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Ðàçðàáîòàíà êîíôèãóðàöèÿ îáðàçöà ñ çàäàííûì ïî ãëóáèíå ðàñïðåäåëåíèåì îñòàòî÷íûõ

íàïðÿæåíèé â öåëÿõ îòðàáîòêè ðåæèìîâ èññëåäîâàíèÿ îñòàòî÷íûõ íàïðÿæåíèé ìåõàíè÷å-

ñêèìè è ôèçè÷åñêèìè ìåòîäàìè. Ñïîñîá ôîðìèðîâàíèÿ îáðàçöà îñíîâàí íà íåðàâíîìåð-

íîì ïëàñòè÷åñêîì äåôîðìèðîâàíèè àëþìèíèåâîé áàëêè ïðÿìîóãîëüíîãî ñå÷åíèÿ ïî ñõåìå

÷èñòîãî èçãèáà. Êîíòðîëü äåôîðìèðîâàííîãî ñîñòîÿíèÿ â ïðîöåññå íàãðóæåíèÿ ïðîâîäèëè

íà òîðöåâîé ïîâåðõíîñòè îáðàçöà ïî ïîëþ íîðìàëüíûõ äåôîðìàöèé, ïîëó÷åííûõ ñ ïî-

ìîùüþ ñèñòåìû êîððåëÿöèè öèôðîâûõ èçîáðàæåíèé. Ãëóáèíà ïëàñòè÷åñêè äåôîðìè-

ðîâàííîãî ñëîÿ ñîñòàâèëà 1,3 ìì, ïîëó÷åíî ñèììåòðè÷íîå îòíîñèòåëüíî íåéòðàëüíîé îñè

îáðàçöà íàïðÿæåííîå ñîñòîÿíèå îáðàòíîãî çíàêà. Òåîðåòè÷åñêîå ðàñïðåäåëåíèå îñòàòî÷-

íûõ íàïðÿæåíèé, ïîëó÷åííûõ â ðåçóëüòàòå ðàçãðóçêè ïëàñòè÷åñêè äåôîðìèðîâàííîãî îá-

ðàçöà, îïðåäåëåíî ïî ðåçóëüòàòàì ÷èñëåííîãî ðàñ÷åòà êîíå÷íî-ýëåìåíòíîé ìîäåëè ñ ó÷å-

òîì ôèçèêî-ìåõàíè÷åñêèõ õàðàêòåðèñòèê, óïðóãîïëàñòè÷åñêîãî óïðî÷íåíèÿ, à òàêæå êðè-

âîé äåôîðìèðîâàíèÿ â èñòèííûõ êîîðäèíàòàõ, ïîëó÷åííîé ïðè îäíîîñíîì ðàñòÿæåíèè

ýëåìåíòàðíûõ îáðàçöîâ. Ïðîâåäåíî èññëåäîâàíèå íåîäíîðîäíûõ ïî ãëóáèíå îñòàòî÷íûõ

íàïðÿæåíèé ìåòîäîì ñâåðëåíèÿ îòâåðñòèé â ñîîòâåòñòâèè ñ ASTM E837 íà äâóõ ïðîòè-

âîïîëîæíûõ ñòîðîíàõ îáðàçöà — îáëàñòÿõ ðàñòÿæåíèÿ ïðè äåôîðìèðîâàíèè è ñæàòèÿ.

Êîíòðîëü äåôîðìàöèîííîãî îòêëèêà â ðåçóëüòàòå ñâåðëåíèÿ ôèêñèðîâàëè ñ ïîìîùüþ

òðåõîñåâûõ òåíçîìåòðè÷åñêèõ ðîçåòîê. Ðåçóëüòàòû ôàêòè÷åñêîãî èçìåðåíèÿ ïðîäîëüíîé

êîìïîíåíòû îñòàòî÷íûõ íàïðÿæåíèé áûëè ñîïîñòàâëåíû ñ èõ òåîðåòè÷åñêèì ðàñïðåäåëå-

íèåì, ïîëó÷åííûì ÷èñëåííûì ñïîñîáîì. Òàê, ñðåäíåêâàäðàòè÷íàÿ îøèáêà èçìåðåíèÿ

îñòàòî÷íûõ íàïðÿæåíèé îòíîñèòåëüíî èõ òåîðåòè÷åñêîãî ðàñïðåäåëåíèÿ íà îáðàçöå èç

àëþìèíèåâîãî ñïëàâà äîñòèãàåò 18,7 ÌÏà. Ñòîèò îòìåòèòü, ÷òî áóëüøèå îøèáêè èçìåðå-

íèÿ çàôèêñèðîâàíû íà ìàëûõ ãëóáèíàõ, äëÿ êîòîðûõ õàðàêòåðíû íåáîëüøèå çíà÷åíèÿ äå-

