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Çíà÷íó êiëüêiñòü äîñëiäæåíü ó ãàëóçi ôiçèêè ìiöíîñòi òà ïëàñòè÷íîñòi, à
òàêîæ ìåõàíiêè ñóöiëüíîãî ñåðåäîâèùà çîñåðåäæåíî íà ïðîöåñi óòâîðåííÿ
øèéîê ïiä ÷àñ ïëàñòè÷íî¨ äåôîðìàöi¨ ìåòàëiâ, ïðîòå ëîêàëiçîâàíå óòâîðåííÿ
øèéîê çðiäêà ìîæíà ÷iòêî âèäiëèòè åêñïåðèìåíòàëüíî ÷åðåç îáìåæåíi ìî-
æëèâîñòi âèìiðþâàëüíîãî îáëàäíàííÿ òà çâè÷àéíèõ ìåòîäiâ âèìiðþâàííÿ.
Çàáåçïå÷åííÿ âèñîêî¨ ìiöíîñòi òà ïëàñòè÷íîñòi âàæëèâå äëÿ ïîòåíöiéíîãî
çàñòîñóâàííÿ ìàòåðiàëiâ ó Ìiæíàðîäíîìó åêñïåðèìåíòàëüíîìó òåðìîÿäåð-
íîìó ðåàêòîði (ITER), çîêðåìà äëÿ âèãîòîâëåííÿ êîìïîíåíòiâ ç âèñîêèì òå-
ïëîâèì ïîòîêîì, òàêèõ ÿê ïåðøà ñòiíêà òà äèâåðòîð. Øàð öüîãî ìàòåðiàëó
áóäå ðîçìiùåíèé ìiæ ïëàçìîâîþ áðîíåþ òà îñíîâíîþ êîíñòðóêöi¹þ. Êðiì
âèñîêî¨ òåïëîïðîâiäíîñòi, öåé øàð i éîãî ç'¹äíàííÿ ç ïðèëåãëèì ìàòåðià-
ëîì òàêîæ ïîâèííi áóòè ìåõàíi÷íî ìiöíèìè, ùîá âèòðèìóâàòè òåðìi÷íi òà
ìåõàíi÷íi íàïðóæåííÿ. Åêñïåðèìåíòàëüíî âèâ÷åíî ÿâèùå óòâîðåííÿ øèé-
êè â õîäi ïëàñòè÷íî¨ äåôîðìàöi¨ çðàçêiâ ñïëàâó ñèñòåìè Ñu-Cr-Zr, ùî áóëè
ïðîäåôîðìîâàíi äî çðóéíóâàííÿ â ðåæèìi àêòèâíîãî íàâàíòàæåííÿ îäíîâi-
ñíèì ðîçòÿãîì â àòìîñôåði ïîâiòðÿ â òåìïåðàòóðíîìó iíòåðâàëi 25�350 ◦C.
Ó ðîáîòi çàñòîñîâó¹òüñÿ ìåòîä îòðèìàííÿ öèôðîâèõ çîáðàæåíü ïiä ÷àñ äå-
ôîðìàöi¨ äëÿ âèâ÷åííÿ çìiíè ïîïåðå÷íîãî ïåðåðiçó öèëiíäðè÷íîãî çðàçêà òà
ðîçðàõóíêó ðåàëüíîãî íàïðóæåííÿ. Äîñëiäæó¹òüñÿ çìiíà êðèâèçíè ãåîìå-
òði¨ çðàçêà çàëåæíî âiä òåìïåðàòóðè. ×àñ ïî÷àòêó øèéêîóòâîðåííÿ, âèçíà-
÷åíèé çà äîïîìîãîþ âiäåîôiêñàöi¨ åêñïåðèìåíòó, áóëî çiñòàâëåíî ç ÷àñîì,
ÿêèé âiäïîâiäà¹ ìàêñèìàëüíîìó íàïðóæåííþ íà äåôîðìàöiéíié êðèâié, ç
ïîäàëüøèì ðîçðàõóíêîì ïëîùi ïîïåðå÷íîãî ïåðåðiçó, äå ëîêàëiçîâàíî äå-
ôîðìàöiþ.

Êëþ÷îâi ñëîâà: ìåõàíi÷íå íàïðóæåííÿ, óòâîðåííÿ øèéêè, ðóéíóâàííÿ,
îäíîâiñíà äåôîðìàöiÿ, âiäåîôiêñàöiÿ, ñïëàâ ñèñòåìè Ñu-Cr-Zr.
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1. Âñòóï

Ëîêàëiçàöiÿ äåôîðìàöi¨ � öå ïðîöåñ, çà ÿêîãî äåôîðìàöiÿ ìàòåðiàëó çîñåðåäæó-
¹òüñÿ â ïåâíèõ äiëÿíêàõ çðàçêà, ùî ìîæå ïðèçâåñòè äî âèíèêíåííÿ ñïåöèôi÷íèõ
ñòðóêòóðíèõ çìií, òàêèõ ÿê óòâîðåííÿ øèéêè àáî òðiùèí. ßâèùå ëîêàëiçàöi¨ äå-
ôîðìàöi¨ øèðîêî ïîøèðåíå â iíæåíåðíèõ ìàòåðiàëàõ, òàêèõ ÿê ìåòàëè [1,2]. Îñíîâ-
íà îñîáëèâiñòü öüîãî ÿâèùà ïîëÿãà¹ ó øâèäêié çìiíi ïîëÿ äåôîðìàöi¨ âiä îäíîðiäíî¨
äî ðîçðèâíî¨, ç ïîäàëüøèì óòðèìàííÿì äåôîðìàöi¨ â ìåæàõ îáìåæåíî¨ ÷àñòèíè åëå-
ìåíòà [3] ïiñëÿ äîñÿãíåííÿ íàéáiëüøîãî çà âåëè÷èíîþ íàïðóæåííÿ. Ïîâåäiíêà ïiñëÿ
ìàêñèìàëüíîãî íàïðóæåííÿ, ùî õàðàêòåðèçó¹òüñÿ ëîêàëiçàöi¹þ äåôîðìàöi¨, âiäiãðà¹
êëþ÷îâó ðîëü â îöiíöi ïðîãðåñóâàííÿ ðóéíóâàííÿ êîíñòðóêöié òà iíæåíåðíèõ çàñòî-
ñóâàíü áàãàòüîõ ìàòåðiàëiâ, âðàõîâóþ÷è ïëàñòè÷íi ìåòàëè.

