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Ïðåäñòàâëåíû ìåòîä è ïðîöåäóðû îöåíêè ãðàíèö âòîðîé ñòàäèè êèíåòè÷åñêîé äèàãðàììû

òðåùèíîñòîéêîñòè, ôîðìèðîâàíèÿ âûáîðêè â ïðåäåëàõ ýòèõ ãðàíèö è îïðåäåëåíèÿ ïî ýòîé

âûáîðêå ïàðàìåòðîâ C è n óðàâíåíèÿ Ïýðèñà. Íåîáõîäèìîñòü ðàçðàáîòêè ìåòîäà îáóñëîâ-

ëåíà îòñóòñòâèåì ïðàâèë è ïðîöåäóð òî÷íîãî îïðåäåëåíèÿ ãðàíèö âòîðîé ñòàäèè â äåéñòâó-

þùèõ ñòàíäàðòàõ è íîðìàòèâíûõ äîêóìåíòàõ (ÍÄ). Ñôîðìóëèðîâàííûé ìåòîä îáåñïå÷è-

âàåò çàäàííóþ òî÷íîñòü îïðåäåëåíèÿ ÷èñëà öèêëîâ, ñîîòâåòñòâóþùåãî äëèíå òðåùèíû

óñòàëîñòè íà âåðõíåé ãðàíèöå âòîðîé ñòàäèè, ïîëó÷åííîãî ïðè ÷èñëåííîì èíòåãðèðîâàíèè

óðàâíåíèÿ Ïýðèñà ñ íàéäåííûìè çíà÷åíèÿìè ïàðàìåòðîâ C è n. Ïðåäëîæåííûé ìåòîä

îñíîâàí íà ïðèìåíåíèè äâóõ êðèòåðèåâ — R2 è ÷. Ñòàòèñòè÷åñêèé êðèòåðèé R2 õàðàêòåðè-

çóåò ñòåïåíü îòêëîíåíèÿ ýêñïåðèìåíòàëüíûõ äàííûõ îò ëèíåéíîãî ó÷àñòêà êèíåòè÷åñêîé

äèàãðàììû òðåùèíîñòîéêîñòè. Ïàðàìåòðè÷åñêèé êðèòåðèé ÷ îïðåäåëÿåò óðîâåíü òî÷íî-

ñòè ïàðàìåòðîâ C è n óðàâíåíèÿ Ïýðèñà. Ýòîò óðîâåíü çàäàåòñÿ ïóòåì ñðàâíèòåëüíîé îöåí-

êè ýêñïåðèìåíòàëüíîé è ðàñ÷åòíîé äëèí òðåùèíû l, à òàêæå ÷èñëîì öèêëîâ N, ïîëó÷åííûõ

ïðè èíòåãðèðîâàíèè óðàâíåíèÿ Ïýðèñà â ïðåäåëàõ óñòàíîâëåííûõ íèæíåé è âåðõíåé ãðà-

íèö èíòåðâàëà óñòîé÷èâîãî ðîñòà òðåùèíû óñòàëîñòè. Ïðèìåíåíèå ìåòîäà ïîêàçàíî íà

ïðèìåðå ýêñïåðèìåíòàëüíûõ äàííûõ, ïîëó÷åííûõ ïðè èñïûòàíèÿõ îáðàçöîâ èç òèòàíîâî-

ãî ñïëàâà ÂÒ9, íèêåëåâîãî äåôîðìèðóåìîãî ñïëàâà ÝÈ437ÁÓ è ãðàíóëèðîâàííîãî íèêåëå-

âîãî ñïëàâà ÝÏ741ÍÏ (ãðàíóëû äî 140 ìêì) ïðè êîìíàòíîé è ïîâûøåííûõ òåìïåðàòóðàõ.

Ïðèìåíåíèå ìåòîäà ñâèäåòåëüñòâóåò î òîì, ÷òî ýêñïåðèìåíòàëüíûå è ðàñ÷åòíûå êðèâûå

l – N, ïîëó÷åííûå ÷èñëåííûì èíòåãðèðîâàíèåì óðàâíåíèÿ Ïýðèñà, ðàñõîäÿòñÿ íà âåëè÷è-

íó ìåíåå çàäàííîãî çíà÷åíèÿ êðèòåðèÿ ÷ � 3 %, ÷òî îòëè÷àåòñÿ îò íàéäåííûõ ñîãëàñíî ÍÄ.

Êëþ÷åâûå ñëîâà: ñêîðîñòü ðîñòà òðåùèíû óñòàëîñòè; êèíåòè÷åñêàÿ äèàãðàììà òðåùè-

íîñòîéêîñòè (ÊÄÒ); ìåòîä îïðåäåëåíèÿ ãðàíèö ñòàäèè óñòîé÷èâîãî ðîñòà òðåùèíû; ïàðà-

ìåòðû C è n óðàâíåíèÿ Ïýðèñà.
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A method and procedures for determining the boundaries of the second stage of the kinetic crack resis-

tance diagram or fracture toughness kinetic diagram, sample formation within the aforementioned

boundaries and determination of the parameters C and n of the Paris equation from the sample are pre-

sented. The necessity of developing the method is attributed to the lack of rules and procedures for ac-

curate determination of the boundaries of the second stage in the current standards and regulatory docu-

ment (RD). The proposed method provides a given accuracy of determination of the number of cycles cor-

responding to the length of the fatigue crack at the upper boundary of the second stage obtained by nu-

merical integration of the Paris equation with the found values of the parameters C and n. The developed

method is based on the application of two criteria R2 and ÷. Statistical criterion R2 characterizes a degree

of deviation of the experimental data from the linear fragment of the kinetic fracture toughness diagram.