ôîðìàöèé, ñîïîñòàâèìûå ñ âåëè÷èíîé äðîáîâîãî øóìà.
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A sample configuration with a specified distribution of residual stresses in depth was developed to elabo-

rate modes for studying residual stresses using mechanical and physical methods. The sample formation

technique is based on non-uniform plastic deformation of an aluminum beam of rectangular cross section

according to the pure bending scheme. The control of the deformed state during loading was performed on

the end surface of the sample by the field of normal deformations obtained using a digital image correla-

tion system. The depth of the plastically deformed layer was 1.3 mm. The theoretical distribution of resid-

ual stresses obtained as a result of unloading of a plastically deformed sample was determined from the re-

sults of a numerical calculation of a finite element model, with allowance for the physical and mechanical

characteristics, elastic-plastic hardening, as well as the deformation curve in true coordinates obtained as

a result of uniaxial tension on elementary samples. A study of residual stresses inhomogeneous in depth

was carried out by drilling holes in accordance with ASTM E837 on two opposite sides of the sample: the

region of tension under loading and the area of compression, respectively. The control of the deformation
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response resulted from drilling was recorded using three-axis strain gauge rosettes. The results of the ac-

tual measurement of the longitudinal component of residual stresses were compared with their theoretical

distribution obtained by a numerical method. The root-mean-square error in measuring residual stresses,

relative to their theoretical distribution, for an aluminum alloy sample reaches 18.7 MPa. It should be

noted that largest measurement errors were recorded at small depths, since they are characterized by

small values of deformations comparable to the value of shot noise.

Keywords: residual stresses; hole drilling method; reference sample; plastic strain; finite element

method.

Ââåäåíèå

Èññëåäîâàíèå îñòàòî÷íûõ íàïðÿæåíèé ïîëó-

÷àåò âñå áîëüøåå ðàñïðîñòðàíåíèå â ñâÿçè ñ ðàç-

âèòèåì àääèòèâíîãî ïðîèçâîäñòâà [1 – 3]. Èç-

âåñòíî, ÷òî â ðåçóëüòàòå òåõíîëîãè÷åñêèõ îïåðà-

öèé, îñíîâàííûõ íà íåðàâíîìåðíûõ íàãðåâå è

îõëàæäåíèè, â ìàòåðèàëå îáðàçóþòñÿ îñòàòî÷íûå

íàïðÿæåíèÿ [4 – 6]. Èõ âåëè÷èíà â íåêîòîðûõ

ñëó÷àÿõ ìîæåò äîñòèãàòü ïðåäåëà òåêó÷åñòè ìà-

òåðèàëà [4 – 6], ÷òî îêàçûâàåò íåãàòèâíîå âëèÿ-

íèå íà ýêñïëóàòàöèîííûå ñâîéñòâà èçäåëèÿ è

ìîæåò ÿâëÿòüñÿ ïðè÷èíîé îòêàçà êîíñòðóêöèè.

Ïîýòîìó â îòâåòñòâåííûõ äåòàëÿõ íà ðàçíûõ

ýòàïàõ ïðîèçâîäñòâà êîíòðîëèðóþò îñòàòî÷íûå

íàïðÿæåíèÿ.

Êîíòðîëü êîíå÷íîãî èçäåëèÿ, êàê ïðàâèëî,

ïðîâîäÿò íåðàçðóøàþùèì ìåòîäîì, îñíîâàííûì

íà äèôðàêöèè ðåíòãåíîâñêîãî èçëó÷åíèÿ [7].

Ìåòîä ïîçâîëÿåò èññëåäîâàòü ðàñïðåäåëåíèÿ

îñòàòî÷íûõ íàïðÿæåíèé II è III ðîäîâ â ïðèïî-

âåðõíîñòíûõ ñëîÿõ èçäåëèé èç ìåòàëëè÷åñêèõ

ìàòåðèàëîâ.

Â ñâîþ î÷åðåäü, ïðè ïðîìåæóòî÷íîì êîíòðî-

ëå äëÿ îöåíêè ðàñïðåäåëåíèÿ îñòàòî÷íûõ íàïðÿ-

æåíèé ïî ãëóáèíå ïðèìåíÿþò ìåòîä ñâåðëåíèÿ

îòâåðñòèé [8, 9]. Ïî ñðàâíåíèþ ñ äðóãèìè ðàçðó-

øàþùèìè ìåòîäàìè ïîâðåæäåíèÿ â ðåçóëüòàòå

ñâåðëåíèÿ îòâåðñòèÿ ìàëû, à â íåêîòîðûõ ñëó-

÷àÿõ — íåçíà÷èòåëüíû. Íåñìîòðÿ íà òî, ÷òî ìå-

òîä ñòàíäàðòèçèðîâàí ÃÎÑÒ 52891–2007 è ASTM

E837–2020, ïîãðåøíîñòü ðåçóëüòàòîâ èññëåäîâà-

íèÿ îïðåäåëÿåòñÿ ðÿäîì ôàêòîðîâ, òàêèõ êàê ñïî-

ñîá ðåãèñòðàöèè äåôîðìàöèîííîãî îòêëèêà, êà-

÷åñòâî ôîðìèðîâàíèÿ îòâåðñòèÿ, âåëè÷èíû îñòà-

òî÷íûõ íàïðÿæåíèé îïûò îïåðàòîðà.