Ó ïëàñòè÷íèõ ìåòàëàõ ñïîñòåðiãàþòüñÿ òðè òèïè ìàêðîñêîïi÷íèõ íåîäíîðiäíî-
ñòåé ïëàñòè÷íî¨ äåôîðìàöi¨: (1) ñìóãè Ëþäåðñà [4], ÿêi âèíèêàþòü ó êîíêðåòíèõ
ìàòåðiàëàõ (íàïðèêëàä, ì'ÿêié ñòàëi) ïiä ÷àñ ïî÷àòêîâî¨ ñòàäi¨ ïëàñòè÷íîãî ðåæè-
ìó; (2) ñìóãè Ïîðòåâåíà � Ëå Øàòåëü¹ [5], ÿêi ¹ âàæëèâèìè ïðèêëàäàìè ïëàñòè÷íî¨
íåñòàáiëüíîñòi, ùî âèíèêà¹ ïiä ÷àñ ôàçè çìiöíåííÿ áàãàòüîõ ñïëàâiâ çà âiäïîâiäíèõ
óìîâ; i (3) øèéêà [6�9], ÿêà ¹ íàéáiëüø âiäîìèì ïðîÿâîì ëîêàëiçàöi¨ äåôîðìàöi¨ íà
ìàêðîñêîïi÷íîìó ðiâíi, âèíèêàþ÷è ïiñëÿ äîñÿãíåííÿ ìàêñèìàëüíîãî íàïðóæåííÿ.

Ó ëiòåðàòóði øèðîêî äîêóìåíòîâàíî ÿâèùå øèéêè ç òåîðåòè÷íèìè òà ÷èñåëü-
íèìè åêñïåðèìåíòàëüíèìè äîñëiäæåííÿìè, ñïðÿìîâàíèìè íà îòðèìàííÿ ñïðàâæíiõ
êðèâèõ íàïðóæåííÿ-äåôîðìàöi¨ ïëàñòè÷íèõ ìåòàëiâ ïiä îäíîâiñíèì íàïðóæåííÿì.
Äëÿ öüîãî âèêîðèñòîâóþòü äâà ìåòîäè: ïðÿìèé i íåïðÿìèé.

Ó ïðÿìîìó ìåòîäi äåôîðìàöiÿ òà ìèòò¹âèé ðîçìið ïîïåðå÷íîãî ïåðåðiçó äëÿ
âèìiðþâàííÿ ñïðàâæíüîãî íàïðóæåííÿ áåçïîñåðåäíüî âèìiðþþòüñÿ çà äîïîìîãîþ
òåõíiê, òàêèõ ÿê iíòåðôåðîìåòðiÿ Ìóàðó [10], ãîëîãðàôiÿ [11], åëåêòðîííà ñïåêë-
iíòåðôåðîìåòðiÿ (ESPI) [12, 13], öèôðîâà êîðåëÿöiÿ çîáðàæåíü (DIC) [14, 15] òà öè-
ôðîâà îá'¹ìíà êîðåëÿöiÿ (DVC) ç âèêîðèñòàííÿì ðåíòãåíiâñüêî¨ òîìîãðàôi¨ [16] àáî
êîìï'þòåðíî¨ ëàìiíîãðàôi¨ ç ñèíõðîòðîííèì âèïðîìiíþâàííÿì [17]. Ïðÿìèé ìåòîä
ïîòðåáó¹ òî÷íèõ âèìiðþâàíü ïëîùi ïîïåðå÷íîãî ïåðåðiçó ðîáî÷î¨ ÷àñòèíè çðàçêà.
DIC îñîáëèâî òî÷íèé ìåòîä âèìiðþâàííÿ äåôîðìàöi¨ çàâäÿêè ïîâíîìó âèìiðþâàí-
íþ ãåîìåòðè÷íèõ ðîçìiðiâ çðàçêà.

Ó íàóêîâèõ ïðàöÿõ [15,18�20] âèêîðèñòîâóâàëè òåõíiêó òðèâèìiðíî¨ öèôðîâî¨ êî-
ðåëÿöi¨ çîáðàæåíü (3D-DIC) äëÿ äîñëiäæåííÿ ëîêàëiçàöi¨ äåôîðìàöi¨ ïiä ÷àñ âèïðî-
áóâàíü íà ðîçòÿã ñòàëåâèõ çðàçêiâ i îòðèìàëè ¨õ ñïðàâæíi êðèâi äåôîðìàöi¨. Ã. Ñ.Õî
òà iíøi [21] âèìiðÿëè iíæåíåðíó äåôîðìàöiþ 20% òà 8% ñòàëåâèõ ìàòåðiàëiâ S275 i
S690 âiäïîâiäíî çà äîïîìîãîþ DIC. Äîñëiäíèêàìè Éóíðói Ëi òà iíøi [14] áåçïîñåðå-
äíüî ïîáóäóâàíî ñïðàâæíþ êðèâó íàïðóæåííÿ-äåôîðìàöi¨ äâîôàçîâî¨ ñòàëi DP780
çà äîïîìîãîþ ñïåöiàëüíî¨ áàãàòîêàìåðíî¨ öèôðîâî¨ ñèñòåìè êîðåëÿöi¨ çîáðàæåíü.

