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Òåðìè÷åñêàÿ îáðàáîòêà (ÒÎ) — îäèí èç îñíîâíûõ è íàèáîëåå âàæíûõ ýòàïîâ òåõíîëîãè÷å-

ñêîãî öèêëà ïðîèçâîäñòâà ìåòàëëè÷åñêèõ èçäåëèé. Ïðè ïðîâåäåíèè ÒÎ â ìåòàëëàõ âîçíè-

êàþò îñòàòî÷íûå íàïðÿæåíèÿ (ÎÍ), îêàçûâàþùèå ñóùåñòâåííîå âëèÿíèå íà ýêñïëóàòàöè-

îííûé ðåñóðñ èçäåëèé. Öåëü íàñòîÿùåé ðàáîòû — ðàçðàáîòêà ìåòîäèêè íåðàçðóøàþùåãî

àêóñòè÷åñêîãî êîíòðîëÿ ÎÍ â ñòàëüíûõ îáðàçöàõ. Àêóñòè÷åñêèé ìåòîä îñíîâàí íà ÿâëåíèè

àêóñòîóïðóãîñòè — çàâèñèìîñòè àêóñòè÷åñêèõ õàðàêòåðèñòèê îò ïàðàìåòðîâ êîíòðîëèðóå-

ìîé ñðåäû. Ïîëÿ ÎÍ â ïðÿìîóãîëüíûõ îáðàçöàõ èç øòàìïîâîé ñòàëè 5ÕÍÌ ôîðìèðîâàëè

ñ èñïîëüçîâàíèåì ðàçëè÷íûõ ðåæèìîâ ÒÎ, âêëþ÷àþùèõ îõëàæäåíèå êàê â òðàäèöèîííûõ

ñðåäàõ (âîäå, ìàñëå, âîçäóõå), òàê è ñ ïîìîùüþ âîäîâîçäóøíîé ñìåñè (ÂÂÑ). Óïðàâëÿÿ ñîîò-

íîøåíèåì ïàðàìåòðîâ âîäû è âîçäóõà, à òàêæå íàïðàâëåíèåì ïîòîêà ÂÂÑ, îáåñïå÷èâàëè

íåîáõîäèìûå ñêîðîñòü îõëàæäåíèÿ è ëîêàëüíîñòü ïðîöåññà. Óñòàíîâèëè, ÷òî ïðè óäàëåíèè

îò ïëîñêîñòè îõëàæäåíèÿ óðîâåíü ÎÍ ñíèæàåòñÿ, ìåíÿþòñÿ ìèêðîñòðóêòóðà è óïðóãèå õà-

ðàêòåðèñòèêè ìàòåðèàëà. Âëèÿíèå îõëàæäåíèÿ íà ôîðìèðîâàíèå òåìïåðàòóðíûõ ïîëåé è

âåëè÷èíó ÎÍ àíàëèçèðîâàëè ñ ïðèìåíåíèåì êîìïüþòåðíîãî ìîäåëèðîâàíèÿ (ïðîãðàììà

CAE ANSYS). Â êà÷åñòâå çàäàâàåìûõ ïàðàìåòðîâ èñïîëüçîâàëè çíà÷åíèÿ õàðàêòåðèñòèê

ñòàëè 5ÕÍÌ. Ðåçóëüòàòû ìîäåëèðîâàíèÿ ïîäòâåðäèëè äàííûå ýêñïåðèìåíòàëüíûõ èñïû-

òàíèé. Àêóñòè÷åñêèå èçìåðåíèÿ ïðîâîäèëè íà èçìåðèòåëüíî-âû÷èñëèòåëüíîì êîìïëåêñå

«ÀÑÒÐÎÍ», êîòîðûé ïîçâîëÿë îïðåäåëÿòü ñêîðîñòè óïðóãèõ (ïðîäîëüíîé è ïîïåðå÷íîé)

âîëí è ìîäóëè óïðóãîñòè èññëåäóåìîãî ìàòåðèàëà. Âûÿâèëè, ÷òî ðàçëè÷èÿ èçìåðÿåìûõ

çíà÷åíèé àêóñòè÷åñêèì è ðåíòãåíîâñêèì ìåòîäàìè íå ïðåâûøàþò 10 %. Ïîëó÷åííûå ðåçó-

ëüòàòû ìîãóò áûòü èñïîëüçîâàíû íà ïðîèçâîäñòâå ïðè èçìåðåíèè ÎÍ àêóñòè÷åñêèì ìåòî-

äîì â êðóïíîãàáàðèòíûõ øòàìïàõ èç ñòàëè 5ÕÍÌ.