Òàêèì îáðàçîì, äëÿ îòðàáîòêè ðåæèìîâ èñ-

ñëåäîâàíèé íàïðÿæåííîãî ñîñòîÿíèÿ íåîáõîäèìî

ðàçðàáîòàòü óíèâåðñàëüíûé îáðàçåö ñ çàäàííûì

óðîâíåì îñòàòî÷íûõ íàïðÿæåíèé.

Ñóùåñòâóþò ðàáîòû ïî âåðèôèêàöèè ðåçóëü-

òàòîâ èçìåðåíèÿ îñòàòî÷íûõ íàïðÿæåíèé [10].

Îäíàêî ïðèìåíåíèå èçâåñòíûõ îáðàçöîâ è óñòà-

íîâîê â áîëüøèíñòâå ñâîåì [11 – 16] îãðàíè÷åíî

öåëüþ èõ ñîçäàíèÿ è íå ïðåäïîëàãàåò èñïîëü-

çîâàíèÿ äëÿ âåðèôèêàöèè äðóãèõ ìåòîäîâ èññëå-

äîâàíèÿ. Ñòîèò îòìåòèòü ñòàíäàðòíûé îáðàçåö,

ïëàñòè÷åñêè äåôîðìèðîâàííûé ÷èñòûì èçãèáîì

[15, 16]. Äàííûé ñïîñîá îòëè÷àåòñÿ ïðîñòîòîé,

à ïîëó÷åííûé îáðàçåö îáëàäàåò ÷åòûðüìÿ ïî-

âåðõíîñòÿìè ñ çàäàííûìè ðàñïðåäåëåíèÿìè

îñòàòî÷íûõ íàïðÿæåíèé: äâå ïîâåðõíîñòè ñ ãðà-

äèåíòîì îñòàòî÷íûõ íàïðÿæåíèé ïî òîëùèíå îá-

ðàçöà ìîãóò áûòü èñïîëüçîâàíû äëÿ âåðèôè-

êàöèè ìåòîäà, îñíîâàííîãî íà ðåíòãåíîâñêîé äè-

ôðàêöèè, à äâå äðóãèå ïîâåðõíîñòè ñ ðàâíî-

ìåðíûì ðàñïðåäåëåíèåì íàïðÿæåíèé, ïðîòèâî-

ïîëîæíûõ ïî çíàêó, — äëÿ âåðèôèêàöèè

ðàçðóøàþùèõ ìåòîäîâ.

Îáúåêò èññëåäîâàíèé

Âåðèôèêàöèþ ðåçóëüòàòîâ èçìåðåíèÿ îñòà-

òî÷íûõ íàïðÿæåíèé ìåòîäîì ñâåðëåíèÿ îòâåð-

ñòèé ïðîâîäèëè íà ïëàñòè÷åñêè äåôîðìèðîâàí-

íîì îáðàçöå â âèäå áàëêè ïðÿìîóãîëüíîãî ñå÷å-

íèÿ ñ ãàáàðèòíûìè ðàçìåðàì 100 × 5 × 15 ìì èç

àëþìèíèåâîãî ñïëàâà ìàðêè Â95Ò2.

Ôèçèêî-ìåõàíè÷åñêèå õàðàêòåðèñòèêè ìàòå-

ðèàëà, à òàêæå äèàãðàììó äåôîðìèðîâàíèÿ

(ðèñ. 1) îïðåäåëÿëè íà àíàëîãè÷íîì îáðàçöå â èñ-

õîäíîì ñîñòîÿíèè â ðåçóëüòàòå èñïûòàíèÿ íà

ðàñòÿæåíèå.

Ïî ìåòîäèêå [17] ðàñ÷åòíûì ñïîñîáîì íàõî-

äèëè ó÷àñòîê óïðóãîïëàñòè÷åñêîãî óïðî÷íåíèÿ â

èñòèííûõ êîîðäèíàòàõ äî ïðåäåëà ïðî÷íîñòè

(ðèñ. 2).

