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Ïðîâåäåíû èñïûòàíèÿ íà ñîïðîòèâëåíèå óñòàëîñòè äâóõ ãåîìåòðè÷åñêè îäèíàêîâûõ êîí-

ñòðóêòèâíî ïîäîáíûõ ìîäåëåé íèæíåé ïàíåëè êðûëà êîììåð÷åñêîãî ñàìîëåòà. Ïàíåëè îò-

ëè÷àëèñü ñïîñîáîì óñòàíîâêè ìîíòàæíûõ áîëòîâ, ñîåäèíÿþùèõ îáøèâêó è ñòðèíãåð. Â

ïåðâîé ïàíåëè ïåðåä ìîíòàæîì îáøèâêè è ñòðèíãåðà âûïîëíÿëè õîëîäíîå óïðî÷íåíèå îò-

âåðñòèé. Âî âòîðîé ïàíåëè ïîñëå ñâåðëåíèÿ è ðàçâåðòûâàíèÿ äîïîëíèòåëüíóþ îáðàáîòêó

îòâåðñòèé íå ïðîâîäèëè. Áîëòû óñòàíàâëèâàëè ñ íàòÿãîì â ïðåäåëàõ îò 1,3 äî 2,1 % äëÿ

ïåðâîé ïàíåëè è îò 2,9 äî 3,2 % — äëÿ âòîðîé ïàíåëè. Âàðèàöèè â çíà÷åíèÿõ íàòÿãà âûçâà-

íû íàëè÷èåì ïîëåé äîïóñêà íà äèàìåòðû êàê áîëòîâ, òàê è ìîíòàæíûõ îòâåðñòèé. Ñðàâíå-

íèå óêàçàííûõ òåõíîëîãèé ïðîâåäåíî íà îñíîâå èññëåäîâàíèÿ ïîëåé îñòàòî÷íûõ íàïðÿæå-

íèé. Âûïîëíåí àíàëèç âåëè÷èí êîìïîíåíò îñòàòî÷íûõ íàïðÿæåíèé â îêðåñòíîñòè ìîí-

òàæíûõ îòâåðñòèé â îáøèâêå, êîòîðûå çàïîëíåíû áîëòàìè ñ íàòÿãîì. Êîìïîíåíòû îñòà-

òî÷íûõ íàïðÿæåíèé îïðåäåëÿëè íà îñíîâå ìåòîäà ñâåðëåíèÿ îòâåðñòèÿ è ìåòîäà ïîñëåäî-

âàòåëüíîãî íàðàùèâàíèÿ äëèíû òðåùèíû (ÏÍÄÒ). Äåôîðìàöèîííûé îòêëèê èçìåðÿëè

ìåòîäîì ýëåêòðîííîé ñïåêë-èíòåðôåðîìåòðèè. Ïåðâûé (äèñêðåòíûé) ìåòîä, îñíîâàííûé

íà ñâåðëåíèè çîíäèðóþùåãî îòâåðñòèÿ, äàåò âîçìîæíîñòü êîëè÷åñòâåííî îïðåäåëÿòü êîì-

ïîíåíòû îñòàòî÷íûõ íàïðÿæåíèé, íà÷èíàÿ ñ ðàññòîÿíèÿ 1,1 ìì îò êîíòóðà ìîíòàæíîãî îò-

âåðñòèÿ. Âòîðîé (íåïðåðûâíûé) ìåòîä çàêëþ÷àåòñÿ â ïîñëåäîâàòåëüíîì íàðàùèâàíèè

äëèíû èñêóññòâåííîãî íàäðåçà. Ðàçðàáîòàí íîâûé âàðèàíò ìåòîäà ÏÍÄÒ, êîòîðûé îáåñïå-

÷èâàåò îïðåäåëåíèå ïàðàìåòðîâ ìåõàíèêè ðàçðóøåíèÿ äëÿ íàäðåçîâ, ðàñïðîñòðàíÿþùèõ-

ñÿ â çîíå êîíòàêòíîãî âçàèìîäåéñòâèÿ. Îí ñîñòîèò â òîì, ÷òî â ñåðåäèíå ðàññòîÿíèÿ ìåæäó

èññëåäóåìûìè ìîíòàæíûìè îòâåðñòèÿìè âûïîëíÿþò èñõîäíîå ñêâîçíîå îòâåðñòèå, îò êîí-

òóðà êîòîðîãî è íà÷èíàåòñÿ ïîñëåäîâàòåëüíîñòü èñêóññòâåííûõ íàäðåçîâ. Êîíå÷íîé òî÷êîé

ýòîé ïîñëåäîâàòåëüíîñòè ÿâëÿåòñÿ âíåøíèé êîíòóð áîëòà. Òàêîé ïîäõîä îáåñïå÷èâàåò àíà-

ëèç ïîëåé îñòàòî÷íûõ íàïðÿæåíèé, âîçíèêàþùèõ ïðè äâóõ òåõíîëîãèÿõ óñòàíîâêè áîëòîâ,

ïóòåì ñðàâíåíèÿ âåëè÷èí ÊÈÍ. Îáà ýêñïåðèìåíòàëüíûõ ïîäõîäà âûÿâëÿþò ïðåèìóùåñò-

âà ñîåäèíåíèÿ ñ áîëòàìè, óñòàíîâëåííûìè â óïðî÷íåííîå îòâåðñòèå. Îáîñíîâàíà è íàãëÿä-

íî ïðîäåìîíñòðèðîâàíà âûñîêàÿ ýôôåêòèâíîñòü è íàäåæíîñòü ìåòîäîâ îïðåäåëåíèÿ îñòà-

òî÷íûõ íàïðÿæåíèé, èñïîëüçóþùèõ îïòèêî-èíòåðôåðåíöèîííûå èçìåðåíèÿ äåôîðìàöè-

îííîãî îòêëèêà íà ëîêàëüíîå óäàëåíèå ìàòåðèàëà. Ýòè ìåòîäû îñíîâàíû íà ïîëó÷åíèè èí-

òåðôåðîãðàìì âûñîêîãî êà÷åñòâà, êîòîðûå îáåñïå÷èâàþò ðàçðåøåíèå èíòåðôåðåíöèîí-

íûõ ïîëîñ ïðåäåëüíîé ïëîòíîñòè íåïîñðåäñòâåííî íà êîíòóðå çîíäèðóþùåãî îòâåðñòèÿ

èëè íà áåðåãàõ èñêóññòâåííîãî íàäðåçà.
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Fatigue tests of two geometrically identical and similar in design models of the lower wing panel of a com-

mercial aircraft were performed. The models differ in the way of mounting bolts which join the skin and

stringers. Cold expansion of holes drilled both in the skin and stringer has been performed for the first

panel before joining. No additional treatment of holes was performed in the second panel after drilling pi-

lot holes and final reaming. Bolts are mounted with the interference fit ranging from 1.3 to 2.1% and from

2.9 to 3.2% for the first and the second panel, respectively. The range of the interference fit values is attrib-

uted to the tolerance fields for the diameters of bolts and assemblage holes. A comparison of both technol-

ogies proceeded from the experimental study of residual stress fields. The second stage, which is the sub-

ject of present paper, includes the analysis of the values of residual stress components in the vicinity of

skin holes filled by bolts mounted with the interference fit. The components of residual stressed were de-

termined using the method of hole drilling and successive cracking (crack compliance) method. The defor-

mation response was measured by electronic speckle-pattern interferometry. The first point-wise method,

based on drilling a probe hole, provides the quantitative determination of residual stress components,

starting from a distance of 1.1 mm from the assemblage hole edge. The second technique consists in suc-

cessive extension of the notch length. A new version of the crack compliance technique providing the de-

termination of fracture mechanics parameters for notches propagating in the contact zone has been devel-

oped. The essence of this approach consists in drilling the initial hole equidistant from two assemblage

holes of interest. The edge of this through hole is a starting point of the sequence of artificial notches, the

end point of this sequence is the outer contour of the bolt. This approach provides quantitative analysis of

residual stress fields proceeding from the comparison of the values of stress intensity factors (SIF) related

to different technologies of bolt mounting. Two experimental approaches reveal advantages of joining with

bolts mounted into cold-expanded holes. The high efficiency and accuracy of the methods for residual

stress determination which employ optical interferometric measurements of the deformation response to

local removing of the material is substantiated and clearly demonstrated. The methods are based on re-

cording high-quality interferograms, which provide the resolution of interference fringes of the ultimate

density directly on the hole edge and along borders of the artificial notch.

Keyworlds: design-similar model; bolted joints; residual stress; hole drilling technique; crack compliance

method; electronic speckle-pattern interferometry.

Ââåäåíèå

Òåõíîëîãèÿ ïîäãîòîâêè ìîíòàæíûõ îòâåð-

ñòèé è âûáîð ñïîñîáà óñòàíîâêè áîëòîâ — ôàêòî-

ðû, îêàçûâàþùèå çíà÷èòåëüíîå âëèÿíèå íà óñòà-

ëîñòíóþ ïðî÷íîñòü ñîåäèíåíèé àâèàöèîííûõ

êîíñòðóêöèé [1, 2]. Òåõíîëîãèÿ ìîíòàæà îïðåäå-

ëÿåò ðàñïðåäåëåíèÿ êîìïîíåíò îñòàòî÷íûõ íà-

ïðÿæåíèé â îêðåñòíîñòè èíäèâèäóàëüíûõ ýëå-

ìåíòîâ áîëòîâûõ ñîåäèíåíèé. Êîëè÷åñòâåííûé

àíàëèç âåëè÷èí äåéñòâóþùèõ è îñòàòî÷íûõ íà-

ïðÿæåíèé â îêðåñòíîñòè áîëòîâ, óñòàíîâëåííûõ

ñ íàòÿãîì, ÿâëÿåòñÿ íåîáõîäèìûì çâåíîì ïðè

îáîñíîâàíèè óñòàëîñòíîé ïðî÷íîñòè ñîåäèíåíèé

[3 – 9]. Ýêñïåðèìåíòàëüíûå ìåòîäû, îñíîâàííûå

íà ëîêàëüíîì óäàëåíèè ìàòåðèàëà è îïòèêî-èí-

òåðôåðåíöèîííûõ èçìåðåíèÿõ äåôîðìàöèîííîãî

îòêëèêà, âåñüìà ýôôåêòèâíû äëÿ êîëè÷åñòâåííî-

ãî îïðåäåëåíèÿ îñòàòî÷íûõ íàïðÿæåíèé â íåðå-

ãóëÿðíûõ çîíàõ êîíñòðóêöèé [10].

Â ðàáîòå [10] ïðåäñòàâëåíû ðåçóëüòàòû îïðå-

äåëåíèÿ ïîëåé îñòàòî÷íûõ íàïðÿæåíèé â ÷åòû-

ðåõ îáðàçöàõ ðàçëè÷íûõ òèïîâ, âûðåçàííûõ èç

êîíñòðóêòèâíî ïîäîáíûõ ïàíåëåé êðûëà êîììåð-

÷åñêîãî ñàìîëåòà ïîñëå äåìîíòàæà áîëòîâîãî ñî-

åäèíåíèÿ îáøèâêè è ñòðèíãåðà. Öåëüþ èññëåäî-

âàíèé ÿâëÿëîñü ñðàâíåíèå çíà÷åíèé ãëàâíûõ

êîìïîíåíò îñòàòî÷íûõ íàïðÿæåíèé, êîòîðûå ñî-

õðàíÿþòñÿ â ýëåìåíòàõ îáøèâêè êðûëà ïî çàâåð-

øåíèè èñïûòàíèé íà óñòàëîñòíóþ ïðî÷íîñòü.