Êëþ÷åâûå ñëîâà: íåðàçðóøàþùèé êîíòðîëü; òåõíè÷åñêàÿ äèàãíîñòèêà; óëüòðàçâóêîâîé

ìåòîä; òåðìè÷åñêàÿ îáðàáîòêà; îñòàòî÷íûå íàïðÿæåíèÿ; ñòàëü 5ÕÍÌ.
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Heat treatment (HT) is one of the main and most important stages of the technological cycle of manufac-

turing metal products. Residual stresses (RS) arising in metals upon their heat treatment significantly af-

fect the service life of the products. The goal of the study is developing a technique for non-destructive

acoustic testing of the residual stresses in steel samples. The method is based on the phenomenon of

acoustoelasticity, i.e., the dependence of the acoustic characteristics on the parameters of the environment

under study. The fields of residual stresses in rectangular samples made of die steel 5KhNM were formed
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using various HT modes, including cooling both in traditional media (water, oil, air) and using a water-air

mixture (WAM). Control of the ratio of water-air parameters as well as the direction of the WAM flow pro-

vided the desired cooling rate and locality of the process. It is shown that the level of residual stresses de-

creases with the distance from the cooling plane, the microstructure and elastic characteristics of the ma-

terial also change. The effect of cooling on the formation of temperature fields and the value of residual

stresses was analyzed using computer simulation (CAE ANSYS program). The values of the characteris-

tics of 5KhNM steel formed a set of input parameters in simulation. The simulation results proved the ex-

perimental data. Acoustic measurements carried out on the measuring and computing complex

“ASTRON,” provided determination of the velocities of elastic (longitudinal and transverse) waves and the

elastic moduli of the material under study. The RS values obtained by the acoustic method were compared

with the data obtained by the X-ray method. It is shown that the differences between the values measured

by acoustic and X-ray methods do not exceed 10%. The results can be used in a production environment

when measuring the residual stresses by the acoustic method in large-sized dies made of 5KhNM steel.

Keywords: non-destructive testing; technical diagnostics; ultrasonic method; heat treatment; residual

stresses; 5KhNM steel.

Ââåäåíèå

Òåðìè÷åñêàÿ îáðàáîòêà (ÒÎ) — îäèí èç

îñíîâíûõ è íàèáîëåå âàæíûõ ýòàïîâ òåõíîëîãè-

÷åñêîãî öèêëà ïðîèçâîäñòâà ìåòàëëè÷åñêèõ èçäå-

ëèé. Ïðàâèëüíûé âûáîð ðåæèìîâ ÒÎ (òåìïåðà-

òóðû íàãðåâà, âðåìåíè âûäåðæêè, ñêîðîñòè îõëà-

æäåíèÿ è äð.) îáåñïå÷èâàåò êà÷åñòâî êîíñòðóê-

öèé [1 – 4]. Îäíàêî âîçíèêàþùèå â ïðîöåññå ÒÎ

â ìàòåðèàëå îñòàòî÷íûå íàïðÿæåíèÿ (ÎÍ) âìå-

ñòå ñ ðàáî÷èìè íàãðóçêàìè îêàçûâàþò ñóùåñò-

âåííîå âëèÿíèå íà ýêñïëóàòàöèîííûå õàðàêòå-

ðèñòèêè è ðåñóðñ äåòàëåé. Ïðè ýòîì âîçäåéñòâèå

çàâèñèò êàê îò âåëè÷èíû è çíàêà íàïðÿæåíèé,

òàê è îò óñëîâèé ýêñïëóàòàöèè èçäåëèÿ [5].

Ïîÿâëåíèå ÎÍ ïîñëå çàêàëêè âûçûâàåòñÿ

äâóìÿ îñíîâíûìè ïðè÷èíàìè: òåðìè÷åñêèìè íà-

ïðÿæåíèÿìè ïðè íåîäíîðîäíîì òåìïåðàòóðíîì

ïîëå è ñòðóêòóðíûìè ïðåâðàùåíèÿìè ïðè ðàñïà-

äå àóñòåíèòà. Óðîâåíü ÎÍ çíà÷èòåëüíî âûøå

ïðè ÒÎ êðóïíîãàáàðèòíûõ èçäåëèé (íàïðèìåð,

ìîëîòîâûõ øòàìïîâ), â êîòîðûõ ëîêàëüíûå òåì-

ïåðàòóðíûå ãðàäèåíòû äîñòèãàþò çíà÷èòåëüíûõ

âåëè÷èí [6].

