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Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèé ñ èñïîëüçîâàíèåì äèëàòîìåòðîâ DIL 805A/D (TA

Instruments) è DIL 402C (Netzsch). Äèëàòîìåòðè÷åñêèé àíàëèç ïîçâîëÿåò íå òîëüêî îïðå-

äåëÿòü òåìïåðàòóðíûé êîýôôèöèåíò ëèíåéíîãî ðàñøèðåíèÿ è òåìïåðàòóðû ôàçîâûõ ïå-

ðåõîäîâ, îöåíèâàòü êèíåòèêó ïðåâðàùåíèé, íî òàêæå ìîäåëèðîâàòü ðåæèìû òåðìè÷åñêîé

îáðàáîòêè, âûÿâëÿòü ñ ïîìîùüþ âàêóóìíîãî òðàâëåíèÿ ðàçìåðû áûâøåãî àóñòåíèòíîãî

çåðíà, ñîâåðøåíñòâîâàòü òåõíîëîãèè òåðìè÷åñêîé è òåðìîìåõàíè÷åñêîé îáðàáîòîê ñòàëåé

è ñïëàâîâ. Äëÿ ñòàëåé ìàðòåíñèòíîãî è ìàðòåíñèòî-áåéíèòíîãî êëàññîâ (38ÕÌÀ,

38ÕÍ3ÌÔÀ, 20Õ3ÍÌÔÀ) ïðèâåäåíû ðåæèìû âàêóóìíîãî òðàâëåíèÿ â êàìåðå äèëàòîìåò-

ðà, îöåíåíî âëèÿíèå òåðìîäåôîðìàöèîííûõ ïàðàìåòðîâ íà ðàçìåð àóñòåíèòíîãî çåðíà, ïî-

êàçàíà ýôôåêòèâíîñòü ìåòîäà ïðè îïðåäåëåíèè ðàçìåðîâ çåðíà â ñðàâíåíèè ñ òðàäèöèîí-

íûìè ñïîñîáàìè òðàâëåíèÿ. Ïðè ìîäåëèðîâàíèè ðåæèìîâ òåðìè÷åñêîé îáðàáîòêè äèëàòî-

ìåòðè÷åñêèì ìåòîäîì èññëåäîâàëè òàêæå ìèêðîñòðóêòóðó íèêåëåâîãî ñïëàâà ÕÍ55ÌÂÖ

(×Ñ57). Ïîêàçàíû èçìåíåíèÿ ðàçìåðà è ìîðôîëîãèè çåðåííîé ñòðóêòóðû ìàòåðèàëà íà

ðàçíûõ ýòàïàõ åãî îáðàáîòêè. Ðåçóëüòàòû èññëåäîâàíèé èñïîëüçîâàëè äëÿ êîððåêòèðîâêè

äåéñòâóþùèõ ðåæèìîâ òåðìîîáðàáîòêè, ÷òî ïîçâîëèëî ïîëó÷èòü ðàâíîìåðíóþ ìåëêîçåð-

íèñòóþ ñòðóêòóðó. Êîìïëåêñíîå ïðèìåíåíèå äèëàòîìåòðè÷åñêîãî è ìåòàëëîãðàôè÷åñêîãî

àíàëèçîâ ïîñëå âàêóóìíîãî òðàâëåíèÿ ìàòåðèàëà ïîâûøàåò ýêîíîìè÷åñêóþ ýôôåêòèâ-

íîñòü ïîëó÷åíèÿ òðåáóåìîé ìèêðîñòðóêòóðû ñ ïîìîùüþ òåðìè÷åñêîé è òåðìîìåõàíè÷å-

ñêîé îáðàáîòîê çàãîòîâîê.
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We present the results obtained using the equipment available at the Center for collective use “Composi-

tion, structure, properties of structural and functional alloys” NRC “Kurchatov Institute” — CRISM

“Prometey”: DIL 805A/D (TA Instruments) and DIL 402C (Netzsch) dilatometers. Dilatometric analysis
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which provides determination of the temperature coefficient of linear expansion and the temperature of

phase transitions, as well as evaluation of the transformation kinetics, can also allow simulation of heat

treatment modes to identify the size of the former austenitic grain using vacuum etching and conduct the

research aimed at improving the technology of thermal and thermomechanical processing (TMO) of steels

and alloys. The experiments were carried out both in vacuum and in dynamic helium atmosphere. The

main methodological difficulties that we have faced with are described. For steels of martensite and

martensite-bainite class (38KhMA, 38KhN3MFA, 20Kh3NMFA) conditions of vacuum etching in the

chamber of the dilatometer are specified. The efficiency of the method for martensite-bainite steels in de-

termination of the grain size compared to traditional methods of etching is deminstrated. The effect of

thermodeformation parameters on the size of austenitic grain is estimated. When modeling the heat treat-

ment modes by the dilatometric method, the microstructure of KhN55MVTs nickel alloy was also ana-

lyzed. Changes in the size and morphology of the grain structure at different stages of heat treatment are

revealed. The obtained results were used to adjust the current modes of heat treatment and obtain a uni-

form fine-grained structure. The combined application of dilatometric and metallographic analyzes after

vacuum etching of the material decreases the production costs attributed to obtaining the desired

microstructure upon thermal and thermomechanical processing of the products and blanks.

Keywords: vacuum etching; dilatometry; oxidation; modeling of heat treatment; deformation-quenching

dilatometer; microstructure; phase transformations.