Êàê îòìå÷åíî âûøå, îñòàòî÷íûå íàïðÿæåíèÿ

â ìàòåðèàëå îáðàçöà âîçíèêàþò â ðåçóëüòàòå âîç-

äåéñòâèÿ íåðàâíîìåðíîé ïëàñòè÷åñêîé äåôîð-

ìàöèè. Èññëåäóåìûé îáðàçåö ïðåäâàðèòåëüíî

ïîäâåðãàëè óïðóãîïëàñòè÷åñêîìó äåôîðìèðî-

âàíèþ ïî ñõåìå ÷åòûðåõòî÷å÷íîãî èçãèáà äëÿ ñî-

çäàíèÿ â ÷àñòè åãî ðàáî÷åãî ñå÷åíèÿ ïëàñòè-

÷åñêèõ äåôîðìàöèé. Ïðè ðàçãðóçêå èç íàïðÿæå-

íèé, ðàññ÷èòàííûõ ïî óïðóãîïëàñòè÷åñêîé ìîäå-

ëè (ðèñ. 3, à), âû÷èòàëè íàïðÿæåíèÿ, ðàññ÷èòàí-

íûå ïî óïðóãîé ìîäåëè (ðèñ. 3, á), ïîëó÷àÿ

ðàñïðåäåëåíèå îñòàòî÷íûõ íàïðÿæåíèé ïî ðàáî-

÷åìó ñå÷åíèþ îáðàçöà (ðèñ. 3, â).

Äëÿ ñîçäàíèÿ îñòàòî÷íûõ íàïðÿæåíèé èçãè-

áàþùèé ìîìåíò äîëæåí óäîâëåòâîðÿòü ñëåäó-

þùåìó íåðàâåíñòâó [15, 18]:

Me < M � Mp, (1)

ãäå Me = ó0,2Wx = 20 Í · ì — èçãèáàþùèé ìî-

ìåíò, ïðè êîòîðîì âñå ñå÷åíèå îáðàçöà ðàáîòàåò â

óïðóãîé îáëàñòè; Mp = ó0,2Wp = 30 Í · ì — èç-

ãèáàþùèé ìîìåíò, ïðè êîòîðîì âñå ñå÷åíèå îá-
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Ðèñ. 1. Äèàãðàììà äåôîðìèðîâàíèÿ îáðàçöà èç àëþìèíèåâîãî ñïëàâà ìàðêè Â95Ò2

Fig. 1. Deformation diagram of an aluminum alloy V95T2sample

Ðèñ. 2. Ó÷àñòîê óïðóãîïëàñòè÷åñêîãî óïðî÷íåíèÿ àëþìèíèåâîãî ñïëàâà ìàðêè Â95Ò2

Fig. 2. Section of elastoplastic hardening of aluminum alloy grade V95T2

à á â

Ðèñ. 3. Ïðåäïîëàãàåìîå ðàñïðåäåëåíèå óïðóãîïëàñòè÷åñêèõ (à), óïðóãèõ (á) è îñòàòî÷íûõ (â) íàïðÿæåíèé ïî òîëùèíå

îáðàçöà

Fig. 3. Estimated distribution of stresses in depth of the sample: a — elastoplastic, b — elastic, c — residual



ðàçöà ïëàñòè÷åñêè äåôîðìèðîâàíî (Wx = bh2/6 —

ìîìåíò ñîïðîòèâëåíèÿ ñå÷åíèÿ áàëêè; Wp =

= bh2/4 — ïëàñòè÷åñêèé ìîìåíò ñîïðîòèâëåíèÿ

ñå÷åíèÿ áàëêè).