Íàëè÷èå îïåðàòèâíûõ äàííûõ î âåëè÷èíå

ÎÍ ïîçâîëÿåò óïðàâëÿòü ïðîöåññîì îõëàæäåíèÿ,

ïðîãíîçèðîâàòü ðåñóðñ èçäåëèÿ è ñâîåâðåìåííî

ðåàãèðîâàòü íà íåáëàãîïðèÿòíûå (ñ òî÷êè çðåíèÿ

íàäåæíîñòè) ïîñëåäñòâèÿ òåõíîëîãè÷åñêèõ îïå-

ðàöèé. Â ïðîèçâîäñòâåííûõ óñëîâèÿõ îñòàòî÷-

íûå ìåõàíè÷åñêèå íàïðÿæåíèÿ îïðåäåëÿþò ñ ïî-

ìîùüþ ìåòîäîâ íåðàçðóøàþùåãî êîíòðîëÿ.

Îäèí èç íàèáîëåå ïåðñïåêòèâíûõ ñðåäè íèõ —

àêóñòè÷åñêèé ìåòîä, èñïîëüçóþùèé ýôôåêò àêó-

ñòîóïðóãîñòè [7 – 11]. Â åãî îñíîâå — çàâèñè-

ìîñòü ñêîðîñòè ïðîõîæäåíèÿ óïðóãèõ âîëí ÷åðåç

îáúåì ìåòàëëà îò óðîâíÿ ìåõàíè÷åñêèõ íàïðÿæå-

íèé [12 – 15].

Öåëü ðàáîòû — ðàáîòêà ìåòîäèêè íåðàçðó-

øàþùåãî àêóñòè÷åñêîãî êîíòðîëÿ ÎÍ â ñòàëüíûõ

îáðàçöàõ ïðè ðàçëè÷íûõ ðåæèìàõ ÒÎ (ñêîðîñòÿõ

îõëàæäåíèÿ).

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Èññëåäîâàëè îáðàçöû èç øòàìïîâîé ñòàëè

5ÕÍÌ ðàçìåðîì 20 × 20 × 250 ìì. Õèìè÷åñêèé

ñîñòàâ ñòàëè, % ìàññ.: C — 0,51; Si — 0,22; Mn —

0,63; P — 0,01; S — 0,01; Cr — 0,58; Ni — 1,51;

Mo — 0,19; Cu — 0,34; Al — 0,03; Ti — 0,01; W —

0,01; V — 0,01.

Äëÿ èçó÷åíèÿ âëèÿíèÿ ñêîðîñòè îõëàæäåíèÿ

íà ñòðóêòóðó, ñâîéñòâà è óðîâåíü ÎÍ â ìàòåðèàëå

èñïîëüçîâàëè ðåæèìû ÒÎ, êîòîðûå âêëþ÷àëè çà-

êàëêó â âîäå, ìàñëå è âîäîâîçäóøíîé ñìåñè

(ÂÂÑ), îòæèã, íîðìàëèçàöèþ. ÂÂÑ ïîëó÷àëè ðàñ-

ïûëåíèåì âîäû â ïîòîêå âîçäóõà. Îõëàæäàþùóþ

ñïîñîáíîñòü ñìåñè âàðüèðîâàëè, èçìåíÿÿ ðàñõîä

âîäû è äàâëåíèå âîçäóõà. Íàãðåâ ïðè ÒÎ ïðîâî-

äèëè äî 850 °C (âðåìÿ íàãðåâà è âûäåðæêè —

30 ìèí).

Òåìïåðàòóðó â îáðàçöå êîíòðîëèðîâàëè ñ ïî-

ìîùüþ òåðìîïàð õðîìåëü-àëþìåëü (ÒÕÀ) ñ äèà-

ìåòðîì ïðîâîëîêè 0,5 ìì. ÒÕÀ ïîìåøàëè â âû-

ñâåðëåííûå îòâåðñòèÿ äèàìåòðîì 1 è ãëóáèíîé

10 ìì. Ñõåìà ðàñïîëîæåíèÿ ÒÕÀ íà îáðàçöå ïðè-

âåäåíà íà ðèñ. 1.

Òåðìîïàðû ïîäêëþ÷àëè ê ìîäóëþ ÀÖÏ ÖÀÏ

ZET 210, ÷òî ïîçâîëÿëî îñóùåñòâëÿòü êîìïüþ-
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Ðèñ. 1. Ñõåìà ðàñïîëîæåíèÿ íà îáðàçöå òåðìîïàð 1 – 5

Fig. 1. Layout of thermocouples 1 – 5 on the sample



òåðíûé êîíòðîëü òåìïåðàòóðû (÷àñòîòà îïðîñà

òåðìîïàðû — 10 êÃö).

