñÿ çàõâàòû óñèëåííîé êîíñòðóêöèè.

Íà ðèñ. 5 ïðåäñòàâëåíà ýêñïåðèìåíòàëüíàÿ

çàâèñèìîñòü ïîäàòëèâîñòè îò äëèíû òðåùèíû

äëÿ âûáðàííîãî îáðàçöà è åå àïïðîêñèìàöèÿ â

ñîîòâåòñòâèè ñ óðàâíåíèåì (9).

Â äèàïàçîíå (0,12 – 0,53)(a – a0)/B èëè (0,11 –

0,49)(a – a0)/W êîýôôèöèåíò èíòåíñèâíîñòè íà-

ïðÿæåíèé íå çàâèñèò îò äëèíû òðåùèíû. Â äàí-

íîì äèàïàçîíå ïðîèñõîäèëè ïðàêòè÷åñêè âñå çà-

ôèêñèðîâàííûå ñëó÷àè ðàçðóøåíèÿ îáðàçöîâ.

Ñëåäóåò îòìåòèòü, ÷òî ïðè èñïûòàíèè âû-

áðàííîãî îáðàçöà óæå íå òðåáóåòñÿ ïðèìåíåíèÿ

äàò÷èêà ðàñêðûòèÿ òðåùèíû.

Äàëåå ñðàâíèâàëè K1cV ñî ñòàíäàðòíûìè çíà-

÷åíèÿìè K1c ðàçëè÷íûõ ìàòåðèàëîâ. Äëÿ ïî-

ñòðîåíèÿ äèàãðàììû K1cV – K1c èñïûòûâàëè ñëå-

äóþùèå ïîëóôàáðèêàòû: ïàíåëè èç ñïëàâîâ

Ä16÷Ò è Ä16ï÷Ò; ïëèòû èç ñïëàâîâ Ä16÷Ò1 è

ÀÊ4-1Ò1; øòàìïîâêè èç ñïëàâà Â93ï÷Ò2; ïîëîñû

èç ñïëàâîâ Â95ï÷Ò2 è ÂÌÄ-10. Â çàâèñèìîñòè îò

òèïà ïîëóôàáðèêàòà èñïîëüçîâàëè îðèåíòèðîâêè

îáðàçöîâ ÄÏ, ÏÄ è ÂÄ. Ââèäó íåîäíîðîäíîñòè

ñâîéñòâ ïî ñå÷åíèþ ïîëóôàáðèêàòîâ îáðàçöû âû-

ðåçàëè è èçãîòàâëèâàëè òàêèì îáðàçîì, ÷òîáû

ïëîñêîñòè ðàçâèòèÿ òðåùèí â ñòàíäàðòíûõ îá-

ðàçöàõ è îáðàçöàõ ñ øåâðîííûì íàäðåçîì ñîâïà-

äàëè. Íà ðèñ. 6 ïðèâåäåíû ðåçóëüòàòû ñðàâíåíèÿ

ýêñïåðèìåíòàëüíûõ çíà÷åíèé âÿçêîñòè ðàçðóøå-

íèÿ K1cV – K1c. Êàæäàÿ òî÷êà íà äèàãðàììå ÿâëÿ-

åòñÿ ñðåäíèì èç 6 – 9 èçìåðåíèé.

Â òàáë. 1 ïðèâåäåíû ðåçóëüòàòû ñòàòèñòè÷å-

ñêîé îáðàáîòêè äàííûõ èñïûòàíèé íà K1cV îáðàç-

öîâ èç ïëèòû Ä16÷Ò1 òîëùèíîé 30 ìì. Õàðàêòå-

ðèñòèêè ðàçáðîñà ðåçóëüòàòîâ èñïûòàíèé ñîîò-

âåòñòâóþò ñóùåñòâóþùåìó ñòàíäàðòíîìó ìåòîäó.