Äðóãèé ìåòîä � öå íåïðÿìèé ìåòîä [22], ÿêèé ïî¹äíó¹ åêñïåðèìåíòàëüíi âèìiðþ-
âàííÿ ç òåîðåòè÷íèì àíàëiçîì àáî àíàëiçîì êiíöåâèõ åëåìåíòiâ (FEA) äëÿ îòðèìàí-
íÿ ñïðàâæíiõ êðèâèõ íàïðóæåííÿ-äåôîðìàöi¨. Ó ïðàöÿõ [23�27] âèêîðèñòîâóþòü
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DIC ó ïî¹äíàííi ç FEA äëÿ âèçíà÷åííÿ ñïðàâæíiõ êðèâèõ íàïðóæåííÿ-äåôîðìàöi¨
ñòàëåâèõ çðàçêiâ.

Ó öié ñòàòòi ïîäàíî øâèäêèé ìåòîä äëÿ ïðÿìîãî âèçíà÷åííÿ ñïðàâæíüî¨ êðèâî¨
íàïðóæåííÿ-äåôîðìàöiÿ ó âñüîìó iíòåðâàëi äåôîðìàöié ïiä ÷àñ âèïðîáóâàííÿ íà
îäíîâiñíèé ðîçòÿã iç âèêîðèñòàííÿì öèôðîâî¨ êîðåëÿöi¨ çîáðàæåíü. Äëÿ âèìiðþâàí-
íÿ ñïðàâæíüî¨ ïëîùi ïîïåðå÷íîãî ïåðåðiçó ðàçîì iç ñïðàâæíüîþ äåôîðìàöi¹þ âñüî-
ãî çðàçêà çàñòîñîâóþòü ñïåöiàëüíó ñèñòåìó êîðåëÿöi¨ öèôðîâîãî çîáðàæåííÿ. Çîíà
øèéêè âèçíà÷à¹òüñÿ øëÿõîì ñïîñòåðåæåííÿ çà ìiíiìàëüíîþ ñïðàâæíüîþ ïëîùåþ
ïîïåðå÷íîãî ïåðåðiçó çðàçêà öèëiíäðè÷íî¨ ôîðìè, à ñïðàâæí¹ íàïðóæåííÿ îá÷è-
ñëþ¹òüñÿ çà âèìiðÿíèì íàïðóæåííÿì i ìèòò¹âîþ ñïðàâæíüîþ ïëîùåþ ïîïåðå÷íîãî
ïåðåðiçó. Îòæå, ñïðàâæíi íàïðóæåííÿ òà äåôîðìàöi¨ â çîíi øèéêè òàêîæ ìîæóòü
áóòè îòðèìàíi áåçïîñåðåäíüî çà äîïîìîãîþ öüîãî ïiäõîäó.

2. Ìåòîäèêà åêñïåðèìåíòó

Áóëè ïðîâåäåíi åêñïåðèìåíòè ç äåôîðìóâàííÿ çðàçêiâ çi ñïëàâó ñèñòåìè ìiäü-
õðîì-öèðêîíié (Ñu-Cr-Zr) ïðè îäíîâiñíîìó ðîçòÿãóâàííi ç ïîñòiéíîþ øâèäêiñòþ, ÿêà
ñòàíîâèëà 0,15 ìì/õâ, çà ñòàíäàðòîì ASTM E8/E8M-21 [28]. Òåìïåðàòóðíèé iíòåð-
âàë äîñëiäæåíü ñòàíîâèâ 25�350 ◦C ó òåïëîâié êàìåði â àòìîñôåði ïîâiòðÿ. Çðàçêè
ñïëàâó ñèñòåìè Ñu-Cr-Zr âèãîòîâëåíi ó ôîðìi öèëiíäðiâ iç ðiçüáëåííÿì ïiä çàõâà-
òè. Çàãàëüíà äîâæèíà çðàçêà ñòàíîâèòü 24 ìì, äîâæèíà ðîáî÷î¨ ÷àñòèíè � 12 ìì,
äiàìåòð ðîáî÷î¨ ÷àñòèíè � 2 ìì. Çàãàëüíèé âèãëÿä çðàçêà çîáðàæåíî íà ðèñ. 1.

Ñêëàä ñïëàâó áóâ òàêèé: Cu (áàçîâèé), Cr 0,8%, Zr 0,1%. Ñïëàâ CuCrZr ïiääàâàëè
ãîìîãåíiçóþ÷îìó âiäïàëó çà òåìïåðàòóðè 970 ◦C ïðîòÿãîì 20 õâèëèí, ïiñëÿ ÷îãî
çàãàðòîâóâàëè ó âîäi, äëÿ çàáåçïå÷åííÿ òâåðäîðîç÷èííîãî ñòàíó ëåãóþ÷èõ åëåìåíòiâ
ïiñëÿ âiäïàëó. Ïîòiì ìàòåðiàë ïiääàâàëè ñòàðiííþ çà 475 ◦C ïðîòÿãîì 2 ãîä, ç ìåòîþ
äîñÿãíåííÿ äèñïåðñíîãî âèäiëåííÿ çìiöíþþ÷èõ ôàç íà îñíîâi Cr òà Zr i âiäïîâiäíîãî
ïiäâèùåííÿ òâåðäîñòi òà ìiöíîñòi ìàòåðiàëó.