Ââåäåíèå

Ïðè òåðìè÷åñêîé îáðàáîòêå ìåòàëëîâ è ñïëà-

âîâ âàæíåéøèå ïàðàìåòðû, îïðåäåëÿþùèå ðå-

çóëüòàò, — ñêîðîñòü íàãðåâà è îõëàæäåíèÿ, òåì-

ïåðàòóðà, âðåìÿ èçîòåðìè÷åñêîé âûäåðæêè. Ïðî-

èñõîäÿùèå â ìàòåðèàëå ôàçîâûå ïðåâðàùåíèÿ

âëèÿþò íà âèä òåðìîîáðàáîòêè, êîíå÷íóþ ñòðóê-

òóðó è ôèçèêî-ìåõàíè÷åñêèå ñâîéñòâà ìåòàëëà.

Ïîëó÷åíèå ìèêðîñòðóêòóðû, îáåñïå÷èâà-

þùåé òðåáóåìûå ñâîéñòâà, â óñëîâèÿõ ïðîèçâîä-

ñòâà áåç ïðåäâàðèòåëüíûõ èññëåäîâàíèé, êàê

ïðàâèëî, ñâÿçàíî ñ ðèñêîì ïîëó÷åíèÿ áðàêà, êî-

òîðûé òîëüêî â îòäåëüíûõ ñëó÷àÿõ ìîæíî èñïðà-

âèòü äîïîëíèòåëüíîé òåðìîîáðàáîòêîé (÷àñòî òà-

êîé áðàê íåèñïðàâèì). Â ñâÿçè ñ ýòèì â íàñòîÿ-

ùåå âðåìÿ çàäà÷à ìîäåëèðîâàíèÿ ïðîöåññîâ ôà-

çîâûõ ïðåâðàùåíèé ñ ïðèìåíåíèåì ñîâðåìåííî-

ãî íàó÷íî-èññëåäîâàòåëüñêîãî îáîðóäîâàíèÿ âñå

áîëåå àêòóàëüíà.

Ïðè èçó÷åíèè êèíåòèêè ïðåâðàùåíèé â èñ-

ñëåäîâàòåëüñêîé è ïðîèçâîäñòâåííîé ïðàêòèêå

áîëüøîå ðàñïðîñòðàíåíèå ïîëó÷èë äèëàòîìåòðè-

÷åñêèé ìåòîä, îñíîâàííûé íà èçìåðåíèè óäëè-

íåíèÿ îáðàçöà â çàâèñèìîñòè îò òåìïåðàòóðû è

âðåìåíè è ïîçâîëÿþùèé èçáåæàòü áîëüøèõ âðå-

ìåííûõ è ýêîíîìè÷åñêèõ çàòðàò. Ìåòîä äàåò âîç-

ìîæíîñòü èññëåäîâàòü ôàçîâûå ïðåâðàùåíèÿ â

çàâèñèìîñòè îò èçìåíåíèé ìèêðîñòðóêòóðû â

ïðîöåññå ìîäåëèðîâàíèÿ òåðìîîáðàáîòêè. Îöåí-

êó ìèêðîñòðóêòóðû ïðè ýòîì ìîæíî ïðîâîäèòü,

èñïîëüçóÿ âàêóóìíîå òðàâëåíèå íåïîñðåäñòâåííî

â ïðîöåññå ýêñïåðèìåíòà. Îäíàêî â ýòîì ñëó÷àå

âàæíî ó÷èòûâàòü îñîáåííîñòè âàêóóìíîé äèëàòî-

ìåòðèè.

Öåëü ðàáîòû — èññëåäîâàíèå ìèêðîñòðóêòó-

ðû ñòàëåé ìàðòåíñèòíîãî è ìàðòåíñèòî-áåéíèò-

íîãî êëàññîâ è íèêåëåâûõ ñïëàâîâ ïðè ìîäåëèðî-

âàíèè ðåæèìîâ òåðìîîáðàáîòêè îáðàçöîâ äèëàòî-

ìåòðè÷åñêèì ìåòîäîì.

Ìåòîäèêà è îáîðóäîâàíèå

Äèëàòîìåòðè÷åñêèé àíàëèç ïîçâîëÿåò íå

òîëüêî îïðåäåëÿòü òåìïåðàòóðíûé êîýôôèöèåíò

ëèíåéíîãî ðàñøèðåíèÿ (ÒÊËÐ) è òåìïåðàòóðû

ôàçîâûõ ïåðåõîäîâ, îöåíèâàòü êèíåòèêó ïðåâðà-

ùåíèé, íî òàêæå ìîäåëèðîâàòü ðåæèìû òåðìè÷å-

ñêîé îáðàáîòêè, âûÿâëÿòü ðàçìåðû áûâøåãî

àóñòåíèòíîãî çåðíà, ñîâåðøåíñòâîâàòü òåõíîëî-

ãèè òåðìè÷åñêîé è òåðìîìåõàíè÷åñêîé îáðàáîòîê

(ÒÌÎ) ñòàëåé è ñïëàâîâ.

Èññëåäîâàëè îáðàçöû ñòàëåé ìàðòåíñèòíîãî

è ìàðòåíñèòíî-áåéíèòíîãî êëàññîâ (38ÕÌÀ,

38ÕÍ3ÌÔÀ, 20Õ3ÍÔÀ) è íèêåëåâîãî ñïëàâà

ÕÍ55ÌÂÖ (×Ñ57) öèëèíäðè÷åñêîé ôîðìû äèà-

ìåòðîì 5 è äëèíîé 10 ìì. Êèíåòèêó ôàçîâûõ

ïðåâðàùåíèé àíàëèçèðîâàëè ñ ïîìîùüþ âûñîêî-

ñêîðîñòíîãî çàêàëî÷íî-äåôîðìàöèîííîãî äèëàòî-

ìåòðà DIL 805A/D (TA Instruments) è äèëàòîìåò-

ðà DIL 402C (Netzsch), ìèêðîñòðóêòóðó — ñ ïîìî-

ùüþ îïòè÷åñêîãî èíâåðòèðîâàííîãî ìèêðîñêîïà

AxioObserverA1.m, îñíàùåííîãî ñèñòåìîé öèô-

ðîâîãî àíàëèçà èçîáðàæåíèé. Ðàçìåð çåðíà îïðå-

äåëÿëè â ñîîòâåòñòâèè ñ ÃÎÑÒ 5639 ïî ìåòîäó

ñåêóùèõ.