Èñïûòàíèÿ ïðîâîäèëè íà äâóõ êîíñòðóêòèâíî

ïîäîáíûõ ïàíåëÿõ ñ îäèíàêîâûìè ïàðàìåòðàìè

öèêëà íàãðóæåíèÿ: ðàçìàõ íàïðÿæåíèé Äó =

= 140 ÌÏà; êîýôôèöèåíò àñèììåòðèè R = 0,01.

Ñõåìû ïàíåëåé è ïðèëîæåíèÿ íàãðóçêè ïðèâåäå-

íû â ñòàòüå [10]. Ïàíåëè èìåëè îáîçíà÷åíèÿ ZA

è ZB è îòëè÷àëèñü òåõíîëîãèåé óñòàíîâêè êðå-

ïåæíûõ áîëòîâ, ñîåäèíÿþùèõ îáøèâêó ñî ñòðèí-

ãåðîì. Â ïàíåëè ZA èñõîäíûå îòâåðñòèÿ ïîñëå

ñâåðëåíèÿ è ðàçâåðòûâàíèÿ áûëè óïðî÷íåíû ìå-

òîäîì äîðíèðîâàíèÿ (õîëîäíîãî óïðî÷íåíèÿ) ñ

íàòÿãîì 0,5 %. Ïåðåä ìîíòàæîì ïàíåëè ZB òàêóþ

ïðîöåäóðó íå èñïîëüçîâàëè. Â ïàíåëè ZB áîëòû

óñòàíàâëèâàëè ñ íàòÿãîì îò 2,9 äî 3,2 %, ÷òî ñâÿ-

çàíî ñ ïîëÿìè äîïóñêà íà äèàìåòðû êàê áîëòîâ,

òàê è ìîíòàæíûõ îòâåðñòèé. Äëÿ ïàíåëè ZA âå-

ëè÷èíà íàòÿãà ñîñòàâëÿëà îò 1,3 äî 2,1 %. Îáå ïà-

íåëè âûäåðæàëè íàãðóæåíèå â ïðåäåëàõ íàçíà-

÷åííîãî ðåñóðñà NF = 125 000 öèêëîâ áåç ðàçðó-

øåíèÿ â çà÷åòíîé çîíå. Íà ïåðâîì ýòàïå ïîñëå

çàâåðøåíèÿ èñïûòàíèé ïàíåëè êðûëà áûëè ðà-

çîáðàíû íà ôðàãìåíòû äëÿ èçãîòîâëåíèÿ îáðàç-

öîâ. Ïðè ýòîì áîëòû èç ìîíòàæíûõ îòâåðñòèé

äèàì. 10 ìì óäàëèëè. Âòîðîé ýòàï èññëåäîâàíèé

ñâÿçàí ñ îïðåäåëåíèåì ïîëåé îñòàòî÷íûõ íàïðÿ-
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æåíèé â îêðåñòíîñòè ìîíòàæíûõ îòâåðñòèé, çà-

ïîëíåííûõ áîëòàìè. Äëÿ ýòîãî èñïîëüçîâàëè

ïëîñêèå îáðàçöû îäèíàêîâîé ãåîìåòðèè ñ ðàçìå-

ðàìè 215 × 200 × 10 ìì, îáîçíà÷åííûå êàê Z5 è

Z6 (ðèñ. 1). Ìîíòàæíûå îòâåðñòèÿ âûïîëíÿëè ñ

èñïîëüçîâàíèåì õîëîäíîãî óïðî÷íåíèÿ è áåç íåãî

äëÿ îáðàçöîâ Z5 è Z6 ñîîòâåòñòâåííî. Îáðàçåö Z5

âûðåçàëè èç ó÷àñòêà ïàíåëè ZA â íåïîñðåäñòâåí-

íîé áëèçîñòè îò îáðàçöà Z3 [10], îáðàçåö Z6 — èç

ó÷àñòêà ïàíåëè ZB â íåïîñðåäñòâåííîé áëèçîñòè

îò îáðàçöà Z4 [10].

Îáúåêòû ýêñïåðèìåíòàëüíîãî

èññëåäîâàíèÿ

Ýêñïåðèìåíòàëüíîå îïðåäåëåíèå îñòàòî÷íûõ

íàïðÿæåíèé ìåòîäîì ñâåðëåíèÿ îòâåðñòèÿ ïðî-

âîäèëè íà äâóõ îáðàçöàõ, âûðåçàííûõ èç ðàâíî-

ìåðíî íàãðóæåííûõ çîí êîíñòðóêòèâíî ïîäîá-

íûõ ïàíåëåé êðûëà êîììåð÷åñêîãî ñàìîëåòà. Îá-

ðàçöû ñ íå÷åòíûìè è ÷åòíûìè íîìåðàìè îò-

íîñèëèñü ê ïàíåëÿì ZA è ZB ñîîòâåòñòâåííî. Òðè

ïàðû öåíòðàëüíûõ ìîíòàæíûõ îòâåðñòèé â êàæ-

äîì îáðàçöå çàïîëíÿëèñü øòàòíûìè êðåïåæ-

íûìè áîëòàìè, óñòàíîâëåííûìè ñ óêàçàííûì

âûøå íàòÿãîì (ñì. ðèñ. 1). Íà íà÷àëüíîì ýòàïå

ðàáîòû äëÿ îïðåäåëåíèÿ êîìïîíåíò îñòàòî÷íûõ

íàïðÿæåíèé èñïîëüçîâàëñÿ ìåòîä ñâåðëåíèÿ îò-

âåðñòèÿ, à íà çàêëþ÷èòåëüíîì ýòàïå — ìåòîä ïî-

ñëåäîâàòåëüíîãî íàðàùèâàíèÿ äëèíû òðåùèíû.

Â îáîèõ ñëó÷àÿõ äåôîðìàöèîííûé îòêëèê íà ëî-

êàëüíîå óäàëåíèå ìàòåðèàëà èçìåðÿëñÿ ìåòîäîì

ýëåêòðîííîé ñïåêë-èíòåðôåðîìåòðèè [11, 12].

Îáùèé âèä îáîèõ îáðàçöîâ ïîñëå ïðîâåäåíèÿ ýêñ-

ïåðèìåíòîâ, èñïîëüçóåìàÿ ñèñòåìà êîîðäèíàò è

íàïðàâëåíèå öèêëè÷åñêîé íàãðóçêè ïîêàçàíû íà

ðèñ. 2.

Èñõîäíûå äàííûå

äëÿ ìåòîäà ñâåðëåíèÿ îòâåðñòèÿ

Ýêñïåðèìåíòàëüíàÿ èíôîðìàöèÿ èìååò âèä

êàðòèí èíòåðôåðåíöèîííûõ ïîëîñ, êîòîðûå âîç-

íèêàþò ïðè ñâåðëåíèè çîíäèðóþùåãî îòâåðñòèÿ
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Ðèñ. 1. Ãåîìåòðè÷åñêèå ðàçìåðû îáðàçöîâ Z5 è Z6 ñ ñåò-

êîé ìîíòàæíûõ îòâåðñòèé

Fig. 1. Geometrical dimensions of specimens Z5 and Z6

with a grid of assemblage holes

a á

Ïàíåëü 5Z Ïàíåëü 6Z Crack_2

Crack_1

Crack

1 2 3 4 5 6

123456

7

Ðèñ. 2. Ôðàãìåíòû îáðàçöîâ Z5 (à) è Z6 (á) ñ ñåòêîé çîíäèðóþùèõ îòâåðñòèé è èñêóññòâåííûìè íàäðåçàìè

Fig. 2. Fragments of specimens Z5 (a) and Z6 (b) with a grid of probe holes and artificial notches
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Ðèñ. 3. Êàðòèíû èíòåðôåðåíöèîííûõ ïîëîñ, ïîëó÷åííûå äëÿ îáðàçöà Z5 â òåðìèíàõ òàíãåíöèàëüíûõ êîìïîíåíò ïåðå-

ìåùåíèé u (ñëåâà) è v (ñïðàâà), ïîñëå ñâåðëåíèÿ îòâåðñòèé â òî÷êàõ 1 (à), 4 (á), 6 (â)

Fig. 3. Specimen Z5. Interference fringe patterns obtained in terms of in-plane displacement component u (at the left) and v

(at the right) as the result of hole drilling at point 1 (a), 4 (b), 6 (c) (diameter 2r0 = 1.9 mm)



â ïîëå îñòàòî÷íûõ íàïðÿæåíèé. Ýòè èíòåðôå-

ðîãðàììû êîëè÷åñòâåííûì îáðàçîì îïèñûâà-

þò ðàñïðåäåëåíèÿ òàíãåíöèàëüíûõ êîìïîíåíò

ïåðåìåùåíèé u è v â íàïðàâëåíèè êîîðäèíàòíûõ

îñåé x è y ñîîòâåòñòâåííî. Ïîäðîáíîå îïèñàíèå

ýêñïåðèìåíòàëüíîãî ïîäõîäà ïðèâåäåíî â ðà-

áîòàõ [10 – 12]. Âñå çîíäèðóþùèå îòâåðñòèÿ,

âûïîëíåííûå òâåðäîñïëàâíûì ñâåðëîì, èìåþò

äèàìåòð 2r0 = 1,9 ìì. Âî âñåõ ñëó÷àÿõ ãëóáèíà

íåñêâîçíûõ îòâåðñòèé h îòâå÷àåò óñëîâèþ

h " 3r0. Òèïè÷íûå êàðòèíû èíòåðôåðåíöèîííûõ

ïîëîñ, ïîëó÷åííûå äëÿ îáðàçöà Z5, ïîêàçàíû íà

ðèñ. 3.

Êàðòèíû èíòåðôåðåíöèîííûõ ïîëîñ, ïîëó-

÷åííûå äëÿ îáðàçöà Z6, ïðåäñòàâëåíû íà ðèñ. 4.