Â ïðîöåññå íàãðóæåíèÿ îáðàçöà ôèêñèðîâàëè

ðàñïðåäåëåíèå ïðîäîëüíîé êîìïîíåíòû äåôîð-

ìàöèé ñ ïîìîùüþ ñèñòåìû êîððåëÿöèè öèôðî-

âûõ èçîáðàæåíèé [19, 20]. Íàãðóæåíèå îáðàçöà

ïðîâîäèëè äî ìîìåíòà, êîãäà ðàñïðåäåëåíèå ïðî-

äîëüíîé êîìïîíåíòû äåôîðìàöèè íà íå ìåíåå

÷åì ïîëîâèíå ðàáî÷åãî ñå÷åíèÿ îáðàçöà ïðåâû-

øàëî çíà÷åíèÿ äåôîðìàöèè, ñîîòâåòñòâóþùåãî

ïðåäåëó ïðîïîðöèîíàëüíîñòè (0,4 %). Ðàñïðåäå-

ëåíèå ïðîäîëüíîé êîìïîíåíòû äåôîðìàöèè ïî

ðàáî÷åìó ñå÷åíèþ îáðàçöà â ìîìåíò îêîí÷àíèÿ

íàãðóæåíèÿ ïîêàçàíî íà ðèñ. 4. Ðàñïðåäåëåíèÿ

ýòîé êîìïîíåíòû ïî ïîïåðå÷íîìó ñå÷åíèþ îáðàç-

öà ïðè íàãðóæåíèè ïðåäñòàâëåíî íà ðèñ. 5, à, à

ïîñëå ðàçãðóçêè îáðàçöà — íà ðèñ. 5, á. Ïî ïðåä-

ñòàâëåííûì ðàñïðåäåëåíèÿì äåôîðìàöèé óñòà-

íîâëåíà ãëóáèíà ïëàñòè÷åñêè äåôîðìèðîâàííîãî

ñëîÿ, êîòîðàÿ ñîñòàâëÿåò 1,3 ìì. Íå âûÿâëåíî

ñìåùåíèÿ íåéòðàëüíîé îñè îòíîñèòåëüíî öåíòðà

òÿæåñòè îáðàçöà êàê ïðè íàãðóæåíèè, òàê è ïî-

ñëå ðàçãðóçêè, ÷òî ãîâîðèò î ñèììåòðè÷íîñòè äå-

ôîðìèðîâàííîãî ñîñòîÿíèÿ. Ìàêñèìàëüíûé èç-

ãèáàþùèé ìîìåíò M = = 41,25 Í · ì — íåðàâåí-

ñòâî (1) íå âûïîëíÿåòñÿ, òàê êàê Mp ðàññ÷èòàí ïî

ìîäåëè èäåàëüíî ïëàñòè÷åñêîãî òåëà è íå ó÷èòû-

âàåò äàííûå î äåôîðìàöèîííîì óïðî÷íåíèè ìà-

òåðèàëà.

Äëÿ îöåíêè ðàñïðåäåëåíèÿ îñòàòî÷íûõ íà-

ïðÿæåíèé ïî òîëùèíå ïëàñòè÷åñêè äåôîðìèðî-

âàííîãî îáðàçöà ïîñòðîåíà êîíå÷íî-ýëåìåíòíàÿ

ìîäåëü áàëêè ñ ó÷åòîì ôèçèêî-ìåõàíè÷åñêèõ õà-

ðàêòåðèñòèê èññëåäóåìîãî ìàòåðèàëà (ñì. ðèñ. 1),

à òàêæå äàííûõ î èçîòðîïíîì äåôîðìàöèîííîì

óïðî÷íåíèè [21] (ñì. ðèñ. 2). Àíàëîãè÷íî èññëå-

äóåìîìó îáðàçöó ìîäåëü íàãðóæàëàñü ïî ñõåìå

÷åòûðåõòî÷å÷íîãî èçãèáà íàãðóçêîé, ñîîòâåòñò-

âóþùåé èçãèáàþùåìó ìîìåíòó M = 41,25 Í · ì, ñ

ïîñëåäóþùåé ðàçãðóçêîé. Ïîñëå ðàçãðóçêè çà-

ôèêñèðîâàíî ðàñïðåäåëåíèå ïðîäîëüíîé êîìïî-

íåíòû íîðìàëüíûõ íàïðÿæåíèé, êîòîðîå ïðåä-

ñòàâëåíî íà ðèñ. 6.

Ìåòîäèêà èñïûòàíèÿ

Èññëåäîâàíèå ðàñïðåäåëåíèÿ îñòàòî÷íûõ íà-

ïðÿæåíèé ïî ãëóáèíå ïðîâîäèëè ìåòîäîì ñâåðëå-

íèÿ çîíäèðóþùåãî îòâåðñòèÿ íà äâóõ ïðîòèâîïî-

ëîæíûõ ñòîðîíàõ îáðàçöà — â îáëàñòè ðàñòÿæå-

íèÿ ïðè íàãðóæåíèè è îáëàñòè ñæàòèÿ ñîîòâåòñò-

âåííî. Äëÿ ó÷åòà îñòàòî÷íûõ íàïðÿæåíèé, ñóùå-

ñòâîâàâøèõ â îáðàçöå äî äåôîðìèðîâàíèÿ,

ñâåðëåíèå ïðîâîäèëè òàêæå â îáëàñòè, íå ïîäâåð-

æåííîé íàãðóæåíèþ. Êîíòðîëü äåôîðìàöèîííî-

ãî îòêëèêà â ïðîöåññå ñâåðëåíèÿ îñóùåñòâëÿëè ñ

ïîìîùüþ òðåõýëåìåíòíîé òåíçîìåòðè÷åñêîé ðî-
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Ðèñ. 4. Ðàñïðåäåëåíèå ïðîäîëüíîé êîìïîíåíòû äåôîðìàöèé ïî ðàáî÷åìó ñå÷åíèþ îáðàçöà

Fig. 4. Distribution of the longitudinal component of strains over the working section of the sample

à á

Ðèñ. 5. Ðàñïðåäåëåíèå óïðóãîïëàñòè÷åñêèõ (à) è îñòàòî÷íûõ (á) äåôîðìàöèé ïî òîëùèíå îáðàçöà

Fig. 5. Distribution of elastoplastic (a) and residual (b) deformations over the sample thickness



çåòêè òèïà A ñ äèàìåòðîì îêðóæíîñòè 5,14 ìì, ïî

êîòîðîé ðàñïîëîæåíû öåíòðû äàò÷èêîâ. Òåíçî-

ðîçåòêà áûëà îðèåíòèðîâàíà âäîëü íåéòðàëüíîé

îñè îáðàçöà òàêèì îáðàçîì, ÷òîáû íîðìàëüíûå

êîìïîíåíòû èçìåðÿåìûõ íàïðÿæåíèé ñîîòâåòñò-

âîâàëè ãëàâíûì.