Ðåçóëüòàòû è îáñóæäåíèå

Âàêóóìíîå òðàâëåíèå. Â ìàðòåíñèòíûõ è

ìàðòåíñèòî-áåéíèòíûõ ñòàëÿõ äëÿ âûÿâëåíèÿ

ãðàíèö è, êàê ñëåäñòâèå, îïðåäåëåíèÿ ðàçìåðîâ

áûâøåãî àóñòåíèòíîãî çåðíà íåîáõîäèì ïîäáîð

ñîñòàâà òðàâèòåëÿ, åãî êîíöåíòðàöèè, ðåæèìîâ

òðàâëåíèÿ.

Õèìè÷åñêîå òðàâëåíèå íå âñåãäà ïîçâîëÿåò

êà÷åñòâåííî âûÿâèòü ãðàíèöû áûâøèõ àóñòå-

íèòíûõ çåðåí, ïîñêîëüêó ïîìèìî ñàìèõ ãðàíèö

âûòðàâëèâàåòñÿ òàêæå âíóòðåííÿÿ ñòðóêòóðà

îáðàçöîâ.
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Âàêóóìíîå òðàâëåíèå ïðåäïîëàãàåò ïîäãî-

òîâêó â ïðîäîëüíîì ñå÷åíèè îáðàçöà ìèêðî-

øëèôà, êîòîðûé çàòåì ïîìåùàåòñÿ â êàìåðó äè-

ëàòîìåòðà.

Íà ðèñ. 1 ïðèâåäåíà ñòðóêòóðà ñòàëè 38ÕÌÀ

(ÃÎÑÒ 4543) ïîñëå òðàâëåíèÿ. Âèäíî, ÷òî ãðàíè-

öû áûâøåãî àóñòåíèòíîãî çåðíà çíà÷èòåëüíî

ëó÷øå (ïî ñðàâíåíèþ ñ ðàñòâîðîì àçîòíîé êèñëî-

òû) âûÿâëÿþòñÿ â ðåàêòèâå Ìàðøàëëà [6], íî

ñàìà ïðîöåäóðà òðàâëåíèÿ áîëåå òðóäîåìêàÿ,

ïðîõîäèò ñ ìíîãî÷èñëåííûìè ïåðåøëèôîâêàìè.

Îáðàçåö ïðè ýòîì òðàâèòñÿ íåðàâíîìåðíî. Îòìå-

òèì, ÷òî â äàííîì ñëó÷àå íåâîçìîæåí ïîäñ÷åò

ðàçìåðà çåðíà ñ ïîìîùüþ ñèñòåì àâòîìàòè÷åñêî-

ãî àíàëèçà.

Âàêóóìíîå òðàâëåíèå îñóùåñòâëÿëè â êàìåðå

äèëàòîìåòðà DIL805A/D ñî ñïåöèàëüíûì òóðáî-

ìîëåêóëÿðíûì íàñîñîì (òåìïåðàòóðà — 910 °C,

âûäåðæêà — 250 ñ, ñêîðîñòü íàãðåâà è îõëàæäå-

íèÿ — 5 °C/ñ, âàêóóì — 10–6 ìáàð). Â îòëè÷èå îò

õèìè÷åñêîãî îíî äàåò âîçìîæíîñòü áûñòðî è êà-

÷åñòâåííî âûÿâèòü ãðàíèöû çåðåí, ïðè ýòîì

ïðàêòè÷åñêè íå âûòðàâëèâàÿ âíóòðèçåðåííóþ

ñòðóêòóðó. Â äàëüíåéøåì, èñïîëüçóÿ ïîëó÷åííûå

äàííûå, ìîæíî îïåðàòèâíî îöåíèâàòü ðàçìåð

çåðíà â ñîîòâåòñòâèè ñ ÃÎÑÒ 5639 êàê ìåòîäîì

ñðàâíåíèÿ ñî øêàëàìè, òàê è äðóãèìè ñïîñîáàìè,

âêëþ÷àÿ ìåòàëëîãðàôè÷åñêèå ìåòîäû àâòîìàòè-

çèðîâàííîãî àíàëèçà èçîáðàæåíèé ñ ïîñòðîåíèåì

ãèñòîãðàìì ðàñïðåäåëåíèÿ ðàçìåðîâ çåðåí.

Ïîìèìî âûÿâëåíèÿ ãðàíèö áûâøèõ àóñòå-

íèòíûõ çåðåí, ñ ïîìîùüþ âàêóóìíîãî òðàâëåíèÿ

îïðåäåëÿëè òåìïåðàòóðû ôàçîâûõ ïðåâðàùåíèé

ïðè íàãðåâå è îõëàæäåíèè. Ïîëó÷åííûå äèëàòî-

ìåòðè÷åñêèå êðèâûå ïðèâåäåíû íà ðèñ. 2.

Ìîäåëèðîâàíèå ðåæèìîâ òåðìîîáðàáîòêè.

Èñïîëüçóÿ ìåòîä äèëàòîìåòðè÷åñêîãî àíàëèçà,

îöåíèâàëè âëèÿíèå òåìïåðàòóðû íàãðåâà íà âå-

ëè÷èíó ðàçìåðà çåðíà ñïëàâà ÕÍ55ÌÂÖ (×Ñ57),

ïðèìåíÿåìîãî, íàïðèìåð, â âûñîêîòåìïåðàòóð-

íûõ ýíåðãåòè÷åñêèõ óñòàíîâêàõ ñ ãàçîâûì òåïëî-

íîñèòåëåì [7 – 9]. Ìîäåëèðîâàëè òàêæå ðåæèìû

òåðìîîáðàáîòêè îáðàçöà.