à b

Ðèñ. 1. 3D âèãëÿä (a) i êðåñëåííÿ (b) öèëiíäðè÷íîãî çðàçêà Ñu-Cr-Zr
Fig. 1. 3D view (a) and drawing of cylindrical sample (b) Ñu-Cr-Zr

Äëÿ ïðîâåäåííÿ ìåõàíi÷íèõ âèïðîáóâàíü ó ðåæèìi ïîñòiéíîãî íàâàíòàæåííÿ
(vsht = const), äå vsht � øâèäêiñòü ðóõó òÿãíó÷îãî øòîêà, âèêîðèñòîâó¹òüñÿ ëà-
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áîðàòîðíà ìàøèíà äëÿ ðîçòÿãóâàííÿ. Ïðèñòðié äåôîðìàöi¨ îõîïëþ¹ òàêi îñíîâíi
êîìïîíåíòè: ñèëîâèé ðåäóêòîðíèé åëåêòðîäâèãóí çìiííîãî ñòðóìó, ñèñòåìà ïåðåäà-
÷i çóñèëëÿ íà îá'¹êò, ùî äåôîðìó¹òüñÿ, òåíçîìåòðè÷íèé ìiñò (Load Cell Zemic) ç
÷óòëèâiñòþ 10−2 Í áóâ ïiäêëþ÷åíèé äî ìîäóëÿ óçãîäæåííÿ ñèãíàëó NI SCC-SG24
(2 êàíàëè, ïîâíèé ìiñò), ïiñëÿ öüîãî ñèãíàë ïîäàâàâñÿ íà âõiä ïëàòè çáîðó äàíèõ
DAQ NI PCI-6221. Òåíçîìåòðè÷íèé ìiñò ðîçòàøîâàíî ïîçà çîíîþ àêòèâíîãî íàãðiâó,
ùî äà¹ çìîãó áåç çìåíøåííÿ òî÷íîñòi âèìiðþâàòè ñèëó íàâiòü çà âèñîêîòåìïåðàòóð-
íèõ âèïðîáóâàííÿõ. Îáëàäíàííÿì NI (National Instruments) êåðóâàëè çà äîïîìîãîþ
ïðîãðàìíîãî ïàêåòà LabVIEW. Äàíi âèìiðþâàëè ç ðîçäiëüíîþ çäàòíiñòþ 10−2 ñ.
Äåôîðìàöiéíå âiäíîøåííÿ (ϵ) îá÷èñëþâàëè çà ôîðìóëîþ: ϵ = vsht · t/l0, äå l0 �
ïî÷àòêîâà äîâæèíà ðîáî÷î¨ ÷àñòèíè. Iíæåíåðíå íàïðóæåííÿ (σeng) îá÷èñëþâàëè çà
ôîðìóëîþ: σeng = P ·(1+ϵ)/S , äå S � ïî÷àòêîâà ïëîùà ïîïåðå÷íîãî ïåðåðiçó çðàçêà
(S = π · d2/4, äå d � äiàìåòð ðîáî÷î¨ ÷àñòèíè çðàçêà). Ñïðàâæí¹ íàïðóæåííÿ (σtrue)
îá÷èñëþâàëè çà ôîðìóëîþ σtrue = P · (1 + ϵ)/S(t), äå S(t) � ïëîùà ïîïåðå÷íîãî
ïåðåðiçó çðàçêà, ÿêó îá÷èñëþâàëè çà ôîðìóëîþ (S = π · d2(t)/4, äå, d(t) � äiàìåòð
ðîáî÷î¨ ÷àñòèíè çðàçêà, ÿêèé çíàõîäèëè ç êàäðiâ âiäåîðÿäó îòðèìàíîãî â ïðîöåñi
çéîìêè äåôîðìóâàííÿ çðàçêà). Âèïðîáóâàííÿ çðàçêiâ ïðîâîäèëè ó òåìïåðàòóðíîìó
iíòåðâàëi � âiä 22 ◦C äî 350 ◦C ç âèêîðèñòàííÿì òåðìîñòàòà òà íàãðiâàëüíîãî åëåìåí-
òà. Àêòèâíèé êîíòðîëü òåìïåðàòóðè çà äîïîìîãîþ òåðìîðåãóëÿòîðà TENSE (DT-48)
çàáåçïå÷ó¹ ïiäòðèìàííÿ çàäàíî¨ òåìïåðàòóðè çðàçêà ïðîòÿãîì óñüîãî âèïðîáóâàííÿ.
Òåìïåðàòóðó âèìiðþâàëè çà äîïîìîãîþ òåðìîïàðè òèïó Cr-Al, ïiäêëþ÷åíî¨ äî ïëàòè
çáîðó äàíèõ DAQ NI PCI-6221. Ïîõèáêà âèìiðþâàííÿ òåìïåðàòóðè ñòàíîâèòü ïðè-
áëèçíî 1 K. Ïiñëÿ äîñÿãíåííÿ çàäàíî¨ òåìïåðàòóðè ñèñòåìà âèòðèìó¹òüñÿ ïðîòÿãîì
20�30 õâèëèí äëÿ óñóíåííÿ ìîæëèâèõ òåìïåðàòóðíèõ ãðàäi¹íòiâ. Ïî÷àòêîâi ãåîìå-
òðè÷íi ïàðàìåòðè òà êiíöåâå ïîäîâæåííÿ êîæíîãî çðàçêà âèçíà÷àëè çà äîïîìîãîþ
ãîðèçîíòàëüíîãî êîìïàðàòîðà OMS-6 iç òî÷íiñòþ øêàëè 10−6 ì.