Èññëåäîâàíèå âëèÿíèÿ ìàñøòàáíîãî ôàêòî-

ðà. Äëÿ èçó÷åíèÿ ìàñøòàáíîãî ôàêòîðà èñïîëü-

çîâàëè ïîäîáíûå îáðàçöû ñ øåâðîííûì íàäðå-

64 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 2

0

50

100

150

200

250

300

350

0,1 0,2 0,3 0,4 0,5 0,6 0,7

Ï
î
ä
à
ò
ë

è
â
î
ñ
ò
ü
,

/(
1

–
ì

)
E

B
C

2

Äëèíà òðåùèíû, ( – )/à à Â0

Ýêñïåðèìåíò

Ôîðìóëà (9)

Ðèñ. 5. Çàâèñèìîñòü ïîäàòëèâîñòü – äëèíà òðåùèíû äëÿ

âûáðàííîãî îáðàçöà ñ øåâðîííûì íàäðåçîì

Fig. 5. The dependence of the compliance on the crack

length for the selected chevron-notched sample

Òàáëèöà 1. Ðåçóëüòàòû ñòàòèñòè÷åñêîé îáðàáîòêè

Table 1. The results of statistical processing

Ñïëàâ/Ïîëóôàáðèêàò
×èñëî

èñïûòàíèé

Îðèåíòèðîâêà

îáðàçöîâ

Ñðåäíåå K
1cV

,

ÌÏà · ì1/2

Ñòàíäàðòíîå

îòêëîíåíèå,

ÌÏà · ì1/2

Êîýôôèöèåíò

âàðèàöèè, %

Çàêîí

ðàñïðåäåëåíèÿ

Ä16÷Ò1/Ïëèòà t = 30 ìì 135 ÂÄ 34,4 2,07 6,02 Íîðìàëüíûé
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ÀÊ4-1Ò, ïëèòà;

ÂÌÄ-10, ïîëîñà;

Â95ï÷Ò2, ïîëîñà;

Ä16÷Ò1, ïëèòà;

Â93ï÷Ò2, øòàìïîâêà;

Ä16÷Ò, ïàíåëü;

Ä16ï÷Ò, ïàíåëü

Ðèñ. 6. Äèàãðàììà K
1cV

– K
1c

Fig. 6. Diagram K1cV – K1c



çîì òîëùèíîé 12,5, 25,0 è 50,0 ìì. Çàãîòîâêè ïîä

îáðàçöû âûðåçàëè èç öåíòðàëüíîé ÷àñòè ïëèòû

òîëùèíîé 60 ìì èç ñïëàâà Â95ï÷Ò2. Ïðè èçãî-

òîâëåíèè îáðàçöîâ êîíòðîëèðîâàëè íåèçìåí-

íîñòü ìåñòà âûðåçêè ïî âûñîòå è øèðèíå ïëèòû,

à òàêæå ñîõðàíåíèå îðèåíòèðîâêè îáðàçöîâ è

ïëîñêîñòè íàäðåçà. Ïðèìåíÿëè îáðàçöû ñ îðèåí-

òèðîâêàìè ÄÏ, ÏÄ è ÂÄ. Äàííûå òàáë. 2 ñâèäå-

òåëüñòâóþò îá îòñóòñòâèè âëèÿíèÿ ìàñøòàáíîãî

ôàêòîðà íà ðåçóëüòàòû îïðåäåëåíèÿ âÿçêîñòè

ðàçðóøåíèÿ íà îáðàçöàõ ñ øåâðîííûì íàäðåçîì

èç óêàçàííîãî ñïëàâà.

Ïðèìåðû ïðèìåíåíèÿ

Ïðèâåäåì ïðèìåðû ïðèìåíåíèÿ îáðàçöà ñ

øåâðîííûì íàäðåçîì âûáðàííîé ãåîìåòðèè. Âî

âñåõ ïðèâåäåííûõ íèæå ñëó÷àÿõ èñïîëüçîâàëè

îáðàçåö òîëùèíîé 25 ìì.

Ðàñïðåäåëåíèå K1cV ïî òîëùèíå ïëèò èç

ñïëàâîâ 1163Ò1 è Â95ï÷Ò2. Íà ðèñ. 7 ïðåäñòàâ-

ëåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî îïðåäåëå-

íèÿ âÿçêîñòè ðàçðóøåíèÿ K1cV ïî òîëùèíå ïëèò

èç ñïëàâîâ 1163Ò1 è Â95ï÷Ò2 òîëùèíîé 80 ìì.

Îáðàçöû âûðåçàëè èç öåíòðàëüíîé ïî øèðèíå

÷àñòè ïëèò.