Íà ðèñ. 3 ïðåäñòàâëåíû ðåæèìû òåðìîîáðà-

áîòêè è ñîîòâåòñòâóþùèå ìèêðîñòðóêòóðû ñïëà-

âà íà êàæäîì ýòàïå. Âèäíî, ÷òî ïðè ïîâûøåíèè

òåìïåðàòóðû âûäåðæêè (ñ 1000 äî 1100 °C) ðàç-

ìåð àóñòåíèòíîãî çåðíà óâåëè÷èâàåòñÿ. Òàêèì

îáðàçîì, äàííûé ïîäõîä ïîçâîëÿåò ïðîñëåäèòü

èçìåíåíèå ðàçìåðà è ìîðôîëîãèè çåðåííîé

ñòðóêòóðû ñïëàâà ïðè ìîäåëèðîâàíèè òåðìè÷å-

ñêîé îáðàáîòêè.
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à á â

Ðèñ. 1. Ìèêðîñòðóêòóðà ñòàëè 38ÕÌÀ ïîñëå òðàâëåíèé â 4 %-ì ñïèðòîâîì ðàñòâîðå àçîòíîé êèñëîòû (à), â ðåàêòèâå

Ìàðøàëëà (á) è âàêóóìíîãî òðàâëåíèÿ (â)
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Ðèñ. 2. Äèëàòîìåòðè÷åñêèå êðèâûå ïðè ïðè íàãðåâå (à)

è îõëàæäåíèè (á) (ñòàëü 38ÕÌÀ)



Âëèÿíèå òåðìîäåôîðìàöèîííûõ ïàðàìåò-

ðîâ íà ðàçìåð àóñòåíèòíîãî çåðíà. Âàêóóìíîå

òðàâëåíèå èñïîëüçîâàëè äëÿ îöåíêè âëèÿíèÿ

òåðìîäåôîðìàöèîííûõ ïàðàìåòðîâ (îò íèõ çà-

âèñÿò óäàðíàÿ âÿçêîñòü è õëàäîñòîéêîñòü ñòàëåé

[10 – 12]) íà ðàçìåð àóñòåíèòíîãî çåðíà. Ïðîöåññ

ïîëó÷åíèÿ òðóáíîé çàãîòîâêè èç ñðåäíåóãëåðî-

äèñòîé âûñîêîïðî÷íîé ñòàëè ìàðêè 38ÕÍ3ÌÔÀ

ìîäåëèðîâàëè íà êîìïëåêñå GLEEBLE 3800 ñ

ðàçëè÷íîé òåìïåðàòóðîé îêîí÷àíèÿ äåôîðìà-

öèè [13].

Íà ðèñ. 4 ïðèâåäåíû ìèêðîñòðóêòóðû îáðàç-

öîâ ïîñëå òåðìîîáðàáîòêè è äåôîðìàöèè. Âèäíî,

÷òî ïðè îêîí÷àíèè äåôîðìàöèè â èíòåðâàëå

íèæíåãî ïîðîãà òåìïåðàòóð ðåêðèñòàëëèçàöèè

(920 °C, ñðåäíèé ðàçìåð àóñòåíèòíîãî çåðíà —
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Ðèñ. 3. Ðåæèìû òåðìîîáðàáîòêè (à) è ìèêðîñòðóêòóðû (á – ã) íèêåëåâîãî ñïëàâà ÕÍ55ÌÂÖ

à á

Ðèñ. 4. Ìèêðîñòðóêòóðû îáðàçöîâ ñòàëè 38ÕÍ3ÌÔÀ ïîñëå çàâåðøåíèÿ äåôîðìàöèè ïðè 920 (à) è 980 °C (á)



11,9 ìêì) ñòðóêòóðà áîëåå ðàâíîìåðíàÿ ïî ñðàâ-

íåíèþ ñî ñëó÷àåì îêîí÷àíèÿ äåôîðìàöèè âû-

øå èíòåðâàëà òåìïåðàòóð ðåêðèñòàëëèçàöèè

(980 °C, ñðåäíèé ðàçìåð àóñòåíèòíîãî çåðíà —

16 ìêì).

Ïðè ðåæèìå îáðàáîòêè, èñêëþ÷àþùåì âëèÿ-

íèå íàãðåâà è âûäåðæêè â ïðîöåññå òðàâëåíèÿ íà

ðàçìåð çåðíà (èçìåëü÷åíèå ïðè íàãðåâå âûøå

êðèòè÷åñêîé òî÷êè Ac3 èëè ðîñò âî âðåìÿ èçîòåð-

ìè÷åñêîé âûäåðæêè), âûÿâëÿòü ãðàíèöû àóñòå-

íèòíûõ çåðåí âàêóóìíûì òðàâëåíèåì ìîæíî íå

òîëüêî íà ïðîìåæóòî÷íûõ ñòàäèÿõ, íî è ïîñëå

îêîí÷àòåëüíîé òåðìîîáðàáîòêè.

Íà ðèñ. 5 ïðåäñòàâëåíû ðåçóëüòàòû èññëå-

äîâàíèÿ àóñòåíèòíîãî çåðíà îáðàçöîâ ñòàëè

38ÕÍ3ÌÔÀ, ïðîèçâåäåííûõ ñ ïåðåãðåâîì è ïî

øòàòíîé òåõíîëîãèè. Â ïðîöåññå îêîí÷àòåëüíîé

òåðìîîáðàáîòêè (çàêàëêà è âûñîêèé îòïóñê) ïå-

ðåãðåòîãî îáðàçöà èçìåëü÷åíèå çåðíà àóñòåíèòà

íå çàôèêñèðîâàëè. Ýòî ïðèâåëî ê ñóùåñòâåííîìó

ñíèæåíèþ óäàðíîé âÿçêîñòè ìåòàëëà (íèæå äî-

ïóñòèìîãî óðîâíÿ) [13, 14].