Ñâåðëåíèå îòâåðñòèÿ ïðîâîäèëè êîíöåâîé

ôðåçîé ñ íîìèíàëüíûì äèàìåòðîì 1,6 ìì ñ ïîìî-

ùüþ âîçäóøíîé òóðáèíû, îáåñïå÷èâàþùåé ñêî-

ðîñòü âðàùåíèÿ ðåæóùåãî èíñòðóìåíòà îêîëî

400 000 îá/ìèí, ñêîðîñòü ïîäà÷è ôðåçû —

0,05 ìì/ìèí. Ñâåðëåíèå îñóùåñòâëÿëè â 50 øà-

ãîâ ñ ãëóáèíîé øàãà 0,02 ìì, êîíå÷íàÿ ãëóáèíà

îòâåðñòèÿ ñîñòàâèëà 1 ìì. Íà êàæäîì øàãå ïðè-

ðàùåíèÿ ãëóáèíû ñ ïîìîùüþ ðàíåå óñòàíîâëåí-

íîé òåíçîìåòðè÷åñêîé ðîçåòêè ôèêñèðîâàëè âû-

ñâîáîäèâøèåñÿ â ðåçóëüòàòå ñâåðëåíèÿ äåôîðìà-

öèè. Ðàñïðåäåëåíèå äåôîðìàöèé ïî ãëóáèíå ïðè-

âåäåíî íà ðèñ. 7.

Ïîñëå ñâåðëåíèÿ áûëè èçìåðåíû ôàêòè÷å-

ñêèå äèàìåòðû îòâåðñòèé, à òàêæå ôàêòè÷åñêèå

ñìåùåíèÿ îòâåðñòèé îòíîñèòåëüíî öåíòðà òåíçî-

ìåòðè÷åñêîé ðîçåòêè — ÄX è ÄY ñîîòâåòñòâåííî.

Äëÿ îáëàñòè ðàñòÿæåíèÿ ôàêòè÷åñêèé äèàìåòð

îòâåðñòèÿ d = 1,73 ìì, åãî ñìåùåíèÿ îòíîñèòåëü-

íî öåíòðà ÄX = 0,01 ìì, ÄY = 0,02 ìì, äëÿ îá-

ëàñòè ñæàòèÿ — d = 1,67 ìì, ÄX = – 0,04 ìì,

ÄY = 0,05 ìì.

Ïî îòíîøåíèþ ôàêòè÷åñêîé òîëùèíû îáðàç-

öà ê äèàìåòðó òåíçîìåòðè÷åñêîé ðîçåòêè îáðàçåö

áûë êëàññèôèöèðîâàí êàê «ìàññèâíûé». Ïåðå-

ñ÷åò âûñâîáîäèâøèõñÿ â ðåçóëüòàòå ñâåðëåíèÿ

äåôîðìàöèé â îñòàòî÷íûå íàïðÿæåíèÿ ïðîâîäè-

ëè ïî ìîäåëè äëÿ íåîäíîðîäíîãî ðàñïðåäåëåíèÿ

îñòàòî÷íûõ íàïðÿæåíèé ïî ãëóáèíå èññëåäîâà-

íèÿ. Ìàòðèöû ïîäàòëèâîñòè áûëè ðàññ÷èòàíû

äëÿ îïèñàííûõ âûøå ïàðàìåòðîâ èññëåäîâàíèÿ è

ñêîððåêòèðîâàíû íà âåëè÷èíó ôàêòè÷åñêîãî äèà-

ìåòðà îòâåðñòèÿ è åãî ñìåùåíèÿ îòíîñèòåëüíî

öåíòðà òåíçîìåòðè÷åñêîé ðîçåòêè. Ðåçóëüòàòû

ðàñ÷åòà îñòàòî÷íûõ íàïðÿæåíèé ñãëàæèâàëè ìå-

òîäîì ðåãóëÿðèçàöèè Òèõîíîâà. Èñïûòàíèÿ è îá-

ðàáîòêó ðåçóëüòàòîâ èçìåðåíèé âûïîëíÿëè ïî

ASTM E837. Èç ðàñïðåäåëåíèé îñòàòî÷íûõ íà-
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Ðèñ. 6. Ðàñïðåäåëåíèå ïðîäîëüíîé êîìïîíåíòû îñòàòî÷íûõ íàïðÿæåíèé ïî ïîâåðõíîñòè (à) è òîëùèíå (á) ìîäåëè