Âñå ïîëó÷åííûå èíòåðôåðîãðàììû, ÷àñòü

êîòîðûõ ïðèâåäåíà âûøå, õàðàêòåðèçóþòñÿ âû-

ñîêèì êà÷åñòâîì. Òàêèì îáðàçîì, îáåñïå÷èâàåò-

ñÿ íàäåæíîå ðàçðåøåíèå ïîëîñ íåïîñðåäñòâåííî

íà êîíòóðå îòâåðñòèÿ. Êàê õàðàêòåðíûå ñëåäóåò

îòìåòèòü êàðòèíû ïîëîñ íà ðèñ. 3, à (ñëåâà) è

ðèñ. 4, á (ñïðàâà), ãäå íà îòâåðñòèè äèàìåòðîì

2r0 = 1,9 ìì íàäåæíî èäåíòèôèöèðóþòñÿ 18 è 19

ïîëîñ ñîîòâåòñòâåííî. Êðîìå òîãî, êîíôèãóðàöèÿ

êàðòèí èíòåðôåðåíöèîííûõ ïîëîñ íàãëÿäíî ñâè-

äåòåëüñòâóåò, ÷òî íàïðàâëåíèÿ êîîðäèíàòíûõ

îñåé x è y ïðàêòè÷åñêè ñîâïàäàþò ñ íàïðàâëåíèÿ-

ìè ãëàâíûõ îñòàòî÷íûõ íàïðÿæåíèé ó1 è ó2 ñîîò-

âåòñòâåííî. Ýòî îçíà÷àåò, ÷òî äëÿ îïðåäåëåíèÿ

ãëàâíûõ êîìïîíåíò îñòàòî÷íûõ íàïðÿæåíèé â
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Ðèñ. 4. Êàðòèíû èíòåðôåðåíöèîííûõ ïîëîñ, ïîëó÷åííûå äëÿ îáðàçöà Z6 â òåðìèíàõ òàíãåíöèàëüíûõ êîìïîíåíò ïåðå-

ìåùåíèé u (ñëåâà) è v (ñïðàâà) ïîñëå ñâåðëåíèÿ îòâåðñòèé â òî÷êàõ 2 (à) è 6 (á)

Fig. 4. Specimen Z6. Interference fringe patterns obtained in terms of in-plane displacement component u (at the left) and v

(at the right) as the result of hole drilling at point 2 (a) and 6 (b) (diameter 2r0 = 1.9 mm)



òîíêèõ ïëàñòèíàõ ìîæíî èñïîëüçîâàòü àëãîðèòì,

ïîäðîáíî èçëîæåííûé â ðàáîòå [10].

Ðåçóëüòàòû îïðåäåëåíèÿ

îñòàòî÷íûõ íàïðÿæåíèé

Ñåòêè çîíäèðóþùèõ îòâåðñòèé â îáðàçöå

Z5 è îáðàçöå Z6 ïîêàçàíû íà ðèñ. 2, à è á. Ïî-

ëó÷åííûå ðåçóëüòàòû îáðàáîòêè êàðòèí èíòåð-

ôåðåíöèîííûõ ïîëîñ è îïðåäåëåíèÿ ãëàâíûõ

êîìïîíåíò îñòàòî÷íûõ íàïðÿæåíèé äëÿ ýòèõ

îáðàçöîâ ïðèâåäåíû â òàáë. 1 – 4. Âåëè÷èíà Äx

îáîçíà÷àåò ðàññòîÿíèå ìåæäó êîíòóðàìè ñîñåä-

íèõ êàê çîíäèðóþùèõ, òàê è ìîíòàæíûõ îò-

âåðñòèé. Âñå ïðåäñòàâëåííûå äàííûå îòíîñÿòñÿ ê

óñëîâíîé ëèíèè A, íàïðàâëåíèå êîòîðîé äëÿ îáî-

èõ îáðàçöîâ ñîâïàäàåò ñ êîîðäèíàòíîé îñüþ x (ñì.

ðèñ. 2).

Ïðè àíàëèçå äàííûõ, ïðèâåäåííûõ â

òàáë. 1 – 4, ñëåäóåò ó÷èòûâàòü ñëåäóþùèå îáñòîÿ-

òåëüñòâà. Âåëè÷èíû ãëàâíûõ êîìïîíåíò îñòàòî÷-

íûõ íàïðÿæåíèé îïðåäåëÿþòñÿ ïî ñëåäóþùèì

ôîðìóëàì [10]:
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ãäå r0 — ðàäèóñ îòâåðñòèÿ; E — ìîäóëü óïðóãîñòè

ìàòåðèàëà; ì — êîýôôèöèåíò Ïóàññîíà èçîòðîï-

íîãî ìàòåðèàëà; Äu è Äv — ïðèðàùåíèÿ äèàìåò-

ðà çîíäèðóþùåãî îòâåðñòèÿ â íàïðàâëåíèè ãëàâ-
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Òàáëèöà 1. Ðåçóëüòàòû îáðàáîòêè êàðòèí èíòåðôåðåíöèîííûõ ïîëîñ è âåëè÷èíû îñòàòî÷íûõ íàïðÿæåíèé â îáðàçöå Z5

Table 1. Interpretation of interference fringe patterns and values of residual stress components in Specimen Z5

Íîìåð òî÷êè

(ñì. ðèñ. 2)
Äx, ïèêñ. Äx, ìì ÄNu, ïîëîñ ÄNv, ïîëîñ Äu, ìêì Äv, ìêì ó1, ÌÏà ó2, ÌÏà

1 122 2,26 –14,0 +8,5 –5,32 +3,23 –93,2 +31,8

2 228 4,22 –13,0 +7,5 –4,94 +2,85 –87,7 +26,3

3 252 4,66 –8,5 +7,0 –3,23 +2,66 –51,5 +34,7

4 350 6,48 –18,0 +16,0 –6,84 +6,08 –105,6 +83,3

5 10 0,185 –12,0 +16,5 –4,56 +6,27 –54,1 +104,3

198 3,66

6 34 0,63 –13,0 +14,5 –4,94 +5,51 –68,1 +84,8

Òàáëèöà 2. Âåëè÷èíû ãëàâíûõ êîìïîíåíò îñòàòî÷íûõ íàïðÿæåíèé âäîëü ëèíèè A â îáðàçöå Z5

Table 2. Values of principal components of residual stresses along line A in specimen Z5

Ïàðàìåòðû
Íîìåð òî÷êè Ãðàíèöà êîíòóðà

ìîíòàæíîãî îòâåðñòèÿ6 1 2 3 4 5

x, ìì 1,58 2,15 8,17 14,73 23,11 28,7 29,8 (Äx = 1,1 ìì)

ó1, ÌÏà –68,1 –93,3 –87,7 –51,5 –105,6 –54,1

ó2, ÌÏà +84,8 +31,8 +26,3 +34,7 +83,3 +104,3

Òàáëèöà 3. Ðåçóëüòàòû îáðàáîòêè êàðòèí èíòåðôåðåíöèîííûõ ïîëîñ è âåëè÷èíû îñòàòî÷íûõ íàïðÿæåíèé â îáðàçöå Z6

Table 3. Interpretation of interference fringe patterns and values of residual stress components in specimen Z6

Íîìåð òî÷êè

(ñì. ðèñ. 2)
Äx, ïèêñ. Äx, ìì ÄNu, ïîëîñ ÄNv, ïîëîñ Äu, ìêì Äv, ìêì ó1, ÌÏà ó2, ÌÏà

1 58 1,07 –14,5 +20,0 –5,51 +7,60 –65,2 +126,6

2 254 4,70 –10,0 +6,0 –3,80 +2,28 –66,8 +22,1

3 300 5,55 –9,0 +3,5 –3,42 +1,33 –65,4 +4,1

4 376 7,0 –14,5 +13,5 –5,51 +5,13 –83,4 +72,3

5 24 0,44 –10,0 +17,0 –3,80 +6,46 –36,0 +114,1

118 2,18

6 48 0,89 –15,0 +19,0 –5,70 +7,22 –72,3 +116,8

Îáðàçåö Z6 ñ áîëòàìè, íà÷àëüíàÿ òî÷êà A1 íàäðåçà C1 (2r0 = 2,5 ìì)

A1 ãëóõîå îòâåðñòèå h = 7,5 ìì –14,0 +8,0 –5,32 +3,04 –71,5 +20,9

A1 ñêâîçíîå îòâåðñòèå t = 10,0 ìì –14,5 +8,5 –5,51 3,23 –73,5 +23,0



íûõ íàïðÿæåíèé ó1 è ó2; a = (á1 – 1), b = (á2 – ì),

á1 è á2 — êîýôôèöèåíòû êîíöåíòðàöèè íàïðÿæå-

íèé ïðè îäíîîñíîì ðàñòÿæåíèè ïëàñòèíû ñ íå-

ñêâîçíûì îòâåðñòèåì. Äëÿ çîíäèðóþùèõ îòâåð-

ñòèé, ðàñïîëîæåííûõ â ðåãóëÿðíîé çîíå êîíñò-

ðóêöèè (íà ðàññòîÿíèÿõ îò êîíòóðà ìîíòàæíûõ

îòâåðñòèé Äx " 5r0 = 4,5 ìì), çíà÷åíèÿ êîýôôè-

öèåíòîâ á1 è á2 íàõîäÿòñÿ íà îñíîâå ÷èñëåííîãî

ðåøåíèÿ óïðóãîé çàäà÷è î êîíöåíòðàöèè íàïðÿ-

æåíèé, ñõåìà êîòîðîé ïðèâåäåíà íà ðèñ. 5, à. Äëÿ

îáîèõ îáðàçöîâ ýòîìó ðåøåíèþ îòâå÷àþò òî÷êè 2,

3 è 4. Â ýòîì ñëó÷àå äëÿ íåñêâîçíûõ çîíäèðóþ-

ùèõ îòâåðñòèé, ãëóáèíà êîòîðûõ h " 3r0, âåëè÷è-

íû êîýôôèöèåíòîâ êîíöåíòðàöèè íàïðÿæåíèé

á1 = 3,0, á2 = 1,0.

Äëÿ òî÷åê 1, 5 è 6, ðàñïîëîæåííûõ â îêðåñò-

íîñòè ìîíòàæíûõ îòâåðñòèé, êîòîðûå çàïîëíåíû

áîëòàìè ñ íàòÿãîì, èñïîëüçîâàíèå ôîðìóë (1) ñî

çíà÷åíèÿìè á1 = 3,0 è á2 = 1,0 ïðèâîäèò ê íå-

êîòîðûì ïîãðåøíîñòÿì îïðåäåëåíèÿ ãëàâíûõ

êîìïîíåíò îñòàòî÷íûõ íàïðÿæåíèé. Çíà÷åíèÿ

êîýôôèöèåíòîâ êîíöåíòðàöèè íàïðÿæåíèé, êî-

òîðûå ñîîòâåòñòâóþò ðåàëüíîìó âçàèìíîìó ðàñ-

ïîëîæåíèþ çîíäèðóþùåãî è ìîíòàæíîãî îòâåð-

ñòèé, ìîæíî ïîëó÷èòü íà îñíîâå ÷èñëåííîãî ðå-

øåíèÿ óïðóãîé çàäà÷è, ñõåìàòè÷íî ïîêàçàííîé

íà ðèñ. 5, á. Äàííàÿ çàäà÷à ÿâëÿåòñÿ áîëåå ñëîæ-

íîé, ÷åì îïðåäåëåíèå êîýôôèöèåíòîâ êîíöåí-

òðàöèè íàïðÿæåíèé â òîëñòîé ïëèòå ñ íåñêâîç-

íûì îòâåðñòèåì (ñì. ðèñ. 5, à). Òåì íå ìåíåå ñî-

âðåìåííûå âû÷èñëèòåëüíûå ñðåäñòâà ïîçâîëÿþò

ïîëó÷èòü ÷èñëåííîå ðåøåíèå ñ âûñîêîé ñòåïå-

íüþ òî÷íîñòè. Îäíàêî ðåàëèçàöèÿ ïîäîáíîé ïðî-

öåäóðû âûõîäèò çà ðàìêè äàííîé ðàáîòû. Êðîìå

òîãî, ñëåäóåò ó÷èòûâàòü, ÷òî îñíîâíàÿ çàäà÷à —

ñðàâíåíèå âåëè÷èí îñòàòî÷íûõ íàïðÿæåíèé â îê-

ðåñòíîñòè çàïîëíåííûõ ìîíòàæíûõ îòâåðñòèé,

âûïîëíåííûõ ïî äâóì ðàçëè÷íûì òåõíîëîãèÿì.