Ñëåäóåò îòìåòèòü, ÷òî ïðèìåíåíèå äëÿ àíàëî-

ãè÷íîé öåëè îáðàçöîâ ñ øåâðîííûì íàäðåçîì

òîëùèíîé 50 ìì äàåò çíà÷åíèÿ âÿçêîñòè ðàçðó-

øåíèÿ K1cV , áîëåå áëèçêèå ê K1c, îïðåäåëÿåìîìó

ñòàíäàðòíûì ìåòîäîì, íî õàðàêòåð èçìåíåíèÿ

âÿçêîñòè ðàçðóøåíèÿ ïî âûñîòå ïëèò ñîõðàíÿ-

åòñÿ.
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Òàáëèöà 2. Âëèÿíèå ìàñøòàáíîãî ôàêòîðà íà K
1cV

Table 2. The effect of the scale factor on K1cV

Ñïëàâ/Ïîëóôàáðèêàò Îðèåíòèðîâêà îáðàçöîâ Òîëùèíà îáðàçöîâ, ìì ×èñëî èñïûòàíèé Ñðåäíåå K
1cV

, ÌÏà · ì1/2

Â95ï÷Ò2/Ïëèòà

t = 60 ìì

ÂÄ(SL) 12,5 21 25,6

25,0 14 26,0

50,0 19 27,5

ÏÄ(TL) 12,5 21 33,8

25,0 22 33,9

50,0 20 32,6

ÄÏ(LT) 12,5 25 49,8

25,0 21 49,6

50,0 17 48,4
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Ðèñ. 7. Ðàñïðåäåëåíèå K
1cV

ïî âûñîòå ïëèò èç ñïëàâîâ 1163Ò1 (à) è Â95ï÷Ò2 (á) â öåíòðàëüíîé ïî øèðèíå ÷àñòè ïëèò

Fig. 7. K1cV distribution in the height of plates: alloys 1163T1 (a) and V95pchT2 (b) in the central part of the plate width
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Ðèñ. 8. Òåìïåðàòóðíàÿ çàâèñèìîñòü âÿçêîñòè ðàçðóøå-

íèÿ K
1cV

ïëèòû èç ñïëàâà 1201Ò1

Fig. 8. Temperature dependence of the fracture toughness

K1cV of the plate made of alloy 1201T1



Òåìïåðàòóðíàÿ çàâèñèìîñòü âÿçêîñòè ðàç-

ðóøåíèÿ K1cV ïëèòû èç ñïëàâà 1201Ò1. Íà ðèñ. 8

ïðèâåäåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî îïðå-

äåëåíèÿ âÿçêîñòè ðàçðóøåíèÿ K1cV ïëèòû èç

ñïëàâà 1201Ò1 â èíòåðâàëå òåìïåðàòóð îò –196

äî +200 °C.

Èñïûòàíèÿ ïðîâîäèëè íà óíèâåðñàëüíîé

èñïûòàòåëüíîé ìàøèíå, îñíàùåííîé ïå÷üþ è

êðèîêàìåðîé. Â êà÷åñòâå îõëàæäàþùåé ñðåäû

èñïîëüçîâàëè æèäêèé àçîò è ïàðû àçîòà. Îòñóò-

ñòâèå íåîáõîäèìîñòè â èñïîëüçîâàíèè äàò÷èêà

ðàñêðûòèÿ çíà÷èòåëüíî îáëåã÷àëî ïðîöåäóðó

èñïûòàíèÿ.

Îïðåäåëåíèå ñêîðîñòè ðîñòà óñòàëîñòíîé

òðåùèíû da/dN. Íàëè÷èå â îáðàçöå çîíû, ãäå

êîýôôèöèåíò èíòåíñèâíîñòè íàïðÿæåíèé íå çà-

âèñèò îò äëèíû òðåùèíû, ïîçâîëÿåò ïðîâîäèòü

öèêëè÷åñêèå èñïûòàíèÿ ñ ïîñòîÿííûì ðàçìàõîì

ÊÈÍ ÄK ïðè ðàñïðîñòðàíåíèè òðåùèíû â ýòîé

çîíå. Ýòî äàåò âîçìîæíîñòü îïðåäåëÿòü îñðåäíåí-

íîå ïî äëèíå òðåùèíû çíà÷åíèå ñêîðîñòè ðîñòà

óñòàëîñòíîé òðåùèíû da/dN ïðè çàäàííîì ðàç-

ìàõå ÄK.