Ìåòàëëîãðàôè÷åñêèé àíàëèç îáðàçöîâ ïðîâî-

äèëè ïî ñòàíäàðòíîé ñõåìå: øëèôîâêà, ïîëèðîâ-

êà è ïîñëåäóþùåå òðàâëåíèå â 4 %-ì ðàñòâîðå

HNO3 â òå÷åíèå 5 – 10 ñ. Èçîáðàæåíèÿ ìèêðî-

ñòðóêòóð ïîëó÷àëè ñ ïðèìåíåíèåì îïòè÷åñêîãî

ìèêðîñêîïà KEYENCE VHX-1000.

ÎÍ îïðåäåëÿëè ñ èñïîëüçîâàíèåì äèôðàêòî-

ìåòðà «ÄÐÎÍ-2» (FeKá-èçëó÷åíèå) ïî ñìåùåíèþ

ïèêîâ íà ðåíòãåíîãðàììàõ ïîñëå ÒÎ. Ðàñ÷åò ïðî-

âîäèëè ïî ôîðìóëå
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, (1)

ãäå 	 i� — ñóììà íàïðÿæåíèé óx, óy, óz; E — ìî-

äóëü óïðóãîñòè (ìîäóëü Þíãà); í — êîýôôèöèåíò

Ïóàññîíà; Äd — ðàçíèöà ìåæïëîñêîñòíûõ ðàñ-

ñòîÿíèé íàïðÿæåííîãî è íåíàïðÿæåííîãî îáðàç-

öîâ; d — ìåæïëîñêîñòíîå ðàññòîÿíèå îòîææåííî-

ãî îáðàçöà [16].

Ïðèíÿëè, ÷òî â îòîææåííîì ñîñòîÿíèè ÎÍ

áëèçêè íóëþ.

Ïðè àêóñòè÷åñêèõ èçìåðåíèÿõ ÎÍ ïðèìåíÿ-

ëè èçìåðèòåëüíî-âû÷èñëèòåëüíûé êîìïëåêñ

«ÀÑÒÐÎÍ» (òî÷íîñòü èçìåðåíèÿ âðåìåíè ðàñ-

ïðîñòðàíåíèÿ óïðóãèõ èìïóëüñîâ — 10–9 ñ, íîìè-

íàëüíàÿ ÷àñòîòà óïðóãèõ (ïðîäîëüíûõ è ïîïåðå÷-

íûõ) âîëí — 5 ÌÃö) [9, 10]. Îïðåäåëåíèÿ ïðîâî-

äèëè íà îòøëèôîâàííîé áîêîâîé ïîâåðõíîñòè

îáðàçöà ïðè òåìïåðàòóðå 20 °C ñ øàãîì îò îõëàæ-

äàåìîãî òîðöà 10 ìì (òî÷íîñòü èçìåðåíèÿ òîëùè-

íû îáðàçöà â òî÷êå çàìåðà — 0,005 ìì).

Ñêîðîñòü óïðóãîé âîëíû Cl,t ïðè ïðîõîæäå-

íèè ÷åðåç îáðàçåö îïðåäåëÿëè ïî ôîðìóëå

Cl,t = 2L/t, (2)

ãäå L — òîëùèíà îáðàçöà; t — âðåìÿ ïðîõîæäå-

íèÿ âîëíû ÷åðåç îáðàçåö.

Ôèçèêî-ìåõàíè÷åñêèå õàðàêòåðèñòèêè ìàòå-

ðèàëà ðàññ÷èòûâàëè ñ ïîìîùüþ ñîîòíîøåíèé

[8 – 10]
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ãäå G — ìîäóëü ñäâèãà; Ct, Cl — ñêîðîñòè ïî-

ïåðå÷íîé è ïðîäîëüíîé âîëí; ñ — ïëîòíîñòü

ìàòåðèàëà.

Ïëîòíîñòü îïðåäåëÿëè ìåòîäîì ãèäðîñòàòè-

÷åñêîãî âçâåøèâàíèÿ íà àíàëèòè÷åñêèõ âåñàõ

(òî÷íîñòü — 10–5 ã). Ïåðåä âçâåøèâàíèåì ñ îáðàç-

öîâ óäàëÿëè îêàëèíó (øåðîõîâàòîñòü íå áîëåå

2,5 ìêì), îáðàçöû îáåçæèðèâàëè ñïèðòîì è òåð-

ìîñòàòèðîâàëè. Òî÷íîñòü îïðåäåëåíèÿ òåìïåðà-

òóðû âîäû äî è ïîñëå âçâåøèâàíèÿ — 0,1 °C.