Parametric criterion ÷ specifies the level of accuracy of the parameters C and n of the Paris equation. This

level is set through a comparative evaluation of the experimental and calculated crack length l and

the number of cycles N, obtained by integration of the Paris equation within the specified lower and upper

limits of the interval of the stable growth of fatigue crack. Application of the method is shown by the

66 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2019. Òîì 85. ¹ 9



example of the experimental data obtained when testing samples of VT9 titanium alloy, deformable nickel

alloy EI437BU and granular nickel alloy EP741NP (granules up to 140 ìm) at room and elevated temper-

atures. Application of the method indicates that the experimental and calculated curves “l – N” obtained

by numerical integration of the Paris equation differ by less than the specified value of the criterion

÷ � 3%, in contrast to the results obtained in accordance to the recommendations of the regulatory

documents.

Keywords: fatigue crack growth rate; kinetic crack resistance diagram; a method for determining the

boundaries of the stage of stable crack growth; parameters C and n of the Paris equation.

Ââåäåíèå

Îäíèì èç îïðåäåëÿþùèõ ôàêòîðîâ, êîòîðûå

íåîáõîäèìî ó÷èòûâàòü ïðè óñòàíîâëåíèè ðåñóðñà

îñíîâíûõ äåòàëåé àâèàöèîííûõ äâèãàòåëåé (äèñ-

êîâ, âàëîâ, êîðïóñîâ èç íèêåëåâûõ è òèòàíîâûõ

ñïëàâîâ è âûñîêîïðî÷íûõ ñòàëåé), ÿâëÿåòñÿ ñî-

ïðîòèâëåíèå ìàòåðèàëà äåòàëè ðàçâèòèþ óñòàëî-

ñòíîé òðåùèíû. Â êà÷åñòâå òàêîãî ôàêòîðà ðàñ-

ñìàòðèâàåòñÿ ñêîðîñòü ðàçâèòèÿ òðåùèíû óñòà-

ëîñòè (ÑÐÒÓ) íà ñòàäèè åå óñòîé÷èâîãî ðîñòà

(âòîðàÿ ñòàäèÿ) êèíåòè÷åñêîé äèàãðàììû òðåùè-

íîñòîéêîñòè (ÊÄÒ) (ðèñ. 1), êîòîðàÿ îïèñûâàåòñÿ

óðàâíåíèåì Ïýðèñà – Ýðäîãàíà:

dl/dN = C(ÄK)n, (1)

èëè ïîñëå ëîãàðèôìèðîâàíèÿ —

log (dl/dN) = log C + n log ÄK, (1�)

ãäå l — äëèíà òðåùèíû; N — ÷èñëî öèêëîâ íà-

ãðóæåíèÿ; ÄK — ðàçìàõ êîýôôèöèåíòà èíòåí-

ñèâíîñòè íàïðÿæåíèé.

Ïàðàìåòðû óðàâíåíèÿ C è n îïðåäåëÿþòñÿ

ìåòîäîì íàèìåíüøèõ êâàäðàòîâ ïî âûáîðêå ýêñ-

ïåðèìåíòàëüíûõ çíà÷åíèé {(dl/dN)i; (ÄK)i}, êîòî-

ðûå íàõîäÿòñÿ â ïðåäåëàõ ãðàíèö {(dl/dN)min;

(ÄK)min} è {(dl/dN)max; (ÄK)max} (ñì. ðèñ. 1).

Â ðåçóëüòàòå èíòåãðèðîâàíèÿ óðàâíåíèÿ (1) â

èíòåðâàëå {ÄKmin; ÄKmax} îïðåäåëÿåòñÿ ÷èñëî

öèêëîâ, â òå÷åíèå êîòîðûõ òðåùèíà äîñòèãíåò

êðèòè÷åñêîé äëèíû lêðèò, ðåãëàìåíòèðîâàííîé

ÍÄ. Òî÷íîñòü îïðåäåëåíèÿ óêàçàííîãî ÷èñëà

öèêëîâ ïðè èíòåãðèðîâàíèè çàâèñèò îò çíà÷åíèé

ïàðàìåòðîâ C è n, à òî÷íîñòü îïðåäåëåíèÿ ýòèõ

ïàðàìåòðîâ — îò âûáîðêè ýêñïåðèìåíòàëüíûõ

çíà÷åíèé, îãðàíè÷åííîé íèæíåé (min) è âåðõ-

íåé (max) ãðàíèöàìè âòîðîé ñòàäèè. Òàêèì îáðà-

çîì, òî÷íîñòü îïðåäåëåíèÿ ãðàíèö {(dl/dN)min;

(ÄK)min} è {(dl/dN)max; (ÄK)max} îáóñëîâëåíà îáúå-

ìîì è ïðåäñòàâèòåëüíîñòüþ âûáîðêè ýêñïåðè-

ìåíòàëüíûõ çíà÷åíèé {(dl/dN)i; (ÄK)i}, ïî êîòî-

ðîé îïðåäåëÿþòñÿ ïàðàìåòðû C è n.

Â ðàáîòàõ [1, 2] äåòàëüíî ðàññìîòðåíû ðå-

çóëüòàòû óíèôèêàöèè ìåòîäîâ èñïûòàíèé íà

òðåùèíîñòîéêîñòü çà ïîñëåäíèå 50 ëåò è ñôîðìó-

ëèðîâàíû ïðîáëåìíûå âîïðîñû, ñâÿçàííûå ñ èí-

æåíåðíûì ïðèìåíåíèåì êðèòåðèåâ ìåõàíèêè

òðåùèí. Îäíàêî äî íàñòîÿùåãî âðåìåíè âîïðîñû

òî÷íîãî îïðåäåëåíèÿ ãðàíèö âòîðîé ñòàäèè íå

ðàññìàòðèâàëèñü â ñîîòâåòñòâóþùèõ íîðìàòèâ-

íûõ äîêóìåíòàõ (ÍÄ) [3 – 6]. Íàïðèìåð, â [4] îò-

ìå÷àåòñÿ, ÷òî âòîðàÿ ñòàäèÿ êèíåòè÷åñêîé äèà-

ãðàììû íàõîäèòñÿ â ãðàíèöàõ 10–5 < dl/dN <

< 10–3 ìì/öèêë, ò.å. ãðàíèöû íà÷àëà è êîíöà âòî-
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Ðèñ. 1. Òèïû ÊÄÒ: à — êëàññè÷åñêàÿ, á — ðåàëüíàÿ ýêñïåðèìåíòàëüíàÿ; òî÷êè — ýêñïåðèìåíòàëüíûå çíà÷åíèÿ, ñïëîø-