Îñîáåííîñòè èñïûòàíèé â âàêóóìå è äèíà-

ìè÷åñêîé àòìîñôåðå ãåëèÿ. Îñíîâíàÿ òðóäíîñòü,

âîçíèêàþùàÿ ïðè èñïîëüçîâàíèè ìåòîäà, — íå-

îáõîäèìîñòü êîððåêòèðîâêè ðåæèìà âàêóóìíîãî

òðàâëåíèÿ â çàâèñèìîñòè îò ìàðêè ñòàëè (õèìè-

÷åñêîãî ñîñòàâà). Ýòî ñâÿçàíî ñ òåì, ÷òî äëÿ âûÿâ-

ëåíèÿ ãðàíèö àóñòåíèòíûõ çåðåí âûäåðæêó ïðî-

âîäÿò ïðè òåìïåðàòóðå âûøå êðèòè÷åñêîé òî÷êè

Ac3. Ýòî ìîæåò ïðèâåñòè ê èçìåíåíèþ ðàçìåðà

çåðíà è èñêàæåíèþ ðåçóëüòàòîâ, ïîñêîëüêó äëÿ

íåêîòîðûõ ìàðîê ñòàëè âûäåðæêà áóäåò îñóùå-

ñòâëÿòüñÿ â òåìïåðàòóðíîì äèàïàçîíå ðåêðèñòàë-

ëèçàöèè àóñòåíèòà. Ïîñëå äëèòåëüíûõ âûäåðæåê

íà ïîâåðõíîñòè ìèêðîøëèôà ìîãóò ïîÿâëÿòüñÿ

ÿìêè òðàâëåíèÿ, êîòîðûå íà èçîáðàæåíèè ìèêðî-

ñòðóêòóðû îòîáðàæàþòñÿ â âèäå ÷åðíûõ òî÷åê.

Ìîæåò ïðîèñõîäèòü è ñèëüíîå ðàñòðàâëèâàíèå

ãðàíèö çåðåí (ñì. ðèñ. 3).

Â ñëó÷àå èñïûòàíèé â äèíàìè÷åñêîé àòìî-

ñôåðå ãåëèÿ âîçìîæíî îêèñëåíèå ïîâåðõíîñòè îá-

ðàçöà, ïîñêîëüêó ïðè âûñîêîé ñêîðîñòè îõëàæäå-

íèÿ èñïîëüçóþò ãåëèé ïîíèæåííîé ÷èñòîòû

(ðèñ. 6).

Òåì íå ìåíåå ïðèìåíÿåìûé ïîäõîä äàåò âîç-

ìîæíîñòü êîëè÷åñòâåííîé îöåíêè ðàçìåðà çåðíà,

äàæå íåñìîòðÿ íà ïîÿâëåíèå îêñèäíîé ïëåíêè.

Èñïûòàíèÿ â äèíàìè÷åñêîé àòìîñôåðå ãåëèÿ

ïðîâîäèëè ñ èñïîëüçîâàíèåì äèëàòîìåòðà DIL

402C. Íà ðèñ. 7 ïðåäñòàâëåí îáðàçåö ñòàëè

20Õ3ÍÌÔÀ ïîñëå èñïûòàíèé ñ äëèòåëüíû-

ìè âûäåðæêàìè ïðè òåìïåðàòóðå 1000 °C. Âèä-

íî, ÷òî â ñëó÷àå ãåëèÿ (â îòëè÷èå îò âàêóóìà) íà

ïîâåðõíîñòè îáðàçöà îáðàçîâàëàñü îêñèäíàÿ

ïëåíêà.

Îêñèäíàÿ ïëåíêà â ïðîöåññå îõëàæäåíèÿ

ìîæåò òðåñêàòüñÿ, ÷òî ïðîÿâëÿåòñÿ â ðåçêèõ ñêà÷-
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à á

Ðèñ. 5. Ìèêðîñòðóêòóðû ïåðåãðåòîãî (íàãðåâ ïîä äåôîðìàöèþ 1250 – 1260 °C, ñðåäíèé ðàçìåð çåðíà — 23 ìêì) (à) è

øòàòíîãî (íàãðåâ ïîä äåôîðìàöèþ 1230 – 1240 °C, ñðåäíèé ðàçìåð çåðíà — 11,9 ìêì) (á) îáðàçöîâ ñòàëè 38ÕÍ3ÌÔÀ ïî-

ñëå îêîí÷àòåëüíîé òåðìîîáðàáîòêè

Ðèñ. 6. Îêñèäíàÿ ïëåíêà íà ïîâåðõíîñòè ìèêðîøëè-

ôà èç ñòàëè 38ÕÍ3ÌÔÀ ïîñëå âàêóóìíîãî òðàâëåíèÿ è

îõëàæäåíèÿ â àòìîñôåðå ãåëèÿ ïîíèæåííîé ÷èñòîòû



êàõ íà äèëàòîìåòðè÷åñêîé êðèâîé, íå ñâÿçàííûõ

ñ õàðàêòåðîì ïðåâðàùåíèÿ (òàê íàçûâàåìûå

øóìû) (ðèñ. 8).