Ïëîòíîñòü ðàññ÷èòûâàëè ïî ôîðìóëå [16]
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, (6)

ãäå míà âîçä, mâîäà + ïð, mïð — ìàññû îáðàçöà íà

âîçäóõå, ïîãðóæåííîãî â âîäó îáðàçöà è ïðîâîëî-

êè è ïîãðóæåííîé ïðîâîëîêè ñîîòâåòñòâåííî.

Äëÿ ðàñ÷åòà äâóõîñíîãî íàïðÿæåííîãî ñî-

ñòîÿíèÿ àêóñòè÷åñêèì ìåòîäîì èñïîëüçîâàëè

ôîðìóëû [8, 9]

	
1 1

01

03

3

1

2

02

03

3

2

1 1� �

�

�

�
�

�

�

�
�
� �

�

�

�
�

�

�

�
�

K
t

t

t

t
K

t

t

t

t
, (7)

	
2 1

02

03

3

2

2

01

03

3

1

1 1� �

�

�

�
�

�

�

�
�
� �

�

�

�
�

�

�

�
�

K
t

t

t

t
K

t

t

t

t
, (8)

ãäå ó1, ó2 — íàïðÿæåíèÿ â äâóõ âçàèìíî ïåðïåí-

äèêóëÿðíûõ íàïðàâëåíèÿõ (âäîëü è ïåðïåíäèêó-

ëÿðíî îñè îáðàçöà); t1, t2 — çàäåðæêè (âðåìÿ ðàñ-

ïðîñòðàíåíèÿ) ïîïåðå÷íûõ âîëí âäîëü íàïðÿæå-

íèé ó1 è ó2; t3 — çàäåðæêà (âðåìÿ ðàñïðîñòðàíå-

íèÿ) ïðîäîëüíûõ âîëí; t01, t02, t03 — ñîîòâåòñò-

âóþùèå çíà÷åíèÿ çàäåðæåê â îòñóòñòâèå íàïðÿ-

æåíèé (ïîñëå îòæèãà îáðàçöîâ); K1, K2 — êîýô-

ôèöèåíòû óïðóãîàêóñòè÷åñêîé ñâÿçè ìàòåðèàëà.

Êîýôôèöèåíòû k1 è k2 îïðåäåëÿëè, èñïûòû-

âàÿ îáðàçöû íà ðàñòÿæåíèå (ÃÎÑÒ 1497–84). Íà-

ãðóæåíèå îñóùåñòâëÿëè ñ ïîìîùüþ èñïûòàòåëü-

íîé ìàøèíû ÓÒÑ-110Ì-5-0Ó ñ ïðèìåíåíèåì äå-

ôîðìîìåòðà ñ áàçîé 50 ìì. Èñïîëüçîâàëè óñòà-

íîâëåííûå íà îáðàçöàõ äàò÷èêè ïðîäîëüíîé è

ïîïåðå÷íîé (â äâóõ âçàèìíî ïåðïåíäèêóëÿðíûõ

íàïðàâëåíèÿõ) âîëí.

Ïîñëå ìíîãîêðàòíîãî (íå ìåíåå ïÿòè ðàç)

íàãðóæåíèÿ ïîëó÷èëè ñëåäóþùèå çíà÷åíèÿ

êîýôôèöèåíòîâ, ÌÏà: k1 = –1,14 · 10–5, k2 =

= –0,10 · 10–5.

Äëÿ îöåíêè ðàñïðåäåëåíèÿ òåìïåðàòóðû è

ÎÍ ïðè îõëàæäåíèè ïðèìåíÿëè òàêæå êîìïüþ-

òåðíîå ìîäåëèðîâàíèå (ïðîãðàììà CAE ANSYS).

Óïðóãèå (ìîäóëü Þíãà, êîýôôèöèåíò Ïóàññîíà),

ïëàñòè÷åñêèå (áèëèíåéíàÿ äèàãðàììà äåôîð-

ìèðîâàíèÿ ñ ïðåäåëîì òåêó÷åñòè) è òåïëîâûå

(òåïëîïðîâîäíîñòü, òåïëîåìêîñòü, êîýôôèöèåíò

òåïëîâîãî ðàñøèðåíèÿ, ýíòàëüïèÿ) õàðàêòå-

ðèñòèêè çàäàâàëè ñ ó÷åòîì èõ çàâèñèìîñòè îò

òåìïåðàòóðû.
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Îáñóæäåíèå ðåçóëüòàòîâ