íàÿ ëèíèÿ — àïïðîêñèìèðóþùàÿ êðèâàÿ ïî óðàâíåíèþ Ïýðèñà â ïðåäåëàõ âòîðîé ñòàäèè; ïóíêòèðíûå ëèíèè (min è

max) — ãðàíèöû âòîðîé ñòàäèè

Fig. 1. Types of kinetic crack resistance diagram: a — classic; b — real experimental; points — experimental values; solid

line — approximating curve obtained according to the Paris equation within the limits of the second stage; dotted lines (min

and max) — boundaries of the second stage



ðîé ñòàäèè êèíåòè÷åñêîé äèàãðàììû îáîçíà÷åíû

îðèåíòèðîâî÷íî. Â ðàáîòå [7] ïðåäëîæåí ñïîñîá

îïðåäåëåíèÿ ãðàíèö âòîðîé ñòàäèè è ôîðìèðî-

âàíèÿ âûáîðêè â ðàìêàõ ýòèõ ãðàíèö, íî îí, ïî

íàøåìó ìíåíèþ, íå îòðàæàåò ñòàòèñòè÷åñêîé

ïðèðîäû ôîðìèðîâàíèÿ âûáîðêè ýêñïåðèìåí-

òàëüíûõ äàííûõ {(dl/dN)i; (ÄK)i} â óêàçàííûõ

ãðàíèöàõ.

Ñ ó÷åòîì ïåðå÷èñëåííûõ âûøå îáñòîÿòåëüñòâ

â äàííîé ðàáîòå ïðåäëîæåí ìåòîä îïðåäåëåíèÿ ñ

çàäàííîé òî÷íîñòüþ ãðàíèö âòîðîé ñòàäèè, ôîð-

ìèðîâàíèÿ âûáîðêè ýêñïåðèìåíòàëüíûõ çíà-

÷åíèé {(dl/dN)i; (ÄK)i} â ïðåäåëàõ ýòèõ ãðàíèö è

îïðåäåëåíèÿ ïàðàìåòðîâ C è n óðàâíåíèÿ (1)

ñ ïðèìåíåíèåì ñòàòèñòè÷åñêîãî R2 è ïàðàìåòðè-

÷åñêîãî ÷ êðèòåðèåâ.

Íèæå ïîêàçàíû ïðîöåäóðû ôîðìèðîâàíèÿ

îáùåé âûáîðêè {(dl/dN)i; (ÄK)i} ïî ðåçóëüòàòàì

èñïûòàíèé íà ÑÐÒÓ êîìïàêòíîãî îáðàçöà ñ íà-

÷àëüíîé òðåùèíîé (ðèñ. 2) ïðè âíåöåíòðåííîì

öèêëè÷åñêîì íàãðóæåíèè. Ìåòîäèêà èñïûòàíèé

ïîäðîáíî èçëîæåíà â ðàáîòå [8].

Ìåòîä îáðàáîòêè ðåçóëüòàòîâ

Â ðåçóëüòàòå èñïûòàíèé îáðàçöà ñ íà÷àëüíîé

òðåùèíîé l0 [l0 = (líàäðåçà + líà÷.òðåù)] ïðè ïîñòîÿí-

íûõ òåìïåðàòóðå (T = const) è ðàçìàõå ïðè-

ëîæåííîé íàãðóçêè (ÄP = const) ñ ïîñòîÿííûì

êîýôôèöèåíòîì àñèììåòðèè R(P) = Pmin/Pmax =

= const â ñîîòâåòñòâèè ñ òðåáîâàíèÿìè ñòàíäàð-

òîâ [3 – 6] ïîëó÷àþò (ðèñ. 3) çàâèñèìîñòü äëèíû

òðåùèíû óñòàëîñòè lk îò ÷èñëà öèêëîâ íàãðó-

æåíèÿ Nk:

Íîìåð èçìåðåíèÿ k Äëèíà òðåùèíû l
k

×èñëî öèêëîâ N
k

0 l
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N
0

= 0
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N
1
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2

N
2

... ... ...

m l
m

N
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Çäåñü k = 0, 1, 2, ..., m — ïîðÿäêîâûé íîìåð èç-

ìåðåíèÿ äëèíû òðåùèíû â îáðàçöå è ñîîòâåò-

ñòâóþùåå åìó ÷èñëî öèêëîâ Nk; Nm — ÷èñëî öèê-

ëîâ, ñîîòâåòñòâóþùåå ðàçðóøåíèþ îáðàçöà èëè

ñîîòâåòñòâóþùåå çàäàííîé â èñïûòàíèÿõ äëèíå

òðåùèíû lm.

Ïîëó÷åííûå ðåçóëüòàòû (ñì. ðèñ. 3) èñïîëü-

çóþò äëÿ îïðåäåëåíèÿ çíà÷åíèé ñêîðîñòè ðîñòà

òðåùèíû (dl/dN) è ðàçìàõà êîýôôèöèåíòà èí-

òåíñèâíîñòè íàïðÿæåíèé (ÄK) äëÿ êàæäîãî èí-

òåðâàëà ìåæäó äâóìÿ ðåçóëüòàòàìè èçìåðåíèé c

íîìåðàìè k è k + 1.

Ýêñïåðèìåíòàëüíûå çíà÷åíèÿ (dl/dN)i è ÄKi

âû÷èñëÿþò ïî ôîðìóëàì [4 – 6]:

(dl/dN)i = (Äli)/(ÄNi), (2)
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ãäå B — òîëùèíà îáðàçöà; W — øèðèíà îáðàçöà;

ái = W/li; li = (lk + lk + 1)/2; Äli = (lk + 1 – lk); ÄNi =

= (Nk + 1 – Nk), (i = 1, 2, ..., m; i = k + 1).