Ýòî îçíà÷àåò, ÷òî ïîãðåøíîñòè îïðåäåëåíèÿ êîì-

ïîíåíò îñòàòî÷íûõ íàïðÿæåíèé îäèíàêîâû äëÿ

çîíäèðóþùèõ îòâåðñòèé, âûïîëíåííûõ ó ìîí-

òàæíûõ îòâåðñòèé îáîèõ òèïîâ.

Ïîýòîìó îöåíêó âîçìîæíûõ ïîãðåøíîñòåé

ïðîâîäÿò íà îñíîâå ñðàâíåíèÿ âåëè÷èí êîìïî-

íåíò îñòàòî÷íûõ íàïðÿæåíèé, ïîëó÷åííûõ äëÿ

ðàçëè÷íûõ çíà÷åíèé êîýôôèöèåíòîâ á1 è á2. Äëÿ

ýòîãî âûáèðàþò âåëè÷èíû êîýôôèöèåíòîâ êîí-

öåíòðàöèè íàïðÿæåíèé á1 è á2, êîòîðûå â êà-

êîé-òî ìåðå ñîîòâåòñòâóþò òàêîâûì ïðè ñâåðëå-

íèè çîíäèðóþùåãî îòâåðñòèÿ â îêðåñòíîñòè çà-

ïîëíåííîãî ìîíòàæíîãî îòâåðñòèÿ. Ýòî ìîæíî

ñäåëàòü, íàïðèìåð, îïèðàÿñü íà ðåçóëüòàòû ýêñ-

ïåðèìåíòàëüíûõ èññëåäîâàíèé, ïðèâåäåííûõ â

[11]. Íà îñíîâå ïðåöèçèîííûõ èçìåðåíèé òàíãåí-

öèàëüíûõ êîìïîíåíò ïåðåìåùåíèé íà êîíòóðå

îòâåðñòèÿ â ïðÿìîóãîëüíîì îáðàçöå, êîòîðîå çà-

ïîëíåíî ñòàëüíîé øàéáîé ñ íàòÿãîì 1,2 %, ïðè

ïîñëåäîâàòåëüíîì óâåëè÷åíèè ðàñòÿãèâàþùåé

íàãðóçêè óñòàíîâëåíî, ÷òî á1 = 2,0; á2 = 0,6. Ïî-

ñêîëüêó çîíäèðóþùèå îòâåðñòèÿ ðàñïîëîæåíû

íà íåêîòîðîì óäàëåíèè îò êîíòóðà ìîíòàæíîãî

îòâåðñòèÿ, çàïîëíåííîãî áîëòîì ñ íàòÿãîì, äëÿ

îöåíêè âîçìîæíûõ ïîãðåøíîñòåé ïðåäëàãàåòñÿ

èñïîëüçîâàòü óñðåäíåííûå çíà÷åíèÿ, à èìåííî —
~
�1 = 2,5;~

�2 = 0,8. Âåëè÷èíû ãëàâíûõ êîìïîíåíò

îñòàòî÷íûõ íàïðÿæåíèé, ïîëó÷åííûå ñ èñïîëüçî-

âàíèåì óñðåäíåííûõ êîýôôèöèåíòîâ êîíöåíòðà-

öèè íàïðÿæåíèé, ïðåäñòàâëåíû â òàáë. 5. Êàê è

ñëåäîâàëî îæèäàòü, ñ óìåíüøåíèåì êîýôôèöèåí-

òîâ êîíöåíòðàöèè íàïðÿæåíèé âåëè÷èíû êîìïî-

íåíò îñòàòî÷íûõ íàïðÿæåíèé âîçðàñòàþò, äëÿ

ðàññìîòðåííûõ ïàð êîýôôèöèåíòîâ êîíöåíòðà-
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Òàáëèöà 4. Âåëè÷èíû ãëàâíûõ êîìïîíåíò îñòàòî÷íûõ íàïðÿæåíèé âäîëü ëèíèè A â îáðàçöå Z6

Table 4. Values of the principal components of residual stressed along line A in Specimen Z6

Ïàðàìåòðû
Íîìåð òî÷êè Ãðàíèöà êîíòóðà

ìîíòàæíîãî îòâåðñòèÿ(1 + 6)/2 2 3 4 5

x, ìì 1,93 8,53 15,98 24,88 28,96 30,35

ó1, ÌÏà –68,8 –66,8 –65,4 –83,4 –36,0

ó2, ÌÏà +121,7 +22,1 +4,1 +72,3 +114,1

à á

Äx

Ðèñ. 5. Ñõåìû îïðåäåëåíèÿ êîýôôèöèåíòîâ êîíöåíòðà-

öèè íàïðÿæåíèé íà îñíîâå ÷èñëåííîãî ðåøåíèÿ óïðóãîé

çàäà÷è â ðåãóëÿðíîé çîíå (a) è â îáëàñòè çàïîëíåííîãî îò-

âåðñòèÿ (á)

Fig. 5. Schemes of SIF determination from the numerical

solution of elastic problem in a regular zone (a) and in the

area containing filled hole (b)



öèè íàïðÿæåíèé — 25 – 27 %. Òàêèì îáðàçîì,

çíà÷åíèÿ, ïðèâåäåííûå â òàáë. 1 – 4, êîòîðûå ïî-

ëó÷åíû äëÿ êîýôôèöèåíòîâ êîíöåíòðàöèè á1 =

= 3,0 è á2 = 1,0, ïðåäñòàâëÿþò ñîáîé íèæíþþ

ãðàíèöó âåëè÷èí êîìïîíåíò îñòàòî÷íûõ íàïðÿ-

æåíèé â îêðåñòíîñòè çàïîëíåííûõ ìîíòàæíûõ

îòâåðñòèé. Ðåàëüíûå õàðàêòåðèñòèêè ïîëÿ îñòà-

òî÷íûõ íàïðÿæåíèé â íåðåãóëÿðíîé çîíå ìîæíî

ïîëó÷èòü íà îñíîâå ÷èñëåííîãî ìîäåëèðîâàíèÿ

óïðóãîé çàäà÷è î êîíöåíòðàöèè íàïðÿæåíèé,

ñõåìà êîòîðîé ïîêàçàíà íà ðèñ. 5, á. Ãëàâíîå, äëÿ

çîíäèðóþùèõ îòâåðñòèé, ðàñïîëîæåííûõ íà ìè-

íèìàëüíî âîçìîæíûõ ðàññòîÿíèÿõ îò êîíòóðà

ìîíòàæíûõ îòâåðñòèé, ïîëó÷åíà èñõîäíàÿ ýêñïå-

ðèìåíòàëüíàÿ èíôîðìàöèÿ â âèäå êàðòèí èíòåð-

ôåðåíöèîííûõ ïîëîñ âûñîêîãî êà÷åñòâà (ñì.

ðèñ. 3, 5 è 7).

Ýêñïåðèìåíòàëüíûå çàâèñèìîñòè êîìïîíåíò

îñòàòî÷íûõ íàïðÿæåíèé äëÿ îáðàçöà Z5 è îáðàç-

öà Z6 ïðåäñòàâëåíû íà ðèñ. 6 è 7. Íà÷àëî êàæäîé

îñè íàõîäèòñÿ íà êîíòóðå ìîíòàæíîãî îòâåðñòèÿ,

áëèæàéøåãî ê êîíòóðó çîíäèðóþùåãî îòâåðñòèÿ.

Äëÿ êðàéíèõ òî÷åê ýòèõ çàâèñèìîñòåé ïðåäñòàâ-

ëåíû äâà òèïà çíà÷åíèé êîìïîíåíò îñòàòî÷íûõ

íàïðÿæåíèé èç òàáë. 5. Ãëàâíàÿ îñîáåííîñòü ýòèõ

ðàñïðåäåëåíèé ñîñòîèò â òîì, ÷òî êîìïîíåíòû îñ-

òàòî÷íûõ íàïðÿæåíèé ó1 è ó2 èìåþò îòðèöàòåëü-

íûé è ïîëîæèòåëüíûé çíàêè äëÿ îáîèõ îáðàçöîâ.

Â ñëó÷àå ñâîáîäíûõ ìîíòàæíûõ îòâåðñòèé âûÿâ-

ëåíû îòðèöàòåëüíûå çíàêè îáåèõ êîìïîíåíò

[10]. Ïðè ýòîì íàáëþäàëàñü ðåëàêñàöèÿ âåëè÷èí

êîìïîíåíòû ó2, ñîâïàäàþùåé ñ íàïðàâëåíèåì

íàãðóçêè, â îòëè÷èå îò îòðèöàòåëüíûõ çíà÷åíèé

êîìïîíåíòû ó1. Ïðè íàëè÷èè áîëòîâ ñ íàòÿãîì,

óñòàíîâëåííûõ â ìîíòàæíûå îòâåðñòèÿ îáîèõ òè-

ïîâ, â ïîëå ïðèëîæåíèÿ öèêëè÷åñêîé íàãðóçêè ñ

ðàñòÿãèâàþùèìè âíåøíèìè íàïðÿæåíèÿìè íà-

áëþäàþòñÿ ïîëîæèòåëüíûå çíàêè êîìïîíåíòû

îñòàòî÷íûõ íàïðÿæåíèé ó2, íàïðàâëåííîé âäîëü

ëèíèè ïðèëîæåíèÿ óñèëèÿ. Î÷åâèäíî, ÷òî äàí-

íûé ôàêò îêàçûâàåò íåêîòîðîå íåãàòèâíîå âëèÿ-

íèå íà äîëãîâå÷íîñòü ñîåäèíåíèé.
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Òàáëèöà 5. Âåëè÷èíû îñòàòî÷íûõ íàïðÿæåíèé â îáðàçöàõ Z5 è Z6, ïîëó÷åííûå äëÿ ðàçëè÷íûõ çíà÷åíèé êîýôôèöèåí-

òîâ êîíöåíòðàöèè íàïðÿæåíèé

Table 5. Values of residual stresses in Specimens Z5 and Z6 obtained for different pairs of stress concentration factors

Îïðåäåëÿåìûå

ïàðàìåòðû

Íîìåð òî÷êè

Z5 Z6

6 1 5 (1 + 6)/2 5

ó1(á1, á2) –68,1 –93,3 –54,1 –68,8 –36,0

ó1(
~
�1,

~
� 2) –92,5 –124,0 –74,6 –94,5 –51,1

ä(ó1) 0,26 0,25 0,26 0,27 0,25

ó2(á1, á2) +84,8 +31,8 +104,3 +121,7 +114,1

ó2(
~
�1,

~
� 2) +114,1 +23,5 +139,5 +162,7 +152,0

ä(ó2) 0,26 0,26 0,25 0,25 0,25

Z A5 — ëèíèÿ

Ðèñ. 6. Ðàñïðåäåëåíèÿ ãëàâíûõ êîìïîíåíò îñòàòî÷íûõ

íàïðÿæåíèé ó1 è ó2 âäîëü ëèíèè A â îáðàçöå Z5

Fig. 6. Distributions of the principal components of resid-

ual stress ó1 and ó2 along line A in specimen Z5

Z A6 — ëèíèÿ

Ðèñ. 7. Ðàñïðåäåëåíèÿ ãëàâíûõ êîìïîíåíò îñòàòî÷íûõ

íàïðÿæåíèé ó1 è ó2 âäîëü ëèíèè A â îáðàçöå Z6

Fig. 7. Distributions of the principal components of resid-

ual stress ó1 and ó2 along line A in specimen Z6



Äàëåå îöåíèì, äëÿ êàêîé òåõíîëîãèè ïîäãî-

òîâêè ìîíòàæíûõ îòâåðñòèé ýòî íåãàòèâíîå

âëèÿíèå íàèáîëåå âûðàæåíî. Äëÿ ýòîãî ñðàâíèì

âåëè÷èíû îäèíàêîâûõ êîìïîíåíò îñòàòî÷íûõ

íàïðÿæåíèé. Ñîîòâåòñòâóþùèå çàâèñèìîñòè

ïðèâåäåíû íà ðèñ. 8 è 9.