Â òàáë. 1 äëÿ äèàïàçîíà 850 – 400 °C ïðèâåäå-

íû ñêîðîñòè îõëàæäåíèÿ îáðàçöîâ ïðè ðàçëè÷-

íûõ ðåæèìàõ ÒÎ, íà ðèñ. 2 — èçìåíåíèå òåìïå-

ðàòóðû â òî÷êàõ 1 – 5 (ñì. ðèñ. 1) ïðè îõëàæäåíèè

ÂÂÑ (1 àò, 164 ìë/ìèí) ñ òîðöà îáðàçöà. Ñêîðîñòè

îõëàæäåíèÿ â òî÷êàõ 1 – 5 ñîñòàâèëè 17,3, 3,2,

1,7, 1,0 è 0,8 °C/ñ.

Ðåçóëüòàòû êîìïüþòåðíîãî ìîäåëèðîâàíèÿ

ðàñïðåäåëåíèÿ òåìïåðàòóðíîãî ïîëÿ ÷åðåç 1 ìèí

ïîñëå íà÷àëà îõëàæäåíèÿ ÂÂÑ ñ òîðöà ïðåäñòàâ-

ëåíû íà ðèñ. 3.

Èññëåäîâàíèå ìèêðîñòðóêòóðû îáðàçöîâ ïî-

ñëå ÒÎ ïîêàçàëî íàëè÷èå ìàðòåíñèòíûõ (ñêîðî-

ñòè îõëàæäåíèÿ áîëåå 30 °C/ñ) è ïðîìåæóòî÷íûõ

ôåððèòíî-êàðáèäíûõ ñòðóêòóðíûõ ñîñòàâëÿ-

þùèõ (ñêîðîñòè 1 – 30 °C/ñ). Ïðè ñêîðîñòè îõëàæ-

äåíèÿ 0,1 – 0,2 °C/ñ â ìèêðîñòðóêòóðå íàáëþäàëè

ïðèñóòñòâèå ôåððèòíî-ïåðëèòíûõ ñîñòàâëÿþùèõ

(ðèñ. 4).

Ïî èçìåðåííîìó âðåìåíè ðàñïðîñòðàíåíèÿ

óïðóãèõ âîëí â îáðàçöàõ ïîñëå ÒÎ ðàññ÷èòûâàëè

âåëè÷èíó ÎÍ. Ðåçóëüòàòû îïðåäåëåíèÿ ñêîðî-

ñòåé óïðóãèõ âîëí ïðèâåäåíû íà ðèñ. 5. Âèäíî,

÷òî ñ óâåëè÷åíèåì ñêîðîñòè îõëàæäåíèÿ ñêîðîñòè

ïðîäîëüíîé è ïîïåðå÷íûõ âîëí óìåíüøàþòñÿ.

Â ñòðóêòóðå ìàðòåíñèòà, ôîðìèðóåìîãî çà-

êàëêîé ñ íàèáîëüøåé ñòåïåíüþ èñêàæåíèÿ êðè-

ñòàëëè÷åñêîé ðåøåòêè, ñêîðîñòü ðàñïðîñòðàíå-

íèÿ óïðóãèõ âîëí ìèíèìàëüíà. Ïîñëåäóþùèé îò-

ïóñê ñ óëó÷øåíèåì (îñîáåííî åñëè èñïîëüçóþòñÿ

òàêèå ñìÿã÷àþùèå îáðàáîòêè, êàê íîðìàëèçàöèÿ)
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Ðèñ. 2. Çàâèñèìîñòè òåìïåðàòóðû îáðàçöà â òî÷êàõ 1 – 5

îò âðåìåíè ïðè îõëàæäåíèè ÂÂÑ ñ òîðöåâîé ïîâåðõíîñòè

Fig. 2. The time dependence of the sample temperature at

points 1 – 5 upon sample cooling from the end surface using

WAM

Òàáëèöà 1. Ñêîðîñòè îõëàæäåíèÿ îáðàçöîâ ïðè ðàçëè÷-

íûõ ðåæèìàõ ÒÎ

Table 1. The cooling rate of the samples at different heat

treatment modes

Ðåæèì ÒÎ
Ñêîðîñòü îõëàæ-

äåíèÿ, °C/ñ

Çàêàëêà Âîäà 64

Ìàñëî 34,6

Íîðìàëèçàöèÿ 2,6

Îòæèã 0,1

ÂÂÑ 0,5 àò, ðàñõîä — 11 ìë/ìèí 5,2

1 àò, ðàñõîä — 164 ìë/ìèí 17,3

4 àò, ðàñõîä — 240 ìë/ìèí 14

Ñæàòûé

âîçäóõ

1 àò 2

4 àò 1,2

T, °C

Ðèñ. 3. Ðàñïðåäåëåíèå òåìïåðàòóðû â îáðàçöå ÷åðåç

1 ìèí ïîñëå íà÷àëà îõëàæäåíèÿ ÂÂÑ ñ òîðöà

Fig. 3. Temperature distribution in the sample after 1 min

of cooling from the end surface using WAM

à á â

Ðèñ. 4. Ìèêðîñòðóêòóðà îáðàçöîâ, îõëàæäåííûõ ñî ñêîðîñòÿìè 64 (à), 1,2 (á) è 0,1 °C/ñ (â)