Ýêñïåðèìåíòàëüíûå äàííûå, ïîëó÷åííûå

ïðè èñïûòàíèè îáðàçöà íà ÑÐÒÓ, è ðåçóëüòàòû

èõ ïåðâè÷íîé îáðàáîòêè ïî ôîðìóëàì (2), (3)

ïðåäñòàâëåíû â òàáë. 1.

Â êà÷åñòâå êðèòåðèÿ R2 èñïîëüçîâàëè âåëè-

÷èíó r2 («êîýôôèöèåíò êîððåëÿöèè» â ïðîãðàììå

Sigma Plot), èëè R2 («êîýôôèöèåíò äåòåðìèíèðî-

âàííîñòè» â ïðèëîæåíèè MS Excel â OC Windows

7 – 10), êîòîðàÿ îïðåäåëÿåòñÿ êàê

R2 = 1 – Ó1/Ó2, (4)

ãäå Ó1 = ( ) ;Y y
j j

j

m

�&
2 Ó2 = Y

m
Y

j

j

m

j

j

m

2

2

1
& &�

�

�

�

�

�

�

�

�

(m — îáúåì âûáîðêè ýêñïåðèìåíòàëüíûõ äàí-
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B = 10 ìì

W = 40 ìì

Ðèñ. 2. Êîìïàêòíûé îáðàçåö (à) è èñïûòàíèÿ îáðàçöà íà

ÑÐÒÓ (á) íà ñåðâîãèäðàâëè÷åñêîé ìàøèíå LFV-100

Fig. 2. Compact specimen (a) and specimen tests for FCG

(b) on a LFV-100 servohydraulic machine 0 10 20 30 40
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Ðèñ. 3. Âûáîðêà ðåçóëüòàòîâ èçìåðåíèÿ äëèíû òðåùèíû

óñòàëîñòè â çàâèñèìîñòè îò ÷èñëà öèêëîâ íàãðóæåíèÿ ïðè

èñïûòàíèè êîìïàêòíîãî îáðàçöà ñ íà÷àëüíîé òðåùèíîé l
0

íà ÑÐÒÓ

Fig. 3. Sampling of fatigue crack length measurements as a

function of the number of loading cycles during the FCG test

of the compact specimen with the initial crack



íûõ, ïî êîòîðîé íàõîäÿò çíà÷åíèÿ êîýôôèöèåí-

òîâ log C è n óðàâíåíèÿ ðåãðåññèè (1�); Yj =

= log (dl/dN)i — ýêñïåðèìåíòàëüíîå çíà÷åíèå;

yj = log (dl/dN)i — ðàñ÷åòíîå çíà÷åíèå, ïîëó÷åí-

íîå èç óðàâíåíèÿ (1�) ñ ÷èñëåííûìè êîýôôèöèåí-

òàìè log C è n).

Ñëåäóåò îòìåòèòü, ÷òî Ó1 ïðåäñòàâëÿåò ñîáîé

ñóììó êâàäðàòîâ îòêëîíåíèé ýêñïåðèìåíòàëü-

íûõ òî÷åê {log (dl/dN)j; log (ÄK)j} îò óðàâíåíèÿ

ðåãðåññèè (1�), ïðåäñòàâëåííîãî â âèäå ïðÿìîé

â ëîãàðèôìè÷åñêîé ñèñòåìå êîîðäèíàò. Ýòà æå

ñóììà èñïîëüçóåòñÿ ïðè îöåíêå âûáîðî÷íîé äèñ-

ïåðñèè D(Yj), õàðàêòåðèçóþùåé îòêëîíåíèå ýêñ-

ïåðèìåíòàëüíûõ äàííûõ îò óðàâíåíèÿ ðåãðåñ-

ñèè [9]:

D Y
m d

Y y
i i i

j

m

( ) ( ) ,	

� �

�

	

&

1

1

2

1

(5)

ãäå d — êîëè÷åñòâî çíà÷èìûõ êîýôôèöèåíòîâ

ðåãðåññèè.

Êàê ñëåäóåò èç ñîîòíîøåíèé (4), îáëàñòü èç-

ìåíåíèÿ êðèòåðèÿ R2 íàõîäèòñÿ â ïðåäåëàõ

0 � R2
� 1, ò.å. ÷åì òî÷íåå ðåãðåññèÿ (1�) àïïðî-

êñèìèðóåò ýêñïåðèìåíòàëüíûå äàííûå, òåì áëè-

æå çíà÷åíèå êðèòåðèÿ R2 ê åäèíèöå.

Â êà÷åñòâå ïàðàìåòðè÷åñêîãî êðèòåðèÿ ÷ èñ-

ïîëüçóåòñÿ ïàðàìåòð òî÷íîñòè îïðåäåëåíèÿ çíà-

÷åíèé êîýôôèöèåíòîâ C è n óðàâíåíèÿ (1):

÷ = (ÄNýêñï – ÄNðàñ÷)/ÄNýêñï · 100 %, (6)

ãäå ÄNýêñï = Nmax
ýêñï – N

min
,ýêñï ÄNðàñ÷ = Nmax

ðàñ÷
– N

min
.

ðàñ÷

Çíà÷åíèÿ Nmax ,ýêñï N
min

ýêñï íàõîäÿòñÿ èç ïåðâè÷-

íîé ýêñïåðèìåíòàëüíîé êðèâîé li – Ni äëÿ ãðàíèö

èíòåðâàëà âòîðîé ñòàäèè (ñì. òàáë. 1), Nmax

ðàñ÷
,

N
min

ðàñ÷
— ìåòîäîì ÷èñëåííîãî èíòåãðèðîâàíèÿ

óðàâíåíèÿ (1) ñ óñòàíîâëåííûìè çíà÷åíèÿìè ïà-

ðàìåòðîâ C è n äëÿ ãðàíèö èíòåðâàëà âòîðîé ñòà-

äèè. Ïàðàìåòð ÷ ïðåäñòàâëÿåò ñîáîé êîëè÷å-

ñòâåííóþ îöåíêó ðàñõîæäåíèÿ ðàñ÷åòíîé è ýêñ-

ïåðèìåíòàëüíîé êðèâîé â òî÷êå êèíåòè÷åñêîé

äèàãðàììû, ñîîòâåòñòâóþùåé âåðõíåé ãðàíèöå

èíòåðâàëà âòîðîé ñòàäèè. Â äàííîì ñëó÷àå ïðè-

íÿòî, ÷òî ýòà îöåíêà íå äîëæíà ïðåâûøàòü 3 %,

ò.å. ÷ � 3 % (çíà÷åíèå ïàðàìåòðà ÷ çàäàåòñÿ â çà-

âèñèìîñòè îò óñëîâèé êîíêðåòíîé ïîñòàâëåííîé

çàäà÷è).