Òàêèå îòêëîíåíèÿ îò ìîãóò áûòü îøèáî÷íî

ïðèíÿòû çà ôàçîâûå ïðåâðàùåíèÿ ïðè îõëàæäå-

íèè, ÷òî â èòîãå ïðèâåäåò ê ïîñòðîåíèþ íåâåð-

íûõ äèàãðàìì ïðåâðàùåíèÿ àóñòåíèòà è íàçíà-

÷åíèþ ðåæèìîâ òåðìîîáðàáîòêè, íå îáåñïå÷è-

âàþùèõ ïîëó÷åíèÿ çàäàííîãî êîìïëåêñà ñâîéñòâ.

Ïðè äëèòåëüíûõ âûñîêîòåìïåðàòóðíûõ äè-

ëàòîìåòðè÷åñêèõ èññëåäîâàíèÿõ â àòìîñôåðå ãå-

ëèÿ ìîæåò íàáëþäàòüñÿ ÷àñòè÷íîå îáåçóãëåðîæè-

âàíèå îáðàçöîâ, ÷òî íåãàòèâíî âëèÿåò íà ðåçóëü-

òàòû èñïûòàíèé.

Ìèêðîñòðóêòóðà îáðàçöà èç ñòàëè

20Õ3ÍÌÔÀ ñ îáåçóãëåðîæåííûì ñëîåì ïðèâå-

äåíà íà ðèñ. 9. Îáðàçåö ñíà÷àëà íàãðåâàëè äî

1200 °C (âûäåðæêà — 30 ìèí), çàòåì îõëàæäàëè

äî òåìïåðàòóðû èçîòåðìè÷åñêîé âûäåðæêè

650 °C (âûäåðæêà — 33 ÷). Âèäíî, ÷òî ïðè èçî-

òåðìè÷åñêîé âûäåðæêå áîëüøîé äëèòåëüíîñòè

îáðàçóåòñÿ îáåçóãëåðîæåííûé ñëîé. Ýòî íåîá-

õîäèìî ó÷èòûâàòü ïðè ìèêðîñòðóêòóðíûõ èññëå-

äîâàíèÿõ.

Çàêëþ÷åíèå

Ïîëó÷åííûå ðåçóëüòàòû ïîêàçàëè, ÷òî äèëà-

òîìåòðè÷åñêèå èññëåäîâàíèÿ ïîçâîëÿþò: îïðåäå-

ëÿòü òåìïåðàòóðû ôàçîâûõ ïåðåõîäîâ, îöåíè-

âàòü êèíåòèêó ïðåâðàùåíèé, ìîäåëèðîâàòü ðå-

æèìû òåðìè÷åñêîé îáðàáîòêè ñ äëèòåëüíûìè âû-

äåðæêàìè, âûÿâëÿòü ðàçìåðû áûâøåãî àóñòåíèò-

íîãî çåðíà ìåòîäàìè âàêóóìíîãî òðàâëåíèÿ.

Îäíàêî ïðè ýòîì ñëåäóåò ïðàâèëüíî âûáèðàòü

óñëîâèÿ ïðîâåäåíèÿ ýêñïåðèìåíòîâ äëÿ èñêëþ-

÷åíèÿ îøèáîê.

Ñ ïîìîùüþ äèëàòîìåòðîâ èññëåäîâàëè êèíå-

òèêó ôàçîâûõ ïðåâðàùåíèé è èçìåíåíèÿ ìèêðî-

ñòðóêòóðû ñòàëåé ìàðòåíñèòî-áåéíèòíîãî êëàññà

(20Õ3ÍÌÔÀ, 38ÕÍ3ÌÔÀ, 38ÕÌÀ) è íèêåëåâîãî

ñïëàâà ÕÍ55ÌÂÖ. Óñòàíîâèëè, ÷òî äëÿ ñòàëè

38ÕÌÀ âàêóóìíîå òðàâëåíèå ëó÷øå âûÿâëÿåò

ãðàíèöû áûâøåãî àóñòåíèòíîãî çåðíà, ÷åì õèìè-

÷åñêîå òðàâëåíèå â 4 %-íîì ñïèðòîâîì ðàñòâîðå

àçîòíîé êèñëîòû è ðåàêòèâå Ìàðøàëëà. Òåìïå-

ðàòóðû ôàçîâûõ ïðåâðàùåíèé ñîñòàâèëè, °C: ïðè

íàãðåâå — Ac1 = 731,6, Ac3 = 798,1, ïðè îõëàæ-

äåíèè — Ar3 = 292, Ar1 = 152. Äëÿ íèêåëåâî-
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Ðèñ. 8. Äèëàòîìåòðè÷åñêàÿ êðèâàÿ îáðàçöà ñòàëè

20Õ3ÍÌÔÀ (êðóæêàìè îòìå÷åíû îáëàñòè øóìîâ)

Ðèñ. 9. Ìèêðîñòðóêòóðà îáðàçöà èç ñòàëè ìàðêè 20Õ3ÍÌÔÀ ïîñëå íàãðåâà äî 1200 (âûäåðæêà — 0,5 ÷) è îõëàæäåíèÿ äî

650 °C (èçîòåðìè÷åñêàÿ âûäåðæêà — 33 ÷) ïðè ðàçëè÷íîì óâåëè÷åíèè

à á

Ðèñ. 7. Îáðàçåö ñòàëè 20Õ3ÍÌÔÀ ïîñëå èñïûòàíèé â

äèíàìè÷åñêîé àòìîñôåðå ãåëèÿ (à) è âàêóóìå (á)



ãî ñïëàâà óâåëè÷åíèå òåìïåðàòóðû âûäåðæêè

(ñ 1000 äî 1100 °C) âåäåò ê ñóùåñòâåííîìó âîçðàñ-

òàíèþ ðàçìåðà àóñòåíèòíîãî çåðíà. Ïðè ìîäåëè-

ðîâàíèè ïðîìûøëåííûõ ñõåì ãîðÿ÷åé ïëàñòè÷å-

ñêîé äåôîðìàöèè äëÿ ñòàëè 38ÕÍ3ÌÔÀ ïîëó-

÷èëè, ÷òî îêîí÷àíèå äåôîðìàöèè â èíòåðâàëå

íèæíåãî ïîðîãà òåìïåðàòóð ðåêðèñòàëëèçàöèè

ñïîñîáñòâóåò ôîðìèðîâàíèþ áîëåå äèñïåðñíîé è

ðàâíîìåðíîé ñòðóêòóðû, ÷åì â ñëó÷àå îêîí÷àíèÿ

äåôîðìàöèè âûøå èíòåðâàëà òåìïåðàòóð ðåêðè-

ñòàëëèçàöèè.