à b c

Ðèñ. 2. Ñõåìà âèìiðþâàííÿ äiàìåòðà çðàçêà ñïëàâó ñèñòåìè Ñu-Cr-Zr â ïðîöåñi äå-
ôîðìóâàííÿ (a, b) òà ïîõèáêà, îòðèìàíà çà ðåçóëüòàòàìè âèìiðþâàííü ï'ÿòè äiàìå-
òðiâ äëÿ êîæíî¨ òåìïåðàòóðè (ñ)
Fig. 2. Measurement scheme for the diameter of a Cu-Cr-Zr alloy sample during
deformation (a, b) and measurement error determined from �ve diameter measurements
at each temperature (ñ)

Âiäåîçéîìêó åêñïåðèìåíòiâ äåôîðìàöi¨ çðàçêiâ âèêîíóâàëè ç òàêèìè ïàðàìåòðà-
ìè: ISO 100, âèòðèìêà 1/100 ñåêóíäè òà ÷àñòîòà 30 êàäðiâ/ñåêóíäó. Äëÿ öüîãî âèêî-
ðèñòîâóâàëè êàìåðó Canon 600D ç ìàêðîîá'¹êòèâîì Canon Macro Lens 100mm f/2.8.

Âiäåîçàïèñè åêñïåðèìåíòiâ îáðîáëÿëè òà ðîçêëàäàëè íà êàäðè ç iíòåðâàëîì âiä 5
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äî 10 ñåêóíä, çàëåæíî âiä òðèâàëîñòi âèïðîáóâàííÿ â ðàìêàõ îêðåìîãî åêñïåðèìåíòó.
Ðîçêëàäàííÿ âiäåîçàïèñó íà êàäðè âèêîíóâàëè çà äîïîìîãîþ ïðîãðàìè Adobe After
E�ects.

Ïiñëÿ öüîãî çà äîïîìîãîþ ïðîãðàìíîãî êîìïëåêñó Adobe Photoshop iíñòðóìåí-
òîì �Ëiíiéêà� âèìiðþâàëè íàéìåíøèé äiàìåòð øèéêè çðàçêà ç ïîäàëüøèì ðîçðà-
õóíêîì ïëîùi ïîïåðå÷íîãî ïåðåòèíó òà ïîáóäîâîþ ãðàôiêiâ çàëåæíîñòi ïëîùi ïî-
ïåðå÷íîãî ïåðåòèíó çðàçêà âiä ÷àñó âèïðîáóâàííÿ ó ïðîãðàìi OriginPro. Ïðèêëàä
âèìiðþâàííÿ äiàìåòðà çðàçêà çîáðàæåíî íà ðèñ. 2. Ãðàôiêè iíæåíåðíîãî òà äiéñíî-
ãî íàïðóæåííÿ òàêîæ áóäóâàëè â ïðîãðàìi OriginPro, ïðè÷îìó ãðàôiêè äiéñíîãî
íàïðóæåííÿ ñòâîðþâàëè íà îñíîâi äàíèõ, îòðèìàíèõ ïiä ÷àñ âèìiðþâàííÿ ïëîùi
ïîïåðå÷íîãî ïåðåòèíó çðàçêiâ çà äîïîìîãîþ âiäåîçéîìêè.

Ïiä ÷àñ ïðîâåäåííÿ âèìiðþâàíü ðåçóëüòàòè àâòîìàòè÷íî çàíîñèëèñÿ â áàçó äàíèõ
æóðíàëó âèìiðþâàíü ïðîãðàìè Adobe Photoshop. Ïiñëÿ öüîãî ç æóðíàëó âèìiðþâàíü
áóâ ñôîðìîâàíèé ôàéë iç ðåçóëüòàòàìè îáðîáêè êàäðiâ åêñïåðèìåíòó â öiëîìó. Çà
äîïîìîãîþ öüîãî ôàéëó áóëà îòðèìàíà çàëåæíiñòü äiàìåòðó øèéêè çðàçêà âiä ÷àñó.
Ïiñëÿ îá÷èñëåííÿ ïëîùi ïîïåðå÷íîãî ïåðåòèíó çðàçêiâ ó çîíi íàéìåíøîãî äiàìåòðà
áóëà âèçíà÷åíà çàëåæíiñòü ïëîùi ïîïåðå÷íîãî ïåðåòèíó çðàçêiâ âiä ÷àñó òðèâàëîñòi
åêñïåðèìåíòó.

Àñèìåòðiÿ øèéêè áóëà âðàõîâàíà íà îñíîâi äîñëiäæåííÿ îáëàñòi çëàìó çðàçêiâ
ïiñëÿ ðóéíóâàííÿ, îòðèìàíèõ çà äîïîìîãîþ êîìïàðàòîðà. Íà ðèñ. 2, ñ çîáðàæåíî
ãðàôiê çàëåæíîñòi äiàìåòðà, âèçíà÷åíîãî çà ñåêóíäó äî çëàìó çðàçêà øëÿõîì àíàëiçó
âiäåîçàïèñó, âiä òåìïåðàòóðè, à òàêîæ ïîäàíî îöiíî÷íó ïîõèáêó, ðîçðàõîâàíó íà
îñíîâi ðîçáiæíîñòåé ìiæ ðåçóëüòàòàìè âèìiðþâàíü ó ðiçíèõ åêñïåðèìåíòàõ.