Fig. 6. Distribution of the longitudinal component of residual stresses over the surface (a) and in depth (b) of the model

à á

Ðèñ. 7. Ðàñïðåäåëåíèå äåôîðìàöèé ïî ãëóáèíå ñâåðëåíèÿ â îáëàñòè ðàñòÿæåíèÿ (à) è ñæàòèÿ (á): 1, 2, 3 — íîìåðà òåíçî-

ðåçèñòîðîâ íà òåíçîìåòðè÷åñêîé ðîçåòêå

Fig. 7. Distribution of deformations in depth of drilling in the region of tension (a) and compression (b), where 1, 2, 3 are the

numbers of strain gauges on the strain gauge rosette



ïðÿæåíèé, ïîëó÷åííûõ äëÿ ïîâåðõíîñòåé ðàñòÿ-

æåíèÿ è ñæàòèÿ îáðàçöà, âû÷èòàëè ðàñïðåäåëå-

íèå îñòàòî÷íûõ íàïðÿæåíèé, ïîëó÷åííîå äëÿ îá-

ëàñòè, íå èñïûòûâàþùåé íàãðóæåíèå.

Îáñóæäåíèå ðåçóëüòàòîâ

Ðåçóëüòàòû ðàñ÷åòà ïðîäîëüíîé êîìïîíåíòû

îñòàòî÷íûõ íàïðÿæåíèé áûëè íàíåñåíû íà èõ

òåîðåòè÷åñêîå ðàñïðåäåëåíèå ïî òîëùèíå îáðàç-

öà, ïîëó÷åííîå â ðåçóëüòàòå ìàòåìàòè÷åñêîãî

ìîäåëèðîâàíèÿ ìåòîäîì êîíå÷íûõ ýëåìåíòîâ

(ðèñ. 8).

Çàòåì ðàññ÷èòûâàëè àáñîëþòíûå ñðåäíåêâàä-

ðàòè÷åñêèå îøèáêè èçìåðåíèÿ îñòàòî÷íûõ íà-

ïðÿæåíèé â îáëàñòÿõ ðàñòÿæåíèÿ è ñæàòèÿ îòíî-

ñèòåëüíî èõ òåîðåòè÷åñêîãî ðàñïðåäåëåíèÿ:

RMSE
n

i i

i

n

� �

�




1
2

1

( ^ ) ,� � (2)

ãäå ói — íàïðÿæåíèÿ íà i-é ãëóáèíå èññëåäîâà-

íèÿ, ïîëó÷åííûå ìåòîäîì ñâåðëåíèÿ îòâåðñòèé,

ÌÏà; �̂ i
— íàïðÿæåíèÿ íà i-é ãëóáèíå èññëåäîâà-

íèÿ òåîðåòè÷åñêîãî ðàñïðåäåëåíèÿ îñòàòî÷íûõ

íàïðÿæåíèé, ÌÏà; n — êîëè÷åñòâî ãëóáèí èçìå-

ðåíèé îñòàòî÷íûõ íàïðÿæåíèé.

Ïðîâåäåííàÿ îöåíêà îñòàòî÷íûõ íàïðÿæåíèé

ïîçâîëèëà ïðàâèëüíî îïðåäåëèòü çíàê è òðåíä èõ

ðàñïðåäåëåíèÿ ïî òîëùèíå ìîäåëüíîãî îáðàçöà.

Äëÿ ñëó÷àÿ íåîäíîðîäíîãî ðàñïðåäåëåíèÿ íà-

ïðÿæåíèé êîëè÷åñòâåííàÿ îöåíêà ïîêàçàëà íå-

ïëîõóþ ñõîäèìîñòü ñ ïðîåêòíûìè çíà÷åíèÿìè.

Òàê, àáñîëþòíàÿ ñðåäíåêâàäðàòè÷åñêàÿ îøèáêà

èçìåðåíèÿ îñòàòî÷íûõ íàïðÿæåíèé îòíîñèòåëü-

íî èõ òåîðåòè÷åñêîãî ðàñïðåäåëåíèÿ äëÿ îáëàñòè

ðàñòÿæåíèÿ ñîîòâåòñòâóåò 18,7 ÌÏà, à äëÿ îáëàñ-

òè ñæàòèÿ — 10,4 ÌÏà. Íàèáîëüøèå îøèáêè ðàñ-

÷åòà ñîîòâåòñòâóþò ìàëûì ãëóáèíàì èññëåäîâà-

íèÿ, òàê êàê çàôèêñèðîâàííûå øóìû èçìåðåíèÿ

äåôîðìàöèè ñ àìïëèòóäîé 0,5 ìêì/ì ìîãóò áûòü

ñîïîñòàâèìû ñ èçìåðåííûì çíà÷åíèåì äåôîðìà-

öèè. Ýòî îêàçûâàåò áîëüøåå âëèÿíèå íà ðåçóëü-

òàò ðàñ÷åòà îñòàòî÷íûõ íàïðÿæåíèé â ïðèïî-

âåðõíîñòíûõ ñëîÿõ.