Äëÿ îïðåäåëåíèÿ íèæíåé è âåðõíåé ãðàíèö

èíòåðâàëà âòîðîé ñòàäèè âûïîëíÿþò ñëåäóþùèå

ïðîöåäóðû.

1. Ïî îáùåé âûáîðêå îáúåìîì m (ñì. òàáë. 1)

îïðåäåëÿþò çíà÷åíèÿ ïàðàìåòðîâ C è n ìåòîäîì

íàèìåíüøèõ êâàäðàòîâ (ñ ïðèìåíåíèåì ïðèëî-

æåíèÿ Excel èëè ïðîãðàììû Sigma Plot), è äëÿ

ýòîé âûáîðêè (òàáë. 2) ðåãèñòðèðóþò âåëè÷èíó

R2(m).

2. Èç îáùåé âûáîðêè èñêëþ÷àþò ýêñïåðè-

ìåíòàëüíîå çíà÷åíèå ñ íîìåðîì i = 1, à äëÿ îñ-

òàâøåéñÿ âûáîðêè îáúåìîì (m – 1) îïðåäåëÿþò

çíà÷åíèÿ C, n è R
i

2 , êîòîðîå ñðàâíèâàþò ñ ïðåäû-

äóùèì. Åñëè R
i	1

2 = R2(m – 1) , R2(m), òî ïîâòî-

ðÿþò ïðîöåäóðó èñêëþ÷åíèÿ äàííûõ ñëåäóþùåãî

íîìåðà i = 2 èç âûáîðêè îáúåìîì (m – 1) è îïðå-

äåëåíèÿ C, n è R
i	2

2 = R2(m – 2). Ýòó ïðîöåäóðó

èñêëþ÷åíèÿ ýêñïåðèìåíòàëüíûõ çíà÷åíèé ñ ïî-

ñëåäóþùèìè íîìåðàìè ïîâòîðÿþò ïîñëåäîâà-

òåëüíî äî òåõ ïîð, ïîêà íå áóäåò âûïîëíåíî ñîîò-

íîøåíèå Rp
2
� R

p�1

2 . Òàêèì îáðàçîì, áóäåò îïðåäå-

ëåíà íèæíÿÿ (ìèíèìàëüíàÿ) ãðàíèöà — ýêñïåðè-

ìåíòàëüíîå çíà÷åíèå ñ íîìåðîì i = p – 1.

3. Äëÿ îïðåäåëåíèÿ âåðõíåé ãðàíèöû èñ-

ïîëüçóþò âûáîðêó, êîòîðàÿ ñôîðìèðîâàíà ïîñëå

îïðåäåëåíèÿ íèæíåé ãðàíèöû. Èç ýòîé âûáîðêè

èñêëþ÷àþò ýêñïåðèìåíòàëüíîå çíà÷åíèå ñ íîìå-

ðîì i = m. Äëÿ îñòàâøåéñÿ âûáîðêè íàõîäÿò çíà-

÷åíèå R
i m	

2 è ñðàâíèâàþò åãî ñ ïðåäûäóùèì R
p�1

2 .

Ýòè èòåðàöèè ïîâòîðÿþò äî òåõ ïîð, ïîêà íå áó-

äåò âûïîëíåíî ñîîòíîøåíèå Rq
2
� R

q�1

2 . Òàêèì

îáðàçîì, áóäåò îïðåäåëåíà âåðõíÿÿ (ìàêñèìàëü-

íàÿ) ãðàíèöà — ýêñïåðèìåíòàëüíîå çíà÷åíèå ñ

íîìåðîì i = q – 1.
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Table 1. Experimental data and results of their processing
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4. Ïî îñòàâøåéñÿ âûáîðêå ýêñïåðèìåíòàëü-

íûõ äàííûõ ñ íîìåðàìè i (ãäå i = p – 1, p, p + 1,

..., q – 1) îïðåäåëÿþò ïàðàìåòðû C è n. Â ðåçóëü-

òàòå ÷èñëåííîãî èíòåãðèðîâàíèÿ óðàâíåíèÿ (1) ñ

øàãîì Äl = 0,1 ìì â ïðåäåëàõ óñòàíîâëåííûõ

íèæíåé è âåðõíåé ãðàíèö ïîëó÷àþò ðàñ÷åòíóþ

êðèâóþ l – N. Ýòó êðèâóþ ñðàâíèâàþò ñ ýêñïåðè-

ìåíòàëüíîé êðèâîé è îïðåäåëÿþò çíà÷åíèå êðè-

òåðèÿ ÷ ïî ôîðìóëå (4). Åñëè ÷ > 3 %, òî ñ îñòàâ-

øåéñÿ âûáîðêîé âíîâü ïîñëåäîâàòåëüíî âûïîë-

íÿþò ïðîöåäóðû ïî ïï. 2 è 3 äî òåõ ïîð, ïîêà

êðèòåðèé ÷ íå áóäåò èìåòü çíà÷åíèå ÷ � 3 %.