à b c

Ðèñ. 3. Âèìiðþâàííÿ êðèâèçíè øèéêè çà äîïîìîãîþ êiëüöÿ âïèñàíîãî êîëà: à �
ïî÷àòîê ôîðìóâàííÿ øèéêè; b � ìîìåíò ÷iòêî âèðàæåíî¨ ñôîðìîâàíî¨ øèéêè; c �
ïî÷àòîê ðóéíóâàííÿ çðàçêà
Fig. 3. Measurement of the curvature of the neck using a ring of an inscribed circle
tangent to the neck: a � the beginning of the formation of the neck; b � the moment of
a clearly formed neck; c � the beginning of the destruction of the sample

Ïîïåðå÷íèé ïåðåðiç ìàâ ôîðìó, áëèçüêó äî îâàëüíî¨, îäíàê ðiçíèöÿ ìiæ äîâæè-
íàìè âåëèêî¨ òà ìàëî¨ îñåé áóëà íåçíà÷íîþ.

Ó ïîäàëüøîìó, ïðè îáðîáöi ðåçóëüòàòiâ âèìiðþâàíü, áóëî çàïðîïîíîâàíî âèìi-
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ðþâàòè êðèâèçíó øèéêè çðàçêà ïiä ÷àñ äåôîðìàöi¨ çà äîïîìîãîþ êiëüöÿ.
Ïðîòÿãîì îäíîãî åêñïåðèìåíòó äiàìåòð êîëà âèìiðþâàëè 5�7 ðàçiâ ÷åðåç ðiâíi

ïðîìiæêè ÷àñó äëÿ âñiõ òåìïåðàòóð çà äîïîìîãîþ ïðîãðàìè CorelDRAW. Äiàìåòð
êiëüöÿ ïiäáèðàëè òàê, ùîá âîíî ïîâíiñòþ ïîâòîðþâàëî êîíòóð øèéêè çðàçêà. Âèìi-
ðþâàíå êiëüöå âïèñàíîãî êîëà çîáðàæåíî íà ðèñ. 3.

3. Ðåçóëüòàòè òà îáãîâîðåííÿ

Ðåçóëüòàòè åêñïåðèìåíòiâ ïîäàíî ó âèãëÿäi ãðàôiêiâ çàëåæíîñòåé iíæåíåðíîãî
òà ñïðàâæíüîãî íàïðóæåííÿ σ âiä ïîäîâæåííÿ çðàçêà ϵ ñïëàâó ñèñòåìè Ñu-Cr-Zr çà
ðiçíèõ òåìïåðàòóð. Öi ãðàôiêè ïîêàçàíî íà ðèñ. 4.
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Ðèñ. 4. Ãðàôiêè çàëåæíîñòåé iíæåíåðíîãî íàïðóæåííÿ (à) òà ñïðàâæíüîãî íàïðó-
æåííÿ (b) âiä ïîäîâæåííÿ çðàçêiâ ñïëàâó ñèñòåìè Ñu-Cr-Zr
Fig. 4. Graphs of dependence of engineering (a) and real (b) load of Cu-Cr-Zr alloy
system samples on elongation
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Ðèñ. 5. Ãðàôiê çàëåæíîñòi ìàêñèìàëüíîãî íàïðóæåííÿ σmax ó çðàçêàõ ñïëàâó ñè-
ñòåìè Ñu-Cr-Zr âiä òåìïåðàòóðè
Fig. 5. Graph of dependence of maximum load σmax of Cu-Cr-Zr alloy system samples
on temperature
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Iíæåíåðíå íàïðóæåííÿ ðîçðàõîâó¹òüñÿ ó ïðèïóùåííi, ùî ïëîùà ïîïåðå÷íîãî ïå-
ðåòèíó ïiä ÷àñ ïðîâåäåííÿ îäíîâiñíî¨ äåôîðìàöi¨ ðîçòÿãîì çàëèøà¹òüñÿ ïîñòiéíîþ,
òîäi ÿê ñïðàâæí¹ íàïðóæåííÿ âèçíà÷à¹òüñÿ ïîïåðå÷íèì ïåðåòèíîì, ïëîùà ÿêîãî
çìiíþ¹òüñÿ, à ñàìå çìåíøó¹òüñÿ ç ÷àñîì. Àíàëiç öèõ ãðàôiêiâ ïiäòâåðäæó¹, ùî ïðè
ðîçðàõóíêó ñïðàâæíüîãî íàïðóæåííÿ çðàçêiâ òî÷êà ìàêñèìàëüíîãî íàïðóæåííÿ ïå-
ðåìiùó¹òüñÿ äî áiëüøèõ çíà÷åíü, à òî÷êà ïåðåãèíó êðèâèõ çñóâà¹òüñÿ äî áiëüøèõ
ïîäîâæåíü çðàçêiâ. Öi ðåçóëüòàòè çîáðàæåíi íà ðèñ. 5.

Ç ãðàôiêà íà ðèñ. 5 ìîæíà çðîáèòè òàêi ïðèïóùåííÿ. Çðàçêè, âðàõîâóþ÷è ñïðàâ-
æíié ïîïåðå÷íèé ïåðåðiç, äå ëîêàëiçîâàíî äåôîðìàöiþ, çäàòíi âèòðèìóâàòè çà òåì-
ïåðàòóðè 25 ◦C íàïðóæåííÿ, ÿêå â 1,5 ðàçà ïåðåâèùó¹ ðîçðàõîâàíå iíæåíåðíå íà-
ïðóæåííÿ. Öÿ ðiçíèöÿ çìåíøó¹òüñÿ çi çáiëüøåííÿì òåìïåðàòóðè òà çà òåìïåðàòóðè
350 ◦C ñòàíîâòü 1,2 ðàçà. Öå ìîæå ñâiä÷èòè ïðî òå, ùî ç ïiäâèùåííÿì òåìïåðàòó-
ðè ïëàñòè÷íiñòü çðàçêiâ çìåíøó¹òüñÿ i, éìîâiðíî, ïî÷èíàþòü äiÿòè iíøi ìåõàíiçìè
äåôîðìóâàííÿ ïiñëÿ ïî÷àòêó øèéêîóòâîðåííÿ.