Fig. 4. The microstructure of samples at different cooling rate 64 (a), 1,2 (b), and 0,1 °C/sec (c)



ïðèâîäèò ê ðîñòó ñêîðîñòè óëüòðàçâóêîâûõ âîëí

[17, 18]. Â ñëó÷àå íàèáîëåå ðàâíîâåñíûõ ôåððèò-

íî-ïåðëèòíûõ ñòðóêòóð ñêîðîñòè ïðîäîëüíûõ è

ïîïåðå÷íûõ âîëí ìàêñèìàëüíû.

Íà ðèñ. 6 ïðèâåäåíû ðàñïðåäåëåíèÿ ÎÍ ïî

äëèíå îáðàçöà ïðè îõëàæäåíèè ñ òîðöà â ðàçëè÷-

íûõ ðåæèìàõ, ïîëó÷åííûå àêóñòè÷åñêèì ìåòî-

äîì. Âèäíî, ÷òî íà òîðöåâîé ïîâåðõíîñòè èíòåí-

ñèâíîå îõëàæäåíèå ïðèâîäèò ê ïîÿâëåíèþ

íàïðÿæåíèé áîëåå 1500 ÌÏà. Ýòî ïðåâûøàåò

ïðåäåë ïðî÷íîñòè ìàòåðèàëà. Êàê ñëåäñòâèå, â

ýòîé çîíå ôèêñèðîâàëè îáðàçîâàíèå òðåùèí.

Óïðóãèå õàðàêòåðèñòèêè ñòàëè 5ÕÍÌ îïðå-

äåëÿëè àêóñòè÷åñêèì ìåòîäîì ñ èñïîëüçîâàíèåì

âûðàæåíèé (3) – (5) è ñ ó÷åòîì èçìåíåíèé ïëîò-

íîñòè ìàòåðèàëà ïðè ÒÎ (òàáë. 2).

Âûÿâèëè, ÷òî ñíèæåíèå ñêîðîñòè îõëàæäåíèÿ

ïðèâîäèò ê âîçðàñòàíèþ óïðóãèõ ìîäóëåé. (Çàìå-

òèì, ÷òî àíàëîãè÷íàÿ çàâèñèìîñòü ïîëó÷åíà äëÿ

ñòàëè 40Õ [13, 17, 19].) Ýòî ìîæíî îáúÿñíèòü èç-

ìåíåíèåì êðèñòàëëè÷åñêîé ðåøåòêè ñïëàâà. Ïî-

âûøåíèå îáùåãî óðîâíÿ êîìïàêòíîñòè, ñâÿçàí-

íîé ñ ìèíèìàëüíîé òåòðàãîíàëüíîñòüþ ðåøåòêè

ïðè îòæèãå, âåäåò ê ïîâûøåíèþ óïðóãèõ ñâîéñòâ

ìàòåðèàëà [20].

Çíà÷åíèÿ ÎÍ, ïîëó÷åííûå àêóñòè÷åñêèì ìå-

òîäîì, ñðàâíèâàëè ñ ðåçóëüòàòàìè ðåíòãåíî-

ñòðóêòóðíîãî àíàëèçà (ðèñ. 7). Íàáëþäàåìûé

ðîñò ÎÍ ñ ïîâûøåíèåì èíòåíñèâíîñòè îõëàæäå-

íèÿ ñâÿçàí ñ îãðàíè÷åíèåì âðåìåíè äëÿ äèôôó-

çèè ëåãèðóþùèõ ýëåìåíòîâ èç ðåøåòêè Fe ïðè

çàêàëêå (òåì ñàìûì óâåëè÷èâàåòñÿ òåòðàãîíàëü-

íîñòü).

Ñ ïðèìåíåíèåì ïðåäëàãàåìîé ìåòîäèêè àêó-

ñòè÷åñêîãî êîíòðîëÿ ÎÍ èññëåäîâàëè êðóïíîãà-

áàðèòíóþ çàãîòîâêó èç ñòàëè 5ÕÍÌ (òîëùèíà

ïëèòû — 250 ìì) ïîñëå îõëàæäåíèÿ íà âîçäóõå.