Äëÿ íàãëÿäíîñòè íà ðèñ. 9 ïðèâåäåíà çàâèñè-

ìîñòü ñêîðîñòè ðîñòà óñòàëîñòíîé òðåùèíû îò

ïðèðàùåíèÿ åå äëèíû â âûáðàííîì îáðàçöå ñ

øåâðîííûì íàäðåçîì. Îáðàçöû èç ñïëàâà

Â95ï÷Ò2 íàãðóæàëè ïðè ÄK = 14 ÌÏà · ì1/2 äî

ðàçëè÷íîãî ÷èñëà öèêëîâ íàãðóæåíèÿ, çàòåì ðàç-

ðóøàëè ïðè ñòàòè÷åñêîì íàãðóæåíèè è ïî èçëî-

ìó (âäîëü îñè ñèììåòðèè îáðàçöà) îïðåäåëÿëè

ïðèðàùåíèå äëèíû òðåùèíû Äa íà èíñòðóìåí-

òàëüíîì ìèêðîñêîïå. Ñêîðîñòü ðîñòà òðåùèíû

ðàññ÷èòûâàëè êàê îòíîøåíèå ïðèðàùåíèÿ äëè-

íû òðåùèíû ê ÷èñëó öèêëîâ íàãðóæåíèÿ, ò.å.

da/dN = Äa/N. Èç ðèñ. 9 âèäíî, ÷òî ñíà÷àëà (ïåð-

âûå 5,5 ìì) òðåùèíà ðàñòåò óñêîðåííî, çàòåì ïðè

äàëüíåéøåì ïðîäâèæåíèè åå ñêîðîñòü ñòàíîâèò-

ñÿ ïîñòîÿííîé. Òàêèì îáðàçîì, äëÿ îáðàçöà òîë-

ùèíîé 25 ìì â èíòåðâàëå ïðèðàùåíèé äëèí òðå-

ùèí îò 6 äî 12 ìì èëè äèàïàçîíå (0,22 – 0,44)(a –

a0)/W âîçìîæíî îïðåäåëåíèå ñêîðîñòè ðîñòà òðå-

ùèíû ïðè ïîñòîÿííîì ÄK.