Çàêëþ÷åíèå

Ïðåäñòàâëåíû êîíôèãóðàöèÿ îáðàçöà, à òàê-

æå ìåòîäèêà åãî ôîðìèðîâàíèÿ ñ çàðàíåå èçâåñò-

íûì ðàñïðåäåëåíèåì íàïðÿæåíèé, ïîçâîëÿþùàÿ

îòðàáàòûâàòü ðåæèìû èññëåäîâàíèÿ îñòàòî÷íûõ

íàïðÿæåíèé êàê ìåõàíè÷åñêèìè, òàê è ôèçè÷å-

ñêèìè ìåòîäàìè.

Ïðîâåäåíà îöåíêà îøèáîê èçìåðåíèÿ îñòà-

òî÷íûõ íàïðÿæåíèé ìåòîäîì ñâåðëåíèÿ çîíäè-

ðóþùåãî îòâåðñòèÿ. Òàê, ñðåäíåêâàäðàòè÷åñêàÿ

îøèáêà èçìåðåíèÿ îñòàòî÷íûõ íàïðÿæåíèé íà

îáðàçöå èç àëþìèíèåâîãî ñïëàâà äîñòèãàåò

18,7 ÌÏà. Áóëüøèå îøèáêè èçìåðåíèÿ çàôèêñè-

ðîâàíû íà ìàëûõ ãëóáèíàõ èçìåðåíèÿ, äëÿ êîòî-

ðûõ õàðàêòåðíû íåáîëüøèå çíà÷åíèÿ äåôîðìà-

öèé.

Ñëåäóåò îòìåòèòü, ÷òî îøèáêà èçìåðåíèÿ

îñòàòî÷íûõ íàïðÿæåíèé ðàññ÷èòàíà îòíîñè-

òåëüíî èõ òåîðåòè÷åñêîãî ðàñïðåäåëåíèÿ, â òî

âðåìÿ êàê ïîãðåøíîñòü ñàìîé ìîäåëè â äàííîé

ðàáîòå íå îïðåäåëåíà. Äëÿ ïîäòâåðæäåíèÿ òåî-

ðåòè÷åñêîãî ðàñïðåäåëåíèÿ îñòàòî÷íûõ íàïðÿ-

æåíèé ìîäåëè íåîáõîäèìî ïðîâåñòè èññëåäîâà-

íèÿ íà áîëüøåé âûáîðêå îáðàçöîâ ñ ïðèìåíåíè-

åì äðóãèõ ìåòîäîâ èññëåäîâàíèÿ îñòàòî÷íûõ íà-

ïðÿæåíèé, â òîì ÷èñëå íåðàçðóøàþùèõ ìåòîäîâ

èçìåðåíèÿ.

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2024. Òîì 90. ¹ 7 81

2

1

3

Ðèñ. 8. Ðàñïðåäåëåíèå ïðîäîëüíîé êîìïîíåíòû îñòàòî÷íûõ íàïðÿæåíèé: 1 — òåîðåòè÷åñêîå ïî òîëùèíå îáðàçöà; 2 è 3 –

èçìåðåííîå äëÿ ïîâåðõíîñòåé ñæàòèÿ è ðàñòÿæåíèÿ

Fig. 8. Distribution of the longitudinal component of residual stresses: 1 — theoretical (in depth of the sample); 2 — mea-

sured for the compression surface; 3 — measured for the tension surface



Áëàãîäàðíîñòè

Ðàáîòà âûïîëíåíà â ðàìêàõ ðåàëèçàöèè êîì-

ïëåêñíîãî íàó÷íîãî íàïðàâëåíèÿ «Ôóíäàìåí-

òàëüíî-îðèåíòèðîâàííûå èññëåäîâàíèÿ, êâàëè-

ôèêàöèÿ ìàòåðèàëîâ, íåðàçðóøàþùèé êîí-

òðîëü» («Ñòðàòåãè÷åñêèå íàïðàâëåíèÿ ðàçâèòèÿ

ìàòåðèàëîâ è òåõíîëîãèé èõ ïåðåðàáîòêè íà ïå-

ðèîä äî 2030 ãîäà») ñ èñïîëüçîâàíèåì îáîðóäîâà-

íèÿ ÖÊÏ «Êëèìàòè÷åñêèå èñïûòàíèÿ» ÍÈÖ

«Êóð÷àòîâñêèé èíñòèòóò» — ÂÈÀÌ.

Êîíôëèêò èíòåðåñîâ

Àâòîðû çàÿâëÿþò îá îòñóòñòâèè êîíôëèêòà

èíòåðåñîâ.
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