Ïðè ñðàâíåíèè äàííûõ, ïîëó÷åííûõ äëÿ áîë-

òîâ, óñòàíîâëåííûõ ñ íàòÿãîì, ñ÷èòàëè, ÷òî ïðåä-

ïî÷òèòåëüíà òåõíîëîãèÿ, êîòîðàÿ îáåñïå÷èâàåò

ìèíèìàëüíûå çíà÷åíèÿ ïîëîæèòåëüíûõ êîìïî-

íåíò îñòàòî÷íûõ íàïðÿæåíèé ó2 â íàïðàâëåíèè

âíåøíåé íàãðóçêè. Ïðè÷åì èíòåðåñ ïðåäñòàâëÿ-

þò òî÷êè, áëèæàéøèå ê êîíòóðó ìîíòàæíîãî îò-

âåðñòèÿ: â ëåâîé òàêîé òî÷êå äëÿ êîýôôèöèåíòîâ

êîíöåíòðàöèè íàïðÿæåíèé á1 = 3,0, á2 = 1,0 çíà-

÷åíèÿ #
2

5Z L� = +84,8 ÌÏà, #
2

6Z L� = +121,7 ÌÏà;

â ïðàâîé òî÷êå — #
2

5Z R� = +104,3 ÌÏà, #
2

6Z R� =

= +114,1 ÌÏà. Ñðåäíèå âåëè÷èíû ~
#

2
5Z =

= +94,5 ÌÏà, ~
#

2
6Z = +117,9 ÌÏà; ðàçíèöà ìåæ-

äó íèìè — 20 %. Àíàëîãè÷íûå äàííûå ïîëó÷åíû

äëÿ êîýôôèöèåíòîâ êîíöåíòðàöèè íàïðÿæåíèé
~
�1 = 2,5, ~

�2 = 0,8: # � �
2

5
1 2

Z L� (~ ,~ ) = +114,1 ÌÏà,

# � �
2

6
1 2

Z L� (~ ,~ ) = +162,7 ÌÏà è # � �
2

5
1 2

Z R� (~ ,~ ) =

= +139,5 ÌÏà, # � �
2

6
1 2

Z R� (~ ,~ ) = +152,0 ÌÏà;

ðàçíèöà — 19,4 %. Òàêèì îáðàçîì, ñ òî÷êè çðå-

íèÿ ñíèæåíèÿ âåðîÿòíîñòè çàðîæäåíèÿ óñòàëîñò-

íîé òðåùèíû ìåæäó ìîíòàæíûìè îòâåðñòèÿìè â

ãîðèçîíòàëüíîì íàïðàâëåíèè ëó÷øèå ðåçóëüòà-

òû äåìîíñòðèðóåò îáðàçåö Z5. Êàê è ñëåäîâàëî

îæèäàòü, ðåçóëüòàòû ñðàâíåíèÿ âåëè÷èí êîìïî-

íåíòû ó2 äëÿ îáîèõ ïàð êîýôôèöèåíòîâ êîíöåí-

òðàöèè íàïðÿæåíèé ïîëíîñòüþ ñîâïàäàþò.

Ïðåäñòàâëåííûå ðåçóëüòàòû îïðåäåëåíèÿ

êîìïîíåíò îñòàòî÷íûõ íàïðÿæåíèé è èõ ñðàâíè-
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à

Z5

Z5

Z6

Z6

á

Ðèñ. 8. Ðàñïðåäåëåíèÿ ãëàâíîé êîìïîíåíòû îñòàòî÷íûõ íàïðÿæåíèé ó1 âäîëü ëèíèè A â îáðàçöå Z5 è îáðàçöå Z6 äëÿ êî-

ýôôèöèåíòîâ êîíöåíòðàöèè íàïðÿæåíèé á1 = 3,0, á2 = 1,0 (a) è ~
�1 = 2,5, ~

� 2 = 0,8 (á)

Fig. 8. Distributions of the principal component ó1 along line A in specimens Z5 and Z6 for SIF á1 = 3.0, á2 = 1.0 (a) and
~
�1 = 2.5, ~

� 2 = 0.8 (b)

à

Z5

Z5

Z6

Z6

á

Ðèñ. 9. Ðàñïðåäåëåíèÿ ãëàâíîé êîìïîíåíòû îñòàòî÷íûõ íàïðÿæåíèé ó2 âäîëü ëèíèè A â îáðàçöå Z5 è îáðàçöå Z6 äëÿ êî-

ýôôèöèåíòîâ êîíöåíòðàöèè íàïðÿæåíèé á1 = 3,0, á2 = 1,0 (a) è
~
�1 = 2,5,

~
� 2 = 0,8 (á)

Fig. 9. Distributions of principal component ó2 along line A in specimens Z5 and Z6 for SIF á1 = 3.0, á2 = 1.0 (a) and
~
�1 = 2.5;

~
� 2 = 0.8 (b)



òåëüíîãî àíàëèçà ïîëó÷åíû íà îñíîâå äèñêðåò-

íîãî ìåòîäà ñâåðëåíèÿ çîíäèðóþùèõ îòâåðñòèé.

Ïî òåõíè÷åñêèì ïðè÷èíàì íå âñå îòâåðñòèÿ âû-

ïîëíåíû íà îäèíàêîâûõ ðàññòîÿíèÿõ îò èñ-

ñëåäóåìîãî êîíòóðà ìîíòàæíîãî îòâåðñòèÿ, ãäå

íàèáîëåå âûñîêè ãðàäèåíòû îñòàòî÷íûõ íàïðÿ-

æåíèé. Íàëè÷èå çíà÷èòåëüíûõ ãðàäèåíòîâ â ãî-

ðèçîíòàëüíîì íàïðàâëåíèè íàãëÿäíî äåìîíñòðè-

ðóåòñÿ íåñèììåòðè÷íûìè êàðòèíàìè èíòåðôå-

ðåíöèîííûõ ïîëîñ, ïðèâåäåííûõ íà ðèñ. 3, à, â

(ñëåâà) è ðèñ. 4, á (ñëåâà). Ïîýòîìó äëÿ óòî÷íåíèÿ

ïîëó÷åííîé èíôîðìàöèè è ñäåëàííûõ íà åå îñíî-

âå âûâîäîâ æåëàòåëüíî èñïîëüçîâàòü ìåòîä, êî-

òîðûé ñïîñîáåí õàðàêòåðèçîâàòü íåïðåðûâíîå

ðàñïðåäåëåíèå êîìïîíåíòû îñòàòî÷íûõ íàïðÿ-

æåíèé ó2 âäîëü ëèíèè A. Ðåçóëüòàòû ïðèìåíå-

íèÿ ïîäîáíîãî ïîäõîäà ïðåäñòàâëåíû íèæå.

Ñðàâíèòåëüíûé àíàëèç

îñòàòî÷íûõ íàïðÿæåíèé

íà îñíîâå ìåòîäà ïîñëåäîâàòåëüíîãî

íàðàùèâàíèÿ äëèíû òðåùèíû

Ïðèìåíåíèå ìåòîäà ïîñëåäîâàòåëüíîãî íàðà-

ùèâàíèÿ äëèíû òðåùèíû (ÏÍÄÒ) â çîíå êîí-
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Ðèñ. 10. Êàðòèíû èíòåðôåðåíöèîííûõ ïîëîñ, ïîëó÷åííûå äëÿ îáðàçöà Z6 â òåðìèíàõ òàíãåíöèàëüíûõ êîìïîíåíò ïåðå-

ìåùåíèé u (a) è v (á), ïîñëå ñâåðëåíèÿ îòâåðñòèÿ äèàìåòðîì 2r0 = 2,5 ìì â òî÷êå A1: à, á è â, ã — íåñêâîçíîå è ñêâîçíîå îò-

âåðñòèÿ

Fig. 10. Specimen Z6. Interference fringe patterns obtained in terms of in-plane displacement component u (a, c) and v (b, d)

as a result of hole drilling at point A1. Blind hole (a, b) and through hole (c, d) (diameter 2r0 = 2.5 mm)



òàêòíîãî âçàèìîäåéñòâèÿ èìååò ñâîè îñîáåííî-

ñòè. Òàê, èñêóññòâåííûé íàäðåç íåâîçìîæíî íà-

÷àòü îò êîíòóðà çàïîëíåííîãî áîëòîì îòâåðñòèÿ.

Ïîýòîìó â äàííîé ðàáîòå ïðåäëîæåí íîâûé âàðè-

àíò ìåòîäà ÏÍÄÒ. Åãî ñóùíîñòü çàêëþ÷àåòñÿ â

òîì, ÷òî â ñåðåäèíå ðàññòîÿíèÿ ìåæäó èññëåäó-

åìûìè ìîíòàæíûìè îòâåðñòèÿìè âûïîëíÿåòñÿ

èñõîäíîå çîíäèðóþùåå îòâåðñòèå, îò êîíòóðà êî-

òîðîãî è íà÷èíàåòñÿ ïîñëåäîâàòåëüíîñòü èñêóñ-

ñòâåííûõ íàäðåçîâ, êàê ýòî ïîêàçàíî íà ðèñ. 2.

Ïðè ýòîì ñíà÷àëà îïðåäåëÿþò êîìïîíåíòû îñòà-

òî÷íûõ íàïðÿæåíèé. Òåõíè÷åñêè ñâåðëåíèå ïðî-

âîäÿò â äâà ýòàïà. Íà ïåðâîì øàãå âûïîëíÿþò

ñâåðëåíèå ãëóõîãî îòâåðñòèÿ äèàìåòðîì 2r0 ãëó-

áèíîé h = 3r0. Íà âòîðîì øàãå ãëóõîå îòâåðñòèå

ðàññâåðëèâàþò äî ñêâîçíîãî îòâåðñòèÿ. Ãëàâíûå

êîìïîíåíòû îñòàòî÷íûõ íàïðÿæåíèé îïðåäåëÿ-

þò â îáîèõ ñëó÷àÿõ. Êàðòèíû èíòåðôåðåíöèîí-

íûõ ïîëîñ, ïîëó÷åííûå ïðè ðåàëèçàöèè ýòîé

ïðîöåäóðû, ïîêàçàíû íà ðèñ. 10.