Ìåòîäèêà èñïûòàíèÿ äëÿ îïðåäåëåíèÿ da/dN

çàêëþ÷àåòñÿ â ñëåäóþùåì [13]. Îáðàçåö óñòàíàâ-

ëèâàþò â çàõâàòû èñïûòàòåëüíîé ìàøèíû, çàäà-

þò íåîáõîäèìûå ÷àñòîòó, àñèììåòðèþ è ôîðìó

öèêëà íàãðóæåíèÿ. Äàëåå çàäàþò óðîâåíü öèêëè-

÷åñêîé íàãðóçêè, îáåñïå÷èâàþùèé ðàçìàõ ÄK1

âäâîå íèæå, ÷åì òðåáóåòñÿ â ñîîòâåòñòâèè ñ öå-

ëüþ èññëåäîâàíèÿ, è èñïûòûâàþò îáðàçåö ïðè

öèêëè÷åñêîì íàãðóæåíèè äî ïîäðàñòàíèÿ òðåùè-

íû èç âåðøèíû øåâðîííîãî íàäðåçà íà âåëè÷èíó

îêîëî 6 ìì. Ýòî íåîáõîäèìî äëÿ òîãî, ÷òîáû òðå-

ùèíà ïðîøëà çîíó óñêîðåííîãî ðîñòà è âûøëà â

çîíó èçìåðåíèÿ. Âåëè÷èíó ïîäðàñòàíèÿ òðåùè-

íû îïðåäåëÿþò âèçóàëüíî èëè ëþáûì äðóãèì ìå-

òîäîì. Èñïûòàíèå îñòàíàâëèâàþò. Çàòåì íà òîì

æå îáðàçöå, íå âûíèìàÿ åãî èç çàõâàòîâ, çàäàþò

óðîâåíü öèêëè÷åñêîé íàãðóçêè, îáåñïå÷èâàþùèé

ðàçìàõ ÄK2 â âåðøèíå òðåùèíû â ñîîòâåòñòâèè ñ

öåëüþ èññëåäîâàíèÿ, è èñïûòûâàþò îáðàçåö ïðè

ðàçìàõå ÄK2 äî ïîäðàñòàíèÿ òðåùèíû Äa íà âå-

ëè÷èíó 2 – 5 ìì, ïîñëå ÷åãî èñïûòàíèå îñòàíàâ-

ëèâàþò, ôèêñèðóþò ÷èñëî öèêëîâ íàãðóæåíèÿ N2

è äîâîäÿò îáðàçåö äî ðàçðóøåíèÿ ïðè ñòàòè÷å-

ñêîì íàãðóæåíèè. Íà ïîâåðõíîñòè ðàçðóøåíèÿ

(èçëîìà) îáðàçöà (ðèñ. 10) ñ èñïîëüçîâàíèåì èí-

ñòðóìåíòàëüíîãî ìèêðîñêîïà èçìåðÿþò âåëè÷èíó

ïîäðàñòàíèÿ òðåùèíû Äa ïðè ðàçìàõå ÄK2 âäîëü

îñè ñèììåòðèè øåâðîííîãî íàäðåçà. Îòíîøåíèå

ïðèðàùåíèÿ äëèíû òðåùèíû Äa ê ñîîòâåòñòâóþ-

ùåìó ÷èñëó öèêëîâ íàãðóæåíèÿ N2 ïðè òðåáóå-

ìîì óðîâíå ÄK2 äàåò èñêîìîå çíà÷åíèå ñêîðîñòè

ðîñòà óñòàëîñòíîé òðåùèíû, ò.å. da/dN = Äa/N2.

Íà îäíîì îáðàçöå îïðåäåëÿòü da/dN ìîæíî íåîä-

íîêðàòíî. Èçëîìû îáðàçöîâ ïîñëå èñïûòàíèé

ïðåäñòàâëåíû íà ðèñ. 11.

Íà ðèñ. 12 ïðèâåäåíû äèàãðàììû dà/dN – ÄK

äëÿ ïëèòû èç ñïëàâà 1163Ò â íàïðàâëåíèÿõ ÏÄ è

ÄÏ. Êàæäîå çíà÷åíèå ñêîðîñòè ðîñòà òðåùèíû

ïîëó÷åíî ïðè èñïûòàíèè îäíîãî îáðàçöà ñ øåâ-

ðîííûì íàäðåçîì. Ðàçáðîñ äàííûõ íåâåëèê,

÷òî îáúÿñíÿåòñÿ çíà÷èòåëüíûì îñðåäíåíèåì ñêî-
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tigue crack length in the selected sample
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Fig. 10. Scheme of the fracture surface



ðîñòè ðîñòà òðåùèíû â èñïûòàíèÿõ ïðè ÄK =

= const.

Âûâîäû

Îïðåäåëåíà ãåîìåòðèÿ îáðàçöà ñ øåâðîííûì

íàäðåçîì, îáåñïå÷èâàþùàÿ íåçàâèñèìîñòü êîýô-

ôèöèåíòà èíòåíñèâíîñòè íàïðÿæåíèé â âåðøèíå

òðåùèíû îò åå äëèíû â äèàïàçîíå äëèí òðåùèí

(0,11 – 0,49)(a – a0)/W. Ïðåäëàãàåìàÿ ãåîìåòðèÿ

îáðàçöà ñ øåâðîííûì íàäðåçîì ïîçâîëÿåò îïðå-

äåëÿòü çíà÷åíèÿ âÿçêîñòè ðàçðóøåíèÿ àëþìè-

íèåâûõ ñïëàâîâ âî âñåì äèàïàçîíå åå èçìåíåíèÿ

ïðè ðàçëè÷íûõ óñëîâèÿõ èñïûòàíèé. Îáðàçåö

äàííîé ãåîìåòðèè ìîæåò áûòü èñïîëüçîâàí äëÿ

îöåíêè ñêîðîñòè ðîñòà òðåùèíû óñòàëîñòè, êîð-

ðîçèè, ïîëçó÷åñòè â ðàçëè÷íûõ óñëîâèÿõ èñïûòà-

íèé â äèàïàçîíå äëèí òðåùèí (0,22 – 0,44)(a –

a0)/W.

Ïðîñòîòà è íàäåæíîñòü ìåòîäîâ îïðåäåëåíèÿ

âÿçêîñòè ðàçðóøåíèÿ è ñêîðîñòè ðîñòà òðåùèíû

íà îáðàçöàõ ñ øåâðîííûì íàäðåçîì ïðåäëîæåí-

íîé ãåîìåòðèè ïîçâîëÿþò ðåêîìåíäîâàòü èõ äëÿ

ïðîâåäåíèÿ êîíòðîëÿ è èññëåäîâàíèé.
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