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ âûïîëíå-

íû íà îáîðóäîâàíèè Öåíòðà êîëëåêòèâíîãî ïî-

ëüçîâàíèÿ íàó÷íûì îáîðóäîâàíèåì «Ñîñòàâ,

ñòðóêòóðà è ñâîéñòâà êîíñòðóêöèîííûõ è

ôóíêöèîíàëüíûõ ìàòåðèàëîâ» ÍÈÖ «Êóð÷à-

òîâñêèé èíñòèòóò» — ÖÍÈÈ ÊÌ «Ïðîìåòåé»

ïðè ôèíàíñîâîé ïîääåðæêå Ìèíîáðíàóêè (ñî-

ãëàøåíèå ¹ 14.595.21.0004, óíèêàëüíûé èäåí-

òèôèêàòîð RFMEFI59517X0004).

ËÈÒÅÐÀÒÓÐÀ

1. Ëÿêèøåâ Í. Ï. Ýíöèêëîïåäè÷åñêèé ñëîâàðü ïî ìåòàëëóð-

ãèè — Ì.: Èíòåðìåò Èíæèíèðèíã, 2000. — 412 ñ.

2. Áàðàõòèí Á. Ê., Íåìåö À. Ì. Ìåòàëëû è ñïëàâû. Àíàëèç è

èññëåäîâàíèå. Ôèçèêî-àíàëèòè÷åñêèå ìåòîäû èññëåäîâàíèÿ

ìåòàëëîâ è ñïëàâîâ. Íåìåòàëëè÷åñêèå âêëþ÷åíèÿ: Ñïðàâî÷-

íèê. — ÑÏá.: Ïðîôåññèîíàë, 2006. — 490 ñ.

3. Ñîøèíà Ò. Â., Çèñìàí À. À., Õëóñîâà Å. È. Âûÿâëå-

íèå áûâøèõ çåðåí àóñòåíèòà ìåòîäîì òåðìè÷åñêîãî òðàâëå-

íèÿ â âàêóóìå ïðè èìèòàöèè ÒÌÎ íèçêîóãëåðîäèñòûõ ñòà-

ëåé / Ìåòàëëóðã. 2013. ¹ 2. Ñ. 63 – 70.

4. Ñåðãèåíêî Î. Ñ., Ëóíåâ Â. Â., Áÿëèê Ã. À. Ïðèìåíåíèå

âàêóóìíîãî è öâåòíîãî òðàâëåíèÿ äëÿ èçó÷åíèÿ ìèêðîñòðóê-

òóðû òèòàíîâûõ àëüôà-ñïëàâîâ / Ïèñüìà î ìàòåðèàëàõ. 2014.

Ò. 4. ¹ 3. Ñ. 202 – 204.

5. Çèñìàí À. À., Ñîøèíà Ò. Â., Õëóñîâà Å. È. Âûÿâëå-

íèå áûâøèõ àóñòåíèòíûõ çåðåí è àíàëèç êèíåòèêè ìåòàäè-

íàìè÷åñêîé ðåêðèñòàëëèçàöèè àóñòåíèòà íèçêîóãëåðîäèñòîé

ñòàëè â óñëîâèÿõ ãîðÿ÷åé ïðîêàòêè / Ïèñüìà î ìàòåðèàëàõ.

2012. Ò. 2. ¹ 1. Ñ. 3 – 8.

6. Áðàíäîí Ä., Êàïëàí Ó. Ìèêðîñòðóêòóðà ìàòåðèàëîâ. Ìå-

òîäû èññëåäîâàíèÿ è êîíòðîëÿ. — Ì.: Òåõíîñôåðà, 2004. —

384 ñ.

7. Ïàò. 2543587 Ñ2 ÐÔ, ÌÏÊ51 C22C 19/05. Æàðîïðî÷íûé

ñïëàâ íà íèêåëåâîé îñíîâå / Îðûùåíêî À. Ñ., Êàðçîâ Ã. Ï.,

Êóäðÿâöåâ À. Ñ., Òðàïåçíèêîâ Þ. Ì., Àðòåìüåâà Ä. À., Îõàï-

êèí Ê. À; çàÿâèòåëü è ïàòåíòîîáëàäàòåëü ÔÃÓÏ «ÖÍÈÈ ÊÌ

«Ïðîìåòåé». — ¹ 2013131939/02; çàÿâë. 09.07.2013; îïóáë.

10.03.2015. Áþë. ¹ 7.

8. Îõàïêèí Ê. À., Êóäðÿâöåâ À. Ñ., Ãðóçäåâ Ä. À. è äð.

Àíàëèç ôèçèêî-ìàòåìàòè÷åñêîé ìîäåëè è ðàçðàáîòêà ðåêî-

ìåíäàöèé ïî ñõåìå äåôîðìèðîâàíèÿ êðóïíîãàáàðèòíûõ ïî-

êîâîê èç ñïëàâà ìàðêè ÕÍ55ÌÂÖ-ÈÄ / Íàó÷íî-òåõíè÷åñêèå

âåäîìîñòè ÑÏáÏÓ. Åñòåñòâåííûå è èíæåíåðíûå íàóêè. 2016.