Ýòè èíòåðôåðîãðàììû ïðàêòè÷åñêè ñîâïàäà-

þò êàê ïî êîíôèãóðàöèè, òàê è ïî çíà÷åíèÿì ðàç-

íîñòåé àáñîëþòíûõ ïîðÿäêîâ ïîëîñ, êàê ýòî âèä-

íî èç òàáë. 3 (ñì. ïîñëåäíèå ñòðîêè). Ðàçíèöà â
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à á

â ã

Ðèñ. 11. Êàðòèíû èíòåðôåðåíöèîííûõ ïîëîñ, ïîëó÷åííûå äëÿ îáðàçöà Z5 â òåðìèíàõ òàíãåíöèàëüíîé êîìïîíåíòû v,

êàê ðåçóëüòàò íàíåñåíèå óçêîãî íàäðåçà: à — èñõîäíàÿ äëèíà íàäðåçà a0 = 0 ìì ñ ïðèðàùåíèåì Äa1 = 2,48 ìì; á —

a2 = 2,74 ìì ñ Äa3 = 2,37 ìì; â — a5 = 10,03 ìì ñ Äa6 = 1,96 ìì; ã — a6 = 11,99 ìì ñ Äa7 = 1,5 ìì

Fig. 11. Specimen Z5. Interference fringe patterns obtained in terms of in-plane displacement component v as the result of

inserting a narrow notch: initial notch length a0 = 0 with an increment Äa1 = 2.48 mm (a); initial notch length a2 = 5.03 mm

with an increment Äa3 = 2.37 mm (b); initial notch length a5 = 10.03 mm with an increment Äa6 = 1.96 mm (c); initial notch

length a6 = 11.99 mm with an increment Äa7 = 1.59 mm (d)



âåëè÷èíàõ îñòàòî÷íûõ íàïðÿæåíèé — 2,7 è 9,1 %

äëÿ êîìïîíåíò ó1 è ó2 ñîîòâåòñòâåííî. Òàêèì îá-

ðàçîì, ïîëó÷åíî ýêñïåðèìåíòàëüíîå ïîäòâåðæäå-

íèå òîãî ôàêòà, ÷òî â ñëó÷àå ãëóõèõ îòâåðñòèé

ãëóáèíîé h " 3r0 äëÿ óïðîùåíèÿ âû÷èñëåíèé, íå-

îáõîäèìûõ ïðè îïðåäåëåíèè ãëàâíûõ êîìïîíåíò

îñòàòî÷íûõ íàïðÿæåíèé â ðåãóëÿðíûõ çîíàõ îáî-

èõ îáðàçöîâ íà îñíîâå ôîðìóëû (1), ìîæíî èñ-

ïîëüçîâàòü êîýôôèöèåíòû êîíöåíòðàöèè íàïðÿ-

æåíèé äëÿ ñêâîçíîãî îòâåðñòèÿ á1 = 3, á2 = 1.

Èìåííî òàêîé ïîäõîä è ïðèìåíåí â ñòàòüå [10] è

â äàííîé ðàáîòå ïðè èñïîëüçîâàíèè ìåòîäà ñâåð-

ëåíèÿ îòâåðñòèÿ äëÿ ñðàâíåíèÿ âåëè÷èí îñòàòî÷-

íûõ íàïðÿæåíèé â äâóõ ðàçëè÷íûõ îáðàçöàõ.

Ìåòîä ÏÍÄÒ äàåò ýêñïåðèìåíòàëüíóþ èí-

ôîðìàöèþ â âèäå êàðòèí èíòåðôåðåíöèîííûõ

ïîëîñ, êîòîðûå âîçíèêàþò ïðè íàíåñåíèè óçêîãî

íàäðåçà â ïîëå îñòàòî÷íûõ íàïðÿæåíèé. Ïî-

ëó÷åííûå èíòåðôåðîãðàììû êîëè÷åñòâåííûì

îáðàçîì îïèñûâàþò ðàñïðåäåëåíèÿ òàíãåíöèàëü-

íûõ êîìïîíåíò ïåðåìåùåíèé u è v â íàïðàâ-

ëåíèè êîîðäèíàòíûõ îñåé x è y ñîîòâåòñòâåííî.

Òàêîé ïîäõîä ïîäðîáíî îïèñàí â ðàáîòàõ [13 –

19]. Âñå èñêóññòâåííûå íàäðåçû âûïîëíåíû þâå-
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à á

â ã

Ðèñ. 12. Êàðòèíû èíòåðôåðåíöèîííûõ ïîëîñ, ïîëó÷åííûå äëÿ îáðàçöà Z6 â òåðìèíàõ òàíãåíöèàëüíîé êîìïîíåíòû v,

êàê ðåçóëüòàò íàíåñåíèå óçêîãî íàäðåçà: à — èñõîäíàÿ äëèíà íàäðåçà a0 = 0 ìì ñ ïðèðàùåíèåì Äa1 = 2,81 ìì; á —

a1 = 2,81 ìì ñ Äa2 = 3,29 ìì; â — a5 = 11,94 ìì ñ Äa6 = 1,30; ã — a6 = 13,24 ìì ñ Äa7 = 1,60 ìì

Fig. 12. Specimen Z6. Interference fringe patterns obtained in terms of in-plane displacement component v as the result of

inserting a narrow notch: initial notch length a0 = 0 with an increment Äa1 = 2.81 mm (a); initial notch length a1 = 2.81 mm

with an increment Äa2 = 3.29 mm (b); initial notch length a5 = 11.94 mm with an increment Äa6 = 1.30 mm (c); initial notch

length a6 = 13.24 mm with an increment Äa7 = 1.60 mm (d)



ëèðíûì ëîáçèêîì øèðèíîé Äb = 0,24 ìì â íà-

ïðàâëåíèè îñè x (ñì. ðèñ. 2). Îòìåòèì, ÷òî òàêîé

óçêîé ïèëêîé ðàçäåëÿþò áåðåãà íàäðåçà â ïëèòå

òîëùèíîé 10 ìì. Òèïè÷íûå êàðòèíû èíòåðôå-

ðåíöèîííûõ ïîëîñ, ïîëó÷åííûå äëÿ îáðàçöà Z5,

ïîêàçàíû íà ðèñ. 11. Íàïðàâëåíèå ïóëüñèðóþ-

ùåé íàãðóçêè ïðè óñòàëîñòíûõ èñïûòàíèÿõ ñîâ-

ïàäàåò ñ êîîðäèíàòíîé îñüþ y, ïåðïåíäèêóëÿð-

íîé ëèíèè íàäðåçà.

Òèïè÷íûå êàðòèíû èíòåðôåðåíöèîííûõ ïî-

ëîñ, ïîëó÷åííûå ïðè íàíåñåíèè íàäðåçà C1 â îá-

ðàçöå Z6, ïîêàçàíû íà ðèñ. 12.

Ðåçóëüòàòû îáðàáîòêè êàðòèí èíòåðôåðåíöè-

îííûõ ïîëîñ, ïîëó÷åííûõ ïðè ïîñëåäîâàòåëüíîì

óâåëè÷åíèè äëèíû íàäðåçà, â òåðìèíàõ ðàñêðû-

òèÿ òðåùèíû è âåëè÷èí êîýôôèöèåíòîâ èíòåí-

ñèâíîñòè íàïðÿæåíèé ïðèâåäåíû â òàáë. 6 äëÿ

îáðàçöà Z5. Â îáðàçöå Z6 â öåëÿõ ïîâûøåíèÿ íà-

äåæíîñòè èçìåðåíèé âûïîëíåíî äâà ïîñëåäîâà-

òåëüíûõ íàäðåçà — C1 è C2. Ñîîòâåòñòâóþùèå

äàííûå ïðåäñòàâëåíû â òàáë. 7 è 8.

Ðàñïðåäåëåíèÿ ÊÈÍ ïî äëèíå íàäðåçîâ, ïî-

ëó÷åííûå äëÿ îáðàçöà Z5 è îáðàçöà Z6 (ñì.

òàáë. 6 – 8), ïðåäñòàâëåíû íà ðèñ. 13. Îòìåòèì,

÷òî âåëè÷èíû ÊÈÍ îòíîñÿòñÿ ê êðàéíåé òî÷êå
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Òàáëèöà 6. Çíà÷åíèÿ ðàñêðûòèÿ íàäðåçà è âåëè÷èíû ÊÈÍ â îáðàçöå Z5

Table 6. Notch opening and SIF values for specimen Z5

Îïðåäåëÿåìûå

ïàðàìåòðû

Íîìåð íàäðåçà

1 2 3 4 5 6 7

Äa
n
, ìì 2,48 2,55 1,96 1,67 1,37 1,96 1,59

a
n
, ìì 2,48 5,03 6,99 8,66 10,03 11,99 13,58

*Nn
v
�1, ïîëîñ 14,0 22,0 28,0 28,0 26,0 26,0 0

Äv
n – 1, ìêì 5,32 8,36 10,64 10,64 9,88 9,88 0

*Nn
v
�0 5, , ïîëîñ 11,5 19,5 23,0 21,0 23,0 20,0 0

Äv
n – 0,5, ìêì 4,37 7,41 8,74 7,98 8,74 7,6 0

K n
I , ÌÏà · ì1/2 3,3 5,8 7,4 6,8 9,3 6,1 0

Òàáëèöà 7. Çíà÷åíèÿ ðàñêðûòèÿ íàäðåçà è âåëè÷èíû ÊÈÍ äëÿ íàäðåçà C1 â îáðàçöå Z6

Table 7. Notch opening and SIF values for crack C1 (specimen Z6)

Îïðåäåëÿåìûå

ïàðàìåòðû

Íîìåð íàäðåçà

1 2 3 4 5 6

Äa
n
, ìì 3,11 3,40 2,26 2,04 2,26 2,21

a
n
, ìì 3,11 6,51 8,77 10,81 13,07 15,28

*Nn
v
�1, ïîëîñ 8,0 21,5 18,5 28,5 38,5 6,5

Äv
n – 1, ìêì 3,04 8,17 7,03 10,83 14,63 2,47

*Nn
v
�0 5, , ïîëîñ 4,0 14,0 15,0 26,0 35,5 7,0

Äv
n – 0,5, ìêì 1,52 5,32 5,7 9,88 13,49 2,66

K n
I , ÌÏà · ì1/2 0,5 2,7 4,4 8,6 11,5 2,5

Òàáëèöà 8. Çíà÷åíèÿ ðàñêðûòèÿ íàäðåçà è âåëè÷èíû ÊÈÍ äëÿ íàäðåçà C2 â îáðàçöå Z6

Table 8. Notch opening and SIF values for crack C2 (specimen Z6)

Îïðåäåëÿåìûå

ïàðàìåòðû

Íîìåð íàäðåçà

1 2 3 4 5 6 7

Äa
n
, ìì 2,81 3,29 3,29 1,37 1,18 1,30 1,60

a
n
, ìì 2,81 6,10 9,39 10,76 11,94 13,24 14,84

*Nn
v
�1, ïîëîñ 7,0 16,5 29,0 27,5 27,0 35,0 5,0

Äv
n – 1, ìêì 2,66 6,27 11,02 10,45 10,26 13,3 1,9

*Nn
v
�0 5, , ïîëîñ 3,0 11,0 22,5 21,5 21,0 29,0 2,5

Äv
n – 0,5, ìêì 1,14 4,18 8,55 8,17 7,98 11,02 0,95

K n
I , ÌÏà · ì1/2 0,2 2,2 5,3 7,9 8,3 11,5 0,5



êàæäîãî íàäðåçà, íî îòðàæàþò âëèÿíèÿ ðàñïðå-

äåëåíèÿ îñòàòî÷íûõ íàïðÿæåíèé ïî âñåé äëèíå

íàäðåçà. Åñòåñòâåííî, ñëåäóåò îæèäàòü, ÷òî áîëü-

øèé âêëàä âíîñèò êîìïîíåíòà ó2, íàïðàâëåíèå

êîòîðîé ñîâïàäàåò ñ ëèíèåé äåéñòâèÿ íàãðóçêè.