Íà ðèñ. 6 íàâåäåíî ãðàôiêè, íà ÿêèõ ïîðiâíÿíî ñïðàâæíi òà iíæåíåðíi íàïðóæå-
ííÿ çà òåìïåðàòóð 25 ◦C i 350 ◦C äëÿ îäíîâiñíîãî ðîçòÿãó çðàçêiâ.
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Ðèñ. 6. Ãðàôiêè çàëåæíîñòåé ñïðàâæíüîãî òà iíæåíåðíîãî íàïðóæåíü σ âiä ñòóïåíÿ
äåôîðìàöi¨ ϵ çðàçêiâ ñïëàâó ñèñòåìè Ñu-Cr-Zr äëÿ îäíîâiñíîãî ðîçòÿãó ïðè òåìïå-
ðàòóðàõ: à � 25 ◦C; b � 350 ◦C
Fig. 6. Graphs of dependencies of real and engineering stresses σ on the degree of
deformation ϵ of Cu-Cr-Zr system alloy samples for uniaxial tension at temperatures:
à � 25 ◦C; b � 350 ◦C

Äëÿ òåìïåðàòóðè âèïðîáóâàííÿ 25 ◦C iíæåíåðíå íàïðóæåííÿ ïiñëÿ äîñÿãíåííÿ
ìåæi ïëèííîñòi íåçíà÷íî çðîñòà¹ äî ìàêñèìàëüíîãî çíà÷åííÿ, à ïîòiì ïîñòóïîâî
çìåíøó¹òüñÿ äî ìîìåíòó ðóéíóâàííÿ çðàçêà. Ñïðàâæí¹ íàïðóæåííÿ çðîñòà¹ ïiä ÷àñ
äåôîðìàöi¨ íà 21% i ëèøå ïîòiì ðiçêî ñïàäà¹; öåé ïåðåëîì òàêîæ ñïîñòåðiãà¹òüñÿ
íà êðèâié iíæåíåðíîãî íàïðóæåííÿ. Çà òåìïåðàòóðè âèïðîáóâàííÿ 350 ◦C ñèòóàöiÿ
çìiíþ¹òüñÿ. Ïiñëÿ ìåæi ïëèííîñòi ñïðàâæí¹ íàïðóæåííÿ ñïî÷àòêó çìåíøó¹òüñÿ, àëå
ç ïîäîâæåííÿì âiä 8% ïî÷èíà¹ ïîâiëüíî çðîñòàòè äî ïðèáëèçíî 15%, ïiñëÿ ÷îãî
ñïîñòåðiãà¹òüñÿ ïåðåãèí êðèâî¨ i ðiçêå çìåíøåííÿ σ. Iíæåíåðíå íàïðóæåííÿ âiäðàçó
ïiñëÿ ìåæi ïëèííîñòi ñòðiìêî çìåíøó¹òüñÿ, ùî, éìîâiðíî, ñâiä÷èòü ïðî çìåíøåííÿ
ïëàñòè÷íîñòi ìàòåðiàëó çà òàêî¨ òåìïåðàòóðè, à òàêîæ, ÿê i ñïðàâæí¹ íàïðóæåííÿ,
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Ðèñ. 7. Ãðàôiê çàëåæíîñòi äiàìåòðà êðèâèçíè êîíòóðó øèéêè âiä ñòóïåíÿ äåôîðìàöi¨
çðàçêà ñïëàâó ñèñòåìè Ñu-Cr-Zr çà ðiçíèõ òåìïåðàòóð âèïðîáóâàííÿ çðàçêiâ: 25 ◦C,
200 ◦C, 350 ◦C
Fig. 7. Graph of the contour curvature diameter of the neck versus deformation of the
Ñu-Cr-Zr alloy system sample at di�erent temperatures: 25 ◦C, 200 ◦C, 350 ◦C

øâèäêî ñïàäà¹ ïiñëÿ äîñÿãíåííÿ ïîäîâæåííÿ 17%.
Òàêîæ áóëî çàôiêñîâàíî òå, ùî ãåîìåòðè÷íi ôîðìè øèéêè çìiíþþòüñÿ çà ðiçíèõ

òåìïåðàòóð. Êðèâèçíó çàêðóãëåííÿ øèéêè çðàçêà âèìiðþâàëè çà äîïîìîãîþ ïðîãðà-
ìè CorelDRAW, ðîçòàøóâàâøè äîòè÷íå êîëî íà êîíòóði øèéêè òà ïiäiáðàâøè éîãî
äiàìåòð òàê, ùîá äóãà êîëà òî÷íî âiäïîâiäàëà êîíòóðó øèéêè. Âèìiðþâàííÿ êðè-
âèçíè øèéêè ïðîâîäèëè ïiñëÿ äîñÿãíåííÿ ìàêñèìàëüíîãî íàïðóæåííÿ i äî ïîâíîãî
ðóéíóâàííÿ çðàçêà äëÿ âñiõ òåìïåðàòóð âèïðîáóâàíü. Íà ðèñ. 7 ïîäàíî ãðàôiêè çà-
ëåæíîñòi äiàìåòðà äîòè÷íîãî êîëà d âiä ñòóïåíÿ äåôîðìàöi¨ çðàçêà. Íàâåäåíî êðèâi
äëÿ òðüîõ õàðàêòåðíèõ òåìïåðàòóð 25 ◦C, 200 ◦C òà 350 ◦C.