Òàêèì îáðàçîì, â ðåçóëüòàòå âûïîëíåíèÿ

ïðîöåäóð ïî ïï. 1 – 4 íàõîäÿò ýêñïåðèìåíòàëü-

íûå çíà÷åíèÿ íèæíåé {(dl/dN)min; (ÄK)min} è

âåðõíåé {(dl/dN)max; (ÄK)max} ãðàíèö âòîðîé ñòà-

äèè, ò.å. ôîðìèðóþò âûáîðêó, ïî êîòîðîé îïðåäå-

ëÿþò çíà÷åíèÿ ïàðàìåòðîâ C è n óðàâíåíèÿ Ïý-

ðèñà ñ çàäàííûì óðîâíåì òî÷íîñòè.

Ïîëó÷åííûå ðåçóëüòàòû è èõ îáñóæäåíèå

Ïðèâåäåì ðåçóëüòàòû ïðèìåíåíèÿ äåòàëü-

íûõ ïðîöåäóð ïðåäëîæåííîãî ìåòîäà íà ïðèìåðå

èñïûòàíèé íà ÑÐÒÓ êîìïàêòíîãî îáðàçöà (ñì.

ðèñ. 2) èç òèòàíîâîãî ñïëàâà ÂÒ9 [10]. Êðîìå

òîãî, ïîêàæåì ðåçóëüòàòû îïðåäåëåíèÿ ãðàíèö

âòîðîé ñòàäèè è çíà÷åíèé ïàðàìåòðîâ C è n ñ ïî-

ìîùüþ äàííîãî ìåòîäà äëÿ îáðàçöîâ èç íèêåëå-

âîãî äåôîðìèðóåìîãî ñïëàâà ÝÈ437ÁÓ [10] è íè-

êåëåâîãî ãðàíóëèðîâàííîãî ñïëàâà ÝÏ741ÍÏ

(ãðàíóëû äî 140 ìêì) [10].

Ðàçìåðû îáðàçöà èç ñïëàâà ÂÒ9 —

52 × 50 × 10 ìì, l0 = 13,84 ìì, líàäðåçà = 12 ìì;

ðåæèì èñïûòàíèé T = 20 °C; R(P) = 0,1; Pmax =

= 4,5 êÍ; f = 5 Ãö.

Íà÷àëüíóþ òðåùèíó íà îáðàçöå âûðàùèâàëè

íà âûñîêî÷àñòîòíîé èñïûòàòåëüíîé ìàøèíå

Amsler-100. Èñïûòàíèÿ íà ÑÐÒÓ ïðîâîäèëè íà

ñåðâîãèäðàâëè÷åñêîé ìàøèíå LFV-100 ñ ðåãè-

ñòðàöèåé èçìåíåíèÿ äëèíû òðåùèíû â ïðîöåññå

èñïûòàíèé ïî äàò÷èêó ðàñêðûòèÿ òðåùèíû (äàò-

÷èê ïîäàòëèâîñòè — òèï ÅÐ 3548 COD) è ñ

èñïîëüçîâàíèåì øòàòíîãî ïàêåòà ïðîãðàìì

DION-ÄK. Äî íà÷àëà èñïûòàíèé îáðàçöà ñ íà-

÷àëüíîé òðåùèíîé l0 äàò÷èêîì ïîäàòëèâîñòè çà-

äàâàëè øàã ðåãèñòðàöèè óäëèíåíèÿ òðåùèíû

Äli , 0,1 ìì â ïðîöåññå èñïûòàíèé è ââîäèëè çíà-

÷åíèå êîíå÷íîé äëèíû òðåùèíû lm = 30,5 ìì,
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Òàáëèöà 2. Ðåçóëüòàòû âûïîëíåíèÿ ïðîöåäóð ïï. 1 – 4 ïðè îáðàáîòêå âûáîðêè ýêñïåðèìåíòàëüíûõ äàííûõ [(dl/dN)
i
;

ÄK
i
]

Table 2. The results of accomplishing the procedures 1 – 4, when processing the experimental data sample [(dl/dN)i; ÄKi]

Íàèìåíîâàíèå ïðîöåäóðû

Íîìåð

èòåðàöèè

â ïðîöåäóðå

Îáúåì

âûáîðêè
A* B* C, ×10–13 n Çíà÷åíèå R2** ÷, %

Îïðåäåëåíèå R2 è ïàðàìåòðîâ

log C è n äëÿ íèæíåé (min)

ãðàíèöû ÊÄÒ

1 122 0 — 2,227 4,552 R2(1)
1

= 0,9696 6,33

2 121 1 — 2,658 4,499 R2(1)
2

= 0,97532 —

3 120 2 — — — R2(1)
3

= 0,97530

R2(1)
3
� R2(1)

2

—

Îïðåäåëåíèå âåðõíåé (max)

ãðàíèöû ÊÄÒ

1 121 — 0 2,658 4,499 R2(2)
1

= 0,97532 —

2 120 — 1 — — R2(2)
2

= 0,9771 —

3 119 — 2 — — R2(2)
3

= 0,9781 —

4 118 — 3 — — R2(2)
4

= 0,9783 —

5 117 — 4 — — R2(2)
5

= 0,9787 —

6 116 — 5 — — R2(2)
6

= 0,9789 —

7 115 — 6 — — R2(2)
7

= 0,9790 —

8 114 — 7 — — R2(2)
8

= 0,9791 —

9 113 — 8 — — R2(2)
9

= 0,9792 —

10 112 — 9 — — R2(2)
10

= 0,9795 —

11 111 — 10 7,408 4,148 R2(2)
11

= 0,9797 —

12 110 — 11 — — R2(2)
12

= 0,9796

R2(2)
12
� R2(2)

11

—

Ðåçóëüòàòû èíòåãðèðîâàíèÿ — 111 1 10 7,408 4,148 R2(2)
11

= 0,9797 1,72

Ðåçóëüòàòû ïî ÎÑÒ 1 92127–90 — 95 1 26 14,65 3,910 0,9696 4,26

* A — êîëè÷åñòâî èñêëþ÷åííûõ çíà÷åíèé ñíèçó èç èñõîäíîé âûáîðêè; B — êîëè÷åñòâî èñêëþ÷åííûõ çíà÷åíèé ñâåðõó

èç èñõîäíîé âûáîðêè.