Íà÷àëüíîé òî÷êîé êàæäîé çàâèñèìîñòè ÿâëÿåòñÿ

êîíòóð èñõîäíîãî çîíäèðóþùåãî îòâåðñòèÿ.

Êðàéíèå ïðàâûå òî÷êè íà âñåõ ãðàôèêàõ ñîîòâåò-

ñòâóþò êîíòóðó çàïîëíåííîãî ìîíòàæíîãî îòâåð-

ñòèÿ. Â ïåðâóþ î÷åðåäü íåîáõîäèìî îòìåòèòü õî-

ðîøåå ñîâïàäåíèå âåëè÷èí ÊÈÍ, ïîëó÷åííûõ

äëÿ äâóõ ïîñëåäîâàòåëüíûõ íàäðåçîâ â îáðàçöå

Z6.

Îñíîâíûì êðèòåðèåì ñðàâíåíèÿ äàííûõ,

ïîëó÷åííûõ äëÿ áîëòîâ, óñòàíîâëåííûõ ñ íàòÿ-

ãîì â îòâåðñòèÿ, ïîäãîòîâëåííûå äâóìÿ ñïîñîáà-

ìè, ñëóæèò ïðåäïî÷òèòåëüíîñòü òîé òåõíîëîãèè,

êîòîðàÿ ïîñëå óñòàëîñòíûõ èñïûòàíèé îáåñïå÷è-

âàåò ìèíèìàëüíûå çíà÷åíèÿ ïîëîæèòåëüíûõ

êîìïîíåíò îñòàòî÷íûõ íàïðÿæåíèé ó2 â íàïðàâ-

ëåíèè âíåøíåé íàãðóçêè. Ñ ýòîé òî÷êè çðåíèÿ

ëó÷øèå ðåçóëüòàòû äåìîíñòðèðóåò îáðàçåö Z5.

Â îêðåñòíîñòè çàïîëíåííîãî îòâåðñòèÿ ïîëîæè-

òåëüíûå çíà÷åíèÿ ÊÈÍ äëÿ îáðàçöà Z5 ìåíüøå

àíàëîãè÷íûõ âåëè÷èí, ïîëó÷åííûõ äëÿ îáðàçöà

Z6. Äàííûé ôàêò îçíà÷àåò ñíèæåíèå âåðîÿò-

íîñòè çàðîæäåíèÿ óñòàëîñòíîé òðåùèíû â íàè-

áîëåå îïàñíîì (ãîðèçîíòàëüíîì) íàïðàâëåíèè

ìåæäó ìîíòàæíûìè îòâåðñòèÿìè, çàïîëíåííûìè

áîëòàìè.

Àíàëèç ðåçóëüòàòîâ

Äëÿ äâóõ îáðàçöîâ ïðè ñâåðëåíèè çîíäèðóþ-

ùèõ îòâåðñòèé â ïîëå îñòàòî÷íûõ íàïðÿæåíèé

ïîëó÷åí îáøèðíûé íàáîð êàðòèí èíòåðôåðåíöè-

îííûõ ïîëîñ î÷åíü âûñîêîãî êà÷åñòâà. Ïî ðåçóëü-

òàòàì îáðàáîòêè èíòåðôåðîãðàìì óñòàíîâëåíî,

÷òî â îáîèõ îáðàçöàõ ñîõðàíÿåòñÿ îäèíàêîâûé

òèï ïîëÿ îñòàòî÷íûõ íàïðÿæåíèé â ãîðèçîíòàëü-

íîì íàïðàâëåíèè ìåæäó çàïîëíåííûìè îòâåð-

ñòèÿìè. À èìåííî, âûÿâëåíû îòðèöàòåëüíûå çíà-

÷åíèÿ ãëàâíîé êîìïîíåíòû ó1 è ïîëîæèòåëüíûå

âåëè÷èíû ãëàâíîé êîìïîíåíòû ó2, êîòîðûå íà-

ïðàâëåíû ñîîòâåòñòâåííî ïåðïåíäèêóëÿðíî è

âäîëü ëèíèè ïðèëîæåíèÿ âíåøíåé íàãðóçêè. Èõ

ïðåäåëüíûå çíà÷åíèÿ ñîñòàâèëè: #
1

5Z =

= –105,6 ÌÏà, #
2

5Z = +83,3 ÌÏà (Äx = 6,7 ìì);

#
1

5Z = –54,1 ÌÏà, #
2

5Z = +104,3 ÌÏà (Äx =

= 1,1 ìì) — äëÿ îáðàçöà Z5; #
1

6Z = –68,8 ÌÏà,

#
2

6Z = +121,7 ÌÏà (Äx = 1,9 ìì) — äëÿ îáðàçöà

Z6; Äx — ðàññòîÿíèå îò öåíòðà çîíäèðóþùåãî îò-

âåðñòèÿ äî êîíòóðà áëèæàéøåãî çàïîëíåííîãî

ìîíòàæíîãî îòâåðñòèÿ. Òàêèì îáðàçîì, âûÿâëå-

íû äâà ôàêòà, íà êîòîðûå íåîáõîäèìî îáðàòèòü

âíèìàíèå. Âî-ïåðâûõ, ïðåäåëüíûå âåëè÷èíû

ãëàâíûõ êîìïîíåíò îñòàòî÷íûõ íàïðÿæåíèé äîñ-

òàòî÷íî áëèçêè äëÿ îáîèõ îáðàçöîâ. Ýòî ìîæåò

îçíà÷àòü, ÷òî óñòàíîâêà áîëòîâ ñ íàòÿãîì îò 1,3

äî 2,1 % â óïðî÷íåííûå îòâåðñòèÿ ñíèæàåò âåëè-

÷èíû ñæèìàþùèõ íàïðÿæåíèé, âûçâàííûå õî-

ëîäíûì óïðî÷íåíèåì îòâåðñòèÿ. Ýòî îáñòîÿ-

òåëüñòâî âûçûâàåò âîïðîñû î öåëåñîîáðàçíîñòè

èñïîëüçîâàíèÿ íàòÿãà ïðè ìîíòàæå ïàíåëåé ñ óï-

ðî÷íåííûìè îòâåðñòèÿìè. Âî-âòîðûõ, èìååò ìå-

ñòî âåñüìà íåîæèäàííàÿ òðàíñôîðìàöèÿ èñõîä-

íîãî ïîëÿ ìîíòàæíûõ íàïðÿæåíèé â îáðàçöå Z6.

Äåëî â òîì, ÷òî èñõîäíîå ïîëå äåéñòâóþùèõ íà-

ïðÿæåíèé â îêðåñòíîñòè áîëòà, óñòàíîâëåííîãî ñ

íàòÿãîì â íåóïðî÷íåííîå îòâåðñòèå, äîëæíî õà-

ðàêòåðèçîâàòüñÿ ïîëîæèòåëüíûìè êîìïîíåíòà-

ìè íàïðÿæåíèé ñ ðàäèàëüíîé ñèììåòðèåé. Ïîñëå

óñòàëîñòíûõ èñïûòàíèé íàáëþäàåòñÿ íàëè÷èå

îòðèöàòåëüíûõ îñòàòî÷íûõ íàïðÿæåíèé ó1 â ãî-

ðèçîíòàëüíîì íàïðàâëåíèè.

Â êà÷åñòâå êðèòåðèÿ ïðåäïî÷òèòåëüíîñòè äëÿ

òåõíîëîãèè óñòàíîâêè êðåïåæíûõ áîëòîâ â ìîí-

òàæíûå îòâåðñòèÿ ðàññìàòðèâàåòñÿ âåëè÷èíà

ðàñòÿãèâàþùèõ îñòàòî÷íûõ íàïðÿæåíèé â òî÷-

êàõ, íàèáîëåå áëèçêèõ ê êîíòóðó çàïîëíåííîãî

îòâåðñòèÿ. Íàèáîëüøèé èíòåðåñ ïðåäñòàâëÿþò

ðàçëè÷èÿ â âåëè÷èíàõ êîìïîíåíòû îñòàòî÷íûõ

íàïðÿæåíèé ó2 â îêðåñòíîñòè ìîíòàæíîãî îòâåð-

ñòèÿ, êîòîðàÿ áîëüøå âñåãî èçìåíÿåòñÿ ïîä äåé-

ñòâèåì âíåøíåé íàãðóçêè, òàê êàê ñîâïàäàåò ñ

íàïðàâëåíèåì ýòîé íàãðóçêè. Â îêðåñòíîñòè óï-

ðî÷íåííîãî îòâåðñòèÿ äëÿ âñåõ ðàññìîòðåííûõ

ñëó÷àåâ ñîõðàíÿþòñÿ ìåíüøèå ïî âåëè÷èíå çíà-

÷åíèÿ ðàñòÿãèâàþùåé êîìïîíåíòû îñòàòî÷íûõ

íàïðÿæåíèé ó2, ÷åì âîçëå íåóïðî÷íåííîãî îòâåð-

ñòèÿ. Ýòîò ôàêò îçíà÷àåò ñíèæåíèå âåðîÿòíîñòè

ïîÿâëåíèÿ íàèáîëåå îïàñíîé óñòàëîñòíîé òðåùè-

íû â ãîðèçîíòàëüíîì íàïðàâëåíèè ìåæäó çàïîë-

íåííûìè îòâåðñòèÿìè, ïðè÷åì áîëüøåå ñíèæå-

íèå äëÿ îáðàçöà Z5, ÷åì äëÿ îáðàçöà Z6. Êîëè÷å-
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Ðèñ. 13. Çàâèñèìîñòü âåëè÷èí ÊÈÍ ( )K n
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Fig. 13. SIF values ( )K n
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Âñå ïðåäñòàâëåííûå ðåçóëüòàòû îïðåäåëåíèÿ