ßê çàçíà÷åíî ðàíiøå, øèéêîóòâîðåííÿ âiäáóâà¹òüñÿ ïiä ÷àñ ïàäiííÿ íàïðóæåííÿ
íà åêñïåðèìåíòàëüíié äåôîðìàöiéíié êðèâié. Îòæå, âèìiðþâàííÿ äiàìåòðà êîíòóðó
øèéêè ìîæëèâå ëèøå âiä ïî÷àòêó ¨¨ óòâîðåííÿ.

ßê ïîêàçàíî íà ðèñ. 7, ïî÷àòîê âèìiðþâàííÿ çàëåæíîñòi çìiíè êðèâèçíè øèéêè
ïåðåõîäèòü ó çîíó ìåíøèõ äåôîðìàöié ç ïiäâèùåííÿì òåìïåðàòóðè. Íà çìiíó ìåõà-
íi÷íèõ âëàñòèâîñòåé âïëèâà¹ ïàäiííÿ íàïðóæåííÿ çi çðîñòàííÿì òåìïåðàòóðè, ÿêå
âiðîãiäíî çóìîâëåíî çìåíøåííÿì äåôåêòiâ ó ñòðóêòóði äîñëiäæóâàíèõ îá'¹êòiâ.

Âèñíîâêè

1. Ïðîàíàëiçîâàíî âïëèâ òåìïåðàòóðè òà ñòóïåíÿ äåôîðìàöi¨ íà ãåîìåòðè÷íó
ôîðìó øèéêè, ùî óòâîðþ¹òüñÿ âíàñëiäîê ëîêàëiçàöi¨ äåôîðìàöi¨ ïiä ÷àñ äåôîðìó-
âàííÿ çðàçêiâ ñïëàâó ñèñòåìè Ñu-Cr-Zr äî çðóéíóâàííÿ ðîçòÿãîì iç ïîñòiéíîþ øâèä-
êiñòþ 0,15 ìì/õâ â àòìîñôåði ïîâiòðÿ çà òåìïåðàòóð 25 ◦C, 200 ◦C, 250 ◦C, 300 ◦C
òà 350 ◦C.

2. Ç'ÿñîâàíî, ùî ç ïiäâèùåííÿì òåìïåðàòóðè âèïðîáóâàííÿ çðàçêiâ ñïëàâó ñè-
ñòåìè Ñu-Cr-Zr äîâæèíà îáëàñòi, â ÿêié âiäáóâà¹òüñÿ ëîêàëiçàöiÿ äåôîðìàöi¨, çáiëü-
øó¹òüñÿ, ïðî ùî ñâiä÷èòü çáiëüøåííÿ äiàìåòðà êðèâèçíè øèéêè.

3. Àïðîáîâàíî ìåòîä öèôðîâî¨ êîðåëÿöi¨ çîáðàæåíü, ÿêèé âèêîðèñòàíèé äëÿ âè-
çíà÷åííÿ ðîçìiðiâ çîíè ëîêàëiçàöi¨ äåôîðìàöi¨ ïiñëÿ óòâîðåííÿ â çðàçêó ñïëàâó ñè-
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ñòåìè Ñu-Cr-Zr øèéêè, i ðîçðàõóíêó ñïðàâæíüîãî íàïðóæåííÿ, ùî äi¹ íà çðàçîê
íà ðiçíèõ åòàïàõ éîãî ïëàñòè÷íîãî ïëèíó âíàñëiäîê çìiíè ïëîùi éîãî ïîïåðå÷íîãî
ïåðåðiçó
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Experimental study of neck formation during the

plastic deformation of Cu-Cr-Zr alloy samples

deformed to failure under uniaxial tension in the

temperature range of 25-350 ◦C
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A signi�cant amount of research in the �eld of strength and plasticity, as well as
solid mechanics, focuses on the necking process during the plastic deformation
of metals. However, localized neck formation can rarely be clearly distingui-
shed experimentally due to the limited capabilities of measuring equipment
and conventional measurement methods. Ensuring high strength and plasti-
city is crucial for the potential application of materials in the International
Thermonuclear Experimental Reactor (ITER), particularly for manufacturing
components with high thermal �ux, such as the �rst wall and divertor. This
layer of material will be placed between the plasma-facing armor and the main
structure within the cooling system, which consists of tungsten�copper�Ñu-Cr-
Zr monoblocks. The operating conditions of such monoblocks in the ITER
reactor involve intense thermal loads that can exceed 10 MW/m2. Periodic
heat pulses from the plasma induce signi�cant temperature gradients within the
material structure, leading to thermal fatigue, deformation, and the accumulati-
on of residual stresses. In addition to high thermal conductivity, this layer and its
connections with the adjacent material must also be mechanically strong enough
to withstand thermal and mechanical stresses. In this paper, the phenomenon
of neck formation during the plastic deformation of Ñu-Cr-Zr alloy system
samples, which were deformed to failure under uniaxial tensile stress in air
at temperatures ranging from 25◦C to 350◦C, is experimentally studied. The
method of digital image acquisition during deformation is used to investigate
the change in the cross-sectional area of the cylindrical sample and to calculate
the true stress. The change in the curvature of the sample's geometry is exami-
ned as a function of temperature. The onset time of necking, obtained through
video recording of the experiment, is compared with the characteristic strength
limit on the deformation curve, which coincided, indicating a minimal error in
the application of this experimental method.

Key words: mechanical stress, necking, mechanical failure, uniaxial deformati-
on, video recording, Ñu-Cr-Zr alloy system.