** Çíà÷åíèÿ R2(1)
j
ñîîòâåòñòâóþò çíà÷åíèÿì êðèòåðèÿ R2 ñ èñêëþ÷åíèåì òî÷åê ñíèçó ïðè îïðåäåëåíèè íèæíåé ãðàíèöû

âòîðîé ñòàäèè, à R2(2)
j
— ñ èñêëþ÷åíèåì òî÷åê ñâåðõó ïðè îïðåäåëåíèè âåðõíåé ãðàíèöû âòîðîé ñòàäèè.



ïðè êîòîðîì èñïûòàíèå îáðàçöà äîëæíî îñòàíàâ-

ëèâàòüñÿ (åñëè îáðàçåö íå ðàçðóøàëñÿ ðàíåå).

Íà ðèñ. 4, à â êîîðäèíàòàõ lk – Nk ïðèâåäåíû

ðåçóëüòàòû ðåãèñòðàöèè äëèíû òðåùèíû lk â çà-

âèñèìîñòè îò ÷èñëà öèêëîâ íàãðóæåíèÿ Nk â ïðî-

öåññå èñïûòàíèé ýòîãî îáðàçöà íà ÑÐÒÓ. Íà

ðèñ. 4, á â êîîðäèíàòàõ (dl/dN)i – ÄKi ïðåäñòàâëå-

íà âñÿ âûáîðêà ýêñïåðèìåíòàëüíûõ çíà÷åíèé

ñêîðîñòè ðîñòà òðåùèíû óñòàëîñòè (dl/dN)i è ñî-

îòâåòñòâóþùèå èì âåëè÷èíû ðàçìàõà ÊÈÍ ÄKi

(ñì. òàáë. 1), ïîëó÷åííûå îáðàáîòêîé äàííûõ

ðèñ. 4, à ïî ôîðìóëàì (2), (3). Îáúåì âûáîðêè

ýêñïåðèìåíòàëüíûõ çíà÷åíèé (dl/dN)i; ÄKi), êî-

òîðûå íàíåñåíû íà ðèñ. 4, á, ñîñòàâëÿåò m = 122

(ò.å. i = 1, 2, ..., 122).

Â òàáë. 2 ïðèâåäåíû ðåçóëüòàòû ïðèìåíåíèÿ

ïðîöåäóð, ïåðå÷èñëåííûõ â ïï. 1 – 4, äëÿ ýòîãî

îáðàçöà. Çäåñü îïðåäåëåíû íèæíÿÿ è âåðõíÿÿ

ãðàíèöû âòîðîé ñòàäèè ñ èñêëþ÷åíèåì íèæíèõ è

âåðõíèõ òî÷åê èç îáùåé âûáîðêè. Èñêëþ÷åííûå

òî÷êè ïîêàçàíû íà ðèñ. 5, à (çåëåíûå òðåóãîëüíè-

êè). Ñôîðìèðîâàíà âûáîðêà ïî îñòàâøåìóñÿ ìàñ-

ñèâó äàííûõ (îáúåìîì m1 = 111 òî÷åê), ïî êîòî-

ðîé íàéäåíû çíà÷åíèÿ C è n, ïîñòðîåí ëèíåéíûé

ó÷àñòîê âòîðîé ñòàäèè ÊÄÒ (ñì. ðèñ. 5, à). Ìåòî-

äîì ÷èñëåííîãî èíòåãðèðîâàíèÿ óðàâíåíèÿ (1) ñ

øàãîì Äl = 0,1 ïîñòðîåíà ðàñ÷åòíàÿ êðèâàÿ l – N

(íà ðèñ. 5, á ïîêàçàíà êðàñíûì öâåòîì).

Ðåçóëüòàòû îïðåäåëåíèÿ êðèòåðèÿ ÷ (ñì.

òàáë. 2), ïðîèëëþñòðèðîâàííûå íà ðèñ. 5, á, ñâè-

äåòåëüñòâóþò î òîì, ÷òî ðàñõîæäåíèå ìåæäó ýêñ-
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ñïëàâà ÂÒ9 (T = 20 °C, f = 5 Ãö, P
max
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min

= 13,05 ÌÏà · ì0,5, ÄK
max

=

= 38,45 ÌÏà · ì0,5, R2 = 0,9797, ÷ = 1,72 %)

Fig. 5. Kinetic crack-resistance diagram: regression according to the equation (1) for the second stage (a) and experimental

and calculated curves “l – N” (b) Ti-based VT9 alloy (T = 20°C, f = 5 Hz, Pmax = 4.5 kH, R(P) = 0.1, log C = –12.130, n =

= 4.148, ÄKmin = 13.05 MPà · m0.5, ÄKmax = 38.45 MPà · m0.5, R2 = 0.9797, ÷ = 1.72%)



ïåðèìåíòàëüíîé è ðàñ÷åòíîé êðèâûìè â òî÷êå,

ñîîòâåòñòâóþùåé âåðõíåé ãðàíèöå (max), ñîñòàâ-

ëÿåò íå áîëåå 1,72 %, ò.å. ïàðàìåòðû C è n îïðå-

äåëåíû ñ òî÷íîñòüþ, ñîîòâåòñòâóþùåé çíà÷åíèþ

êðèòåðèÿ ÷ = 1,72 % < 3 %.