Íà ðèñ. 8 ïðåäñòàâëåíû ïîëó÷åííûå çàâèñèìîñòè

òâåðäîñòè è ÎÍ îò òîëùèíû.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

âëèÿíèÿ ñêîðîñòè îõëàæäåíèÿ îáðàçöîâ èç ñòàëè
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2

1

Ðèñ. 5. Çàâèñèìîñòè ñêîðîñòåé ðàñïðîñòðàíåíèÿ ïðî-

äîëüíîé (1) è ïîïåðå÷íîé (2) âîëí îò ñêîðîñòè îõëàæäå-

íèÿ îáðàçöà

Fig. 5. Dependence of the velocity of longitudinal (1) and

transverse (2) waves on the sample cooling rate

5

43
2

1

Ðèñ. 6. Çàâèñèìîñòè ÎÍ îò ðàññòîÿíèÿ îò òîðöà ïðè

îõëàæäåíèè âîçäóõîì (0; 0,5 àò) (1, 2) è ÂÂÑ (0,5 àò,

11 ìë/ìèí; 1 àò, 164 ìë/ìèí (áåç è ñ èçîëÿöèåé)) (3 – 5)

ñîîòâåòñòâåííî

Fig. 6. Dependence of the residual stresses on the distance

from the end surface when cooling by air (0; 0.5 atm) (1, 2)

and WAM (0.5 atm, 11 ml/min; 1 atm, 164 ml/min (without

and with insulation)) (3 – 5), respectively

Òàáëèöà 2. Óïðóãèå õàðàêòåðèñòèêè ñòàëè 5ÕÍÌ, îïðå-

äåëåííûå àêóñòè÷åñêèì ìåòîäîì

Table 2. The elastic characteristics of 5KhNM steel deter-

mined by acoustic method

Ñêîðîñòü

îõëàæäå-

íèÿ, °C/ñ

Ìîäóëü

Þíãà

E
àêóñò

, ÃÏà

Ìîäóëü

ñäâèãà

G
àêóñò

, ÃÏà

Êîýôôè-

öèåíò

Ïóàññîíà í

Ïëîòíîñòü

ñ, ã/ñì3

64,0 199,8 77,2 0,2942 7,748

34,6 200,3 77,4 0,2938 7,759

2,6 202,4 79,8 0,2684 7,812

0,1 220,1 86,8 0,2679 7,850

2

1

Ðèñ. 7. Çàâèñèìîñòè ÎÍ, îïðåäåëåííûõ ðåíòãåíîñòðóê-

òóðíûì (1) è àêóñòè÷åñêèì (2) ìåòîäàìè, îò ñêîðîñòè

îõëàæäåíèÿ îáðàçöà

Fig. 7. Dependence of the residual stresses determined by

x-ray diffraction (1) and acoustic (2) methods on the sample

cooling rate



5ÕÍÌ íà ñêîðîñòü ðàñïðîñòðàíåíèÿ óïðóãèõ

âîëí ïîêàçàëè, ÷òî ñ ïîìîùüþ èçìåðåíèÿ ñêîðî-

ñòè (çàäåðæêè) óïðóãèõ âîëí ìîæíî îöåíèòü âå-

ëè÷èíó ÎÍ. Ðåçóëüòàòû îïðåäåëåíèÿ ÎÍ àêóñòè-

÷åñêèì ìåòîäîì ïîäòâåðæäàþòñÿ äàííûìè ðåíò-

ãåíîñòðóêòóðíîãî àíàëèçà (ðàñõîæäåíèå ìåíåå

10 %). Êðîìå òîãî, îíè ñâèäåòåëüñòâóþò î âûñî-

êîì óðîâíå ÎÍ â çîíå êîíòàêòà îõëàæäàþùåé

ñðåäû ñ îáðàçöîì ïðè çàêàëêå. Ïðè ýòîì ñêîðîñòü

ðàñïðîñòðàíåíèÿ óëüòðàçâóêà ïîñëå çàêàëêè ìè-

íèìàëüíà. Âìåñòå ñ òåì ðàâíîâåñíàÿ ñòðóêòóðà,

ôîðìèðóåìàÿ ïðè îòæèãå, õàðàêòåðèçóåòñÿ ìàê-

ñèìàëüíîé ñêîðîñòüþ óëüòðàçâóêà è íàèìåíüøè-

ìè ÎÍ.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà ïî ãðàíòó ÐÍÔ

¹ 19-19-00332.
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