êîìïîíåíò îñòàòî÷íûõ íàïðÿæåíèé ïîëó÷åíû íà

îñíîâå äèñêðåòíîãî ìåòîäà ñâåðëåíèÿ çîíäèðó-

þùèõ îòâåðñòèé. Åñòåñòâåííî, ÷òî ïî òåõíè-

÷åñêèì ïðè÷èíàì íå âñå îòâåðñòèÿ âûïîëíåíû

íà îäèíàêîâûõ ðàññòîÿíèÿõ îò èññëåäóåìîãî êîí-

òóðà ìîíòàæíîãî îòâåðñòèÿ, ãäå íàèáîëåå âûñîêè

ãðàäèåíòû îñòàòî÷íûõ íàïðÿæåíèé. Ïîýòîìó äëÿ

óòî÷íåíèÿ ïîëó÷åííîé èíôîðìàöèè è ñäåëàííûõ

íà åå îñíîâå âûâîäîâ ïðèìåíÿåòñÿ ïîäõîä, êîòî-

ðûé ñïîñîáåí õàðàêòåðèçîâàòü íåïðåðûâíîå ðàñ-

ïðåäåëåíèå êîìïîíåíòû îñòàòî÷íûõ íàïðÿæå-

íèé ó2 âäîëü ãîðèçîíòàëüíîé ëèíèè A. À èìåííî,

ïðåäëîæåí è ðåàëèçîâàí íîâûé âàðèàíò ìåòîäà

ïîñëåäîâàòåëüíîãî íàðàùèâàíèÿ äëèíû òðåùè-

íû. Åãî ñóùíîñòü çàêëþ÷àåòñÿ â òîì, ÷òî â ñåðå-

äèíå ðàññòîÿíèÿ ìåæäó èññëåäóåìûìè ìîíòàæ-

íûìè îòâåðñòèÿìè, êîòîðûå çàïîëíåíû áîëòàìè,

âûïîëíÿåòñÿ èñõîäíîå çîíäèðóþùåå îòâåðñòèå,

îò êîíòóðà êîòîðîãî è íà÷èíàåòñÿ ïîñëåäîâàòåëü-

íîñòü èñêóññòâåííûõ íàäðåçîâ. Íà ýòîé îñíîâå

ïîñòðîåíû çàâèñèìîñòè âåëè÷èí ÊÈÍ îò äëèíû

èñêóññòâåííîãî íàäðåçà â çîíå êîíòàêòíîãî âçàè-

ìîäåéñòâèÿ. Óñòàíîâëåíî, ÷òî ïîëîæèòåëüíûå

çíà÷åíèÿ ÊÈÍ â îêðåñòíîñòè çàïîëíåííîãî îò-

âåðñòèÿ ìåíüøå äëÿ îáðàçöà Z5, ÷åì äëÿ îáðàçöà

Z6. Ýòîò ôàêò îçíà÷àåò ñíèæåíèå âåðîÿòíîñòè

ïîÿâëåíèÿ íàèáîëåå îïàñíîé óñòàëîñòíîé òðåùè-

íû íà êîíòóðå ìîíòàæíîãî îòâåðñòèÿ â ãîðèçîí-

òàëüíîì íàïðàâëåíèè äëÿ îáðàçöà Z5 ïî ñðàâíå-

íèþ ñ îáðàçöîì Z6. Ðàíåå òàêîé æå âûâîä áûë

ñäåëàí íà îñíîâå ñðàâíåíèÿ ïîëîæèòåëüíûõ çíà-

÷åíèé êîìïîíåíòû ó2 âäîëü ãîðèçîíòàëüíîé ëè-

íèè ìåæäó çàïîëíåííûìè îòâåðñòèÿìè.

Ðàñïðåäåëåíèÿ ÊÈÍ, âïåðâûå ïîëó÷åííûå

ïðè íàíåñåíèè èñêóññòâåííîãî íàäðåçà â çîíå

êîíòàêòíîãî âçàèìîäåéñòâèÿ, ÿâëÿþòñÿ èñõîäíîé

ýêñïåðèìåíòàëüíîé èíôîðìàöèåé äëÿ êîëè÷å-

ñòâåííîãî îïðåäåëåíèÿ âåëè÷èí îñòàòî÷íûõ íà-

ïðÿæåíèé. Ýòî ìîæíî ñäåëàòü, íàïðèìåð, ñ ïîìî-

ùüþ ïîäõîäà, ïðåäñòàâëåííîãî â ðàáîòå [20].

Âûâîäû

Ïðîâåäåíû èñïûòàíèÿ ïî ñîïðîòèâëåíèþ

óñòàëîñòè äâóõ ãåîìåòðè÷åñêè îäèíàêîâûõ êîí-

ñòðóêòèâíî ïîäîáíûõ ìîäåëåé íèæíåé ïàíåëè

êðûëà êîììåð÷åñêîãî ñàìîëåòà. Ïàíåëè îòëè-

÷àþòñÿ ñïîñîáîì óñòàíîâêè ìîíòàæíûõ áîëòîâ,

ñîåäèíÿþùèõ îáøèâêó è ñòðèíãåð. Îáå ïàíåëè

îáåñïå÷èëè äîñòèæåíèå çàäàííîãî ðåñóðñà, íå

âûÿâèâ ïðåèìóùåñòâî îäíîé èç òåõíîëîãèé. Ïî-

ýòîìó áûëî ïðîâåäåíî äâóõýòàïíîå ñðàâíåíèå

îáåèõ òåõíîëîãèé íà îñíîâå èññëåäîâàíèÿ ïîëåé

îñòàòî÷íûõ íàïðÿæåíèé. Ýòàï, ïðåäñòàâëåííûé

â äàííîé ñòàòüå, âêëþ÷àåò àíàëèç âåëè÷èí êîì-

ïîíåíò îñòàòî÷íûõ íàïðÿæåíèé â îêðåñòíîñòè

ìîíòàæíûõ îòâåðñòèé â îáøèâêå, êîòîðûå çàïîë-

íåíû áîëòàìè ñ íàòÿãîì. Äëÿ îïðåäåëåíèÿ êîì-

ïîíåíò îñòàòî÷íûõ íàïðÿæåíèé èñïîëüçîâàíû

äâà ïîäõîäà, çàêëþ÷àþùèåñÿ â èçìåðåíèè äå-

ôîðìàöèîííîãî îòêëèêà íà ëîêàëüíîå óäàëåíèå

ìàòåðèàëà ìåòîäîì ñïåêë-èíòåðôåðîìåòðèè.

Ïåðâûé — äèñêðåòíûé ìåòîä, îñíîâàííûé íà

ñâåðëåíèè çîíäèðóþùåãî îòâåðñòèÿ, îáåñïå÷èâà-

åò êîëè÷åñòâåííîå îïðåäåëåíèå êîìïîíåíò îñòà-

òî÷íûõ íàïðÿæåíèé, íà÷èíàÿ ñ ðàññòîÿíèÿ

1,0 ìì îò êîíòóðà çàïîëíåííîãî îòâåðñòèÿ. Âòî-

ðîé — íåïðåðûâíûé ìåòîä îñíîâàí íà ïîñëåäî-

âàòåëüíîì íàðàùèâàíèè äëèíû èñêóññòâåííîãî

íàäðåçà. Â äàííîé ðàáîòå ïðåäëîæåí è ðåàëèçî-

âàí íîâûé âàðèàíò ìåòîäà ÏÍÄÒ. Åãî ñóùíîñòü

çàêëþ÷àåòñÿ â òîì, ÷òî â ñåðåäèíå ðàññòîÿíèÿ ìå-

æäó ñîñåäíèìè ìîíòàæíûìè îòâåðñòèÿìè, êîòî-

ðûå çàïîëíåíû áîëòàìè, âûïîëíÿåòñÿ èñõîäíîå

çîíäèðóþùåå îòâåðñòèå. Îò êîíòóðà ýòîãî îòâåð-

ñòèÿ è íà÷èíàåòñÿ ïîñëåäîâàòåëüíîñòü èñêóññò-

âåííûõ íàäðåçîâ. Íà ýòîé îñíîâå ïîñòðîåíû çà-

âèñèìîñòè âåëè÷èí ÊÈÍ îò äëèíû èñêóññòâåííî-

ãî íàäðåçà, êîòîðûå äàþò âîçìîæíîñòü ñðàâíåíèÿ

âåëè÷èí êîìïîíåíòû îñòàòî÷íûõ íàïðÿæåíèé ó2,

îòíîñÿùèõñÿ ê äâóì òåõíîëîãèÿì óñòàíîâêè áîë-

òîâ. Â êà÷åñòâå êðèòåðèÿ ïðåäïî÷òèòåëüíîñòè

òåõíîëîãèè óñòàíîâêè êðåïåæíûõ áîëòîâ â ìîí-

òàæíûå îòâåðñòèÿ ðàññìàòðèâàåòñÿ âåëè÷èíà

ðàñòÿãèâàþùèõ îñòàòî÷íûõ íàïðÿæåíèé â òî÷-

êàõ, íàèáîëåå áëèçêèõ ê êîíòóðó ìîíòàæíîãî îò-

âåðñòèÿ. ×åì íèæå çíà÷åíèå ïîëîæèòåëüíîé êîì-

ïîíåíòû îñòàòî÷íûõ íàïðÿæåíèé ó2, êîòîðàÿ

áîëüøå âñåãî ðåëàêñèðóåò ïîä äåéñòâèåì âíåø-

íåé íàãðóçêè, òàê êàê ñîâïàäàåò ñ íàïðàâëåíèåì

ýòîé íàãðóçêè, òåì ëó÷øå òåõíîëîãèÿ óñòàíîâêè

áîëòîâ ñ òî÷êè çðåíèÿ óñòàëîñòíîé ïðî÷íîñòè.

Îáà ýêñïåðèìåíòàëüíûõ ïîäõîäà âûÿâëÿþò ïðå-

èìóùåñòâà ñîåäèíåíèÿ ñ áîëòàìè, óñòàíîâëåííû-

ìè â óïðî÷íåííîå îòâåðñòèå.

Ïîëó÷åííûå ðåçóëüòàòû äåìîíñòðèðóþò âû-

ñîêóþ ýôôåêòèâíîñòü è íàäåæíîñòü ìåòîäîâ

îïðåäåëåíèÿ îñòàòî÷íûõ íàïðÿæåíèé, èñïîëü-

çóþùèõ îïòèêî-èíòåðôåðåíöèîííûå èçìåðåíèÿ

äåôîðìàöèîííîãî îòêëèêà íà ëîêàëüíîå óäàëå-

íèå ìàòåðèàëà. Ýòè ñâîéñòâà îñíîâàíû íà ïîëó-

÷åíèè èíòåðôåðîãðàìì âûñîêîãî êà÷åñòâà, êîòî-

ðûå îáåñïå÷èâàþò ðàçðåøåíèå èíòåðôåðåíöèîí-

íûõ ïîëîñ ïðåäåëüíîé ïëîòíîñòè íåïîñðåäñòâåí-

íî íà êîíòóðå çîíäèðóþùåãî îòâåðñòèÿ èëè íà

áåðåãàõ èñêóññòâåííîãî íàäðåçà. Ïðåäñòàâëåí-

íûé â ðàáîòå íàáîð ìåòîäîâ îïðåäåëåíèÿ ïîëåé

îñòàòî÷íûõ íàïðÿæåíèé â ýëåìåíòàõ ïàíåëè

êðûëà ñàìîëåòà è ïîëó÷åííûå íà ýòîé îñíîâå ðå-
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çóëüòàòû ïðåäñòàâëÿþò ñîáîé áàçèñ êîìïëåêñíûõ

èññëåäîâàíèé, êîòîðûå íåîáõîäèìî ïðîâîäèòü

äëÿ ïîâûøåíèÿ ðåñóðñà áîëòîâûõ ñîåäèíåíèé ñ

îäíîâðåìåííîé îïòèìèçàöèåé âåñîâûõ õàðàê-

òåðèñòèê êîíñòðóêöèè. Ïåðâûì øàãîì, äîïîë-

íÿþùèì ýòîò êîìïëåêñ, ÿâëÿåòñÿ îïðåäåëåíèå

èñõîäíûõ ïîëåé îñòàòî÷íûõ è ìîíòàæíûõ íàïðÿ-

æåíèé â îêðåñòíîñòè áîëòîâûõ ñîåäèíåíèé è èõ

ýâîëþöèè íà ðàçëè÷íûõ ýòàïàõ öèêëè÷åñêîãî íà-

ãðóæåíèÿ ñ èñïîëüçîâàíèåì ìîäåëüíûõ îáðàçöîâ.
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