Ïîäòâåðæäåíèåì ïðåèìóùåñòâà ïðåäëî-

æåííîãî ìåòîäà ÿâëÿþòñÿ ðåçóëüòàòû îáðàáîòêè

ýêñïåðèìåíòàëüíûõ äàííûõ, êîòîðûå ïîëó÷åíû

ñ ïðèìåíåíèåì ðåêîìåíäàöèé ïî îöåíêå ãðàíèö

âòîðîé ñòàäèè, èçëîæåííûõ â [4] (ñì. òàáë. 2,
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Fig. 6. The results of experimental data processing for cyclic crack resistance of a VT9 Ti-based alloy: T = 400°C; f = 5 Hz;

Pmax = 4.5 kH; R(P) = 0.1; log C = –9.976; n = 2.582; ÄKmin = 17.82 MPa · m0.5; ÄKmax = 46.34 MPa · m0.5; R2 = 0.9766;

÷ = 0.48%
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Fig. 7. The results of experimental data processing for cyclic crack resistance of an EI437BU nickel deformable alloy: a, b —

T = 20°C, f = 5 Hz, Pmax = 7.0 kH, R(P) = 0.1, log C = –12.515, n = 3.668, ÄKmin = 21.16 MPa · m0.5, ÄKmax =

= 61.25 MPa · m0.5, R2 = 0.9906, ÷ = 0.4%; c, d — T = 300°C, f = 5 Hz, Pmax = 7.0 kH, R(P) = 0.1, log C = –13.062, n = 4.123,

ÄKmin = 20.55 MPa · m0.5, ÄKmax = 55.44 MPa · m0.5, R2 = 0.9869, ÷ = 2.41%



ïîñëåäíÿÿ ñòðîêà). Ïðè îáðàáîòêå ðåçóëüòàòîâ

èñïûòàíèé ïî ðåêîìåíäàöèÿì ñòàíäàðòà [4] êðè-

òåðèé ÷ = 4,26 %, ò.å. â äàííîì ñëó÷àå ðàñõîæ-

äåíèå ðàñ÷åòà ñ ýêñïåðèìåíòîì áîëåå ÷åì â äâà

ðàçà ïðåâîñõîäèò ïîëó÷åííûå ïðåäëîæåííûì

ìåòîäîì.

Íà ðèñ. 6 – 8 ïîêàçàíû ðåçóëüòàòû ïðèìå-

íåíèÿ ïðåäëîæåííîãî ìåòîäà äëÿ îáðàáîòêè ðå-

çóëüòàòîâ èñïûòàíèé íà ÑÐÒÓ ïðè êîìíàòíîé

è ïîâûøåííûõ òåìïåðàòóðàõ îáðàçöîâ èç òèòà-

íîâîãî ñïëàâà ÂÒ9, à òàêæå íèêåëåâûõ ñïëàâîâ

ÝÈ437ÁÓ è ÝÏ741ÍÏ. Îáðàçöû áûëè èçãîòîâëå-

íû èç çàãîòîâîê äèñêîâ êîìïðåññîðà è òóðáèíû

ÀÃÒÄ.

Â ïîäðèñóíî÷íûõ ïîäïèñÿõ ê ðèñ. 6 – 8, êàê è

ê ðèñ. 5, ïðèâåäåíû ðåæèìû èñïûòàíèé: òåìïå-

ðàòóðà T, °C; ÷àñòîòà íàãðóæåíèÿ f; ìàêñèìàëü-

íàÿ íàãðóçêà â öèêëå Pmax; êîýôôèöèåíò àñèì-

ìåòðèè íàãðóçêè â öèêëå R(P); çíà÷åíèÿ íèæíåé

ÄKmin è âåðõíåé ÄKmax ãðàíèö âòîðîé ñòàäèè

ÊÄÒ; ïàðàìåòðû óðàâíåíèÿ Ïýðèñà log C è n;

çíà÷åíèÿ êðèòåðèåâ R2 è ÷.

Ðèñóíêè 6 – 8 ñâèäåòåëüñòâóþò î òîì, ÷òî ðàñ-

÷åòíûå è ýêñïåðèìåíòàëüíûå êðèâûå l – N, ïîëó-

÷åííûå ïðè èñïûòàíèÿõ íà ÑÐÒÓ îáðàçöîâ èç

òèòàíîâûõ è íèêåëåâûõ ãðàíóëèðîâàííûõ è äå-

ôîðìèðóåìûõ ñïëàâîâ, ðàñõîäÿòñÿ íà âåëè÷èíó

ìåíåå óñòàíîâëåííîãî çíà÷åíèÿ êðèòåðèÿ ÷.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðåäëîæåí ìåòîä, â êîòîðîì

íà îñíîâå ñòàòèñòè÷åñêîãî êðèòåðèÿ R2 è ïàðà-

ìåòðè÷åñêîãî êðèòåðèÿ ÷ ñôîðìóëèðîâàíû ïðî-

öåäóðû è ïîðÿäîê èõ ïðèìåíåíèÿ äëÿ òî÷íîãî îï-

ðåäåëåíèÿ ãðàíèö âòîðîé ñòàäèè ÊÄÒ, ôîðìèðî-

âàíèÿ îãðàíè÷åííîé ñíèçó è ñâåðõó âûáîðêè ýêñ-

ïåðèìåíòàëüíûõ çíà÷åíèé, ïî êîòîðîé íàõîäÿò

òî÷íûå çíà÷åíèÿ ïàðàìåòðîâ C è n óðàâíåíèÿ

(1). Òåì ñàìûì îáåñïå÷èâàåòñÿ çàðàíåå çàäàííàÿ

òî÷íîñòü îïðåäåëåíèÿ ÷èñëà öèêëîâ, çà êîòîðîå

òðåùèíà äîñòèãàåò çàäàííîé äëèíû.

Èçëîæåííûé ìåòîä ïðèìåíÿåòñÿ â Èñïûòà-

òåëüíîé ëàáîðàòîðèè ÖÈÀÌ (ÈË ÊÏÑÄ ÀÄ

ÖÈÀÌ — àòòåñòîâàíà è àêêðåäèòîâàíà Ðîñàâèà-

öèåé ÐÔ) ïðè îïðåäåëåíèè õàðàêòåðèñòèê ÑÐÒÓ,

êîòîðûå âêëþ÷àþòñÿ â áàíê äàííûõ ÖÈÀÌ ïî

êîíñòðóêöèîííîé ïðî÷íîñòè ñïëàâîâ [11].

Êîíôëèêò èíòåðåñîâ

Àâòîðû çàÿâëÿþò îá îòñóòñòâèè êîíôëèêòà

èíòåðåñîâ.
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