¹ 1(238). Ñ. 122 – 128.

9. Êóäðÿâöåâ À. Ñ., Îõàïêèí Ê. À. Âëèÿíèå ìåòàëëóðãè÷å-

ñêèõ äåôåêòîâ íà ìåõàíè÷åñêèå ñâîéñòâà ñïëàâà ÕÍ55ÌÂÖ

(×Ñ57) / Ìåòàëëóðã. 2016. ¹ 9. Ñ. 95 – 100.

10. Morito S., Saito H., Ogawa T., et al. Effect of austenite grain

size on the morphology and crystallography of lath martensite

in low carbon steels / ISIJ international. 2005. Vol. 45. N 1.

P. 91 – 94.

11. Morris J. The influence of grain size on the mechanical proper-

ties of steel. Lawrence Berkeley National Lab. — Berkeley, CA

(USA). 2001. — 8 p.

12. Ñîëíöåâ Þ. Ï., Åðìàêîâ Á. Ñ., Ñëåïöîâ Î. È. Ìàòå-

ðèàëû äëÿ íèçêèõ è êðèîãåííûõ òåìïåðàòóð. — ÑÏá.: Õèì-

èçäàò, 2008. — 768 ñ.

13. Ziza A. I., Tsukanov V. V. Optimization of Thermal and De-

formation Effect during Plastic Deformation and Thermal

Treatment of Hot Rolled Heavy Wall Pipes Made of Medium

Carbon Martensitic Steel / IOP Conference Series: Materials

Science and Engineering. IOP Publishing. 2017. Vol. 287. N 1.

P. 12 – 15.

14. Öóêàíîâ Â. Â., Çèçà À. È. Ñîâåðøåíñòâîâàíèå ðåæèìîâ

òåðìîîáðàáîòêè ñòàëè ìàðîê 35ÕÍ3ÌÔÀ è 38ÕÍ3ÌÔÀ ñ

öåëüþ ïîâûøåíèÿ ñîïðîòèâëÿåìîñòè õðóïêîìó ðàçðóøåíèþ.

2. Ïðèìåíåíèå äâóêðàòíîãî îòïóñêà / Âîïðîñû ìàòåðèàëîâå-

äåíèÿ. 2015. ¹ 3. Ñ. 7 – 13.

REFERENCES

1. Lyakishev N. P. Encyclopedic dictionary on metallurgy.

Vol. 1. — Moscow: Intermet Inzhiniring, 2000. — 412 p. [in

Russian].

2. Barakhtin B. K., Nemets A. M. Metals and alloys. Analy-

sis and research. Physico-analytical methods for the study of

metals and alloys. Nonmetallic inclusions: a Handbook. —

St. Petersburg: Professional, 2006. — 490 p. [in Russian].

3. Soshina T. V., Zisman A. A., Khlusova E. I. Identification of

former austenite grains by thermal etching in a vacuum when

simulating durability of low carbon steels / Metallurg. 2013.

N 2. P. 63 – 70 [in Russian].

4. Sergienko O. S., Lunev V. V., Byalik G. A. The use of vac-

uum and color etching to study the microstructure of titanium

alpha alloys / Pisma Mater. 2014. Vol. 4. N 3. P. 202 – 204 [in

Russian].

5. Zisman A. A., Soshina T. V., Khlusova E. I. Detection of

former austenitic grains and analysis of the kinetics of the

metadynamic recrystallization of austenite low carbon steel in

hot rolling conditions / Pisma Mater. 2012. Vol. 2. N 1. P. 3 – 8

[in Russian].

6. Brandon D., Kaplan W. The microstructure of materials. Re-

search and control methods. — Moscow: Tekhnosfera, 2004. —

384 p. [Russian translation].

7. RF Pat. 2543587 S2, MPK51 C22C 19/05. Heat resistant nickel

base alloy / Oryshchenko A. S., Karzov G. P., Kudryavtsev A. S.,

Trapeznikov Yu. M., Artem’eva D. A., Okhapkin K. A; applicant

and owner FGUP “CNII KM “Prometei”. — ¹ 2013131939/02;

appl. 09.07.2013; publ. 10.03.2015. Byull. N 7 [in Russian].

8. Okhapkin K. A., Kudryavtsev A. S., Gruzdev D. A., et al.

Analysis of the physical and mathematical model and the devel-

opment of recommendations for the deformation scheme of

large-sized forgings made of alloy KhN55MVZ / Nauch.-Tekhn.

Vedom. SPbPU. Estestv. Inzh. Nauki. 2016. N 1(238). P. 122 –

128 [in Russian].

9. Kudryavtsev A. S., Okhapkin K. A. Effect of metallurgical

defects on the mechanical properties of the alloy KhN55MVZ /

Metallurg. 2016. N 9. P. 95 – 100 [in Russian].

10. Morito S., Saito H., Ogawa T., et al. Effect of austenite grain

size on the morphology and crystallography of lath martensite

in low carbon steels / ISIJ international. 2005. Vol. 45. N 1.

P. 91 – 94.

11. Morris J. The influence of grain size on the mechanical proper-

ties of steel. Lawrence Berkeley National Lab. — Berkeley, CA

(USA). 2001. — 8 p.

12. Solntsev Yu. P., Ermakov B. S., Sleptsov O. I. Materials for

low and cryogenic temperatures. — St. Petersburg: Khimizdat,

2008. — 768 p. [in Russian].

13. Ziza A. I., Tsukanov V. V. Optimization of Thermal and Defor-

mation Effect during Plastic Deformation and Thermal Treat-

ment of Hot Rolled Heavy Wall Pipes Made of Medium Car-

bon Martensitic Steel / IOP Conference Series: Materials Sci-

ence and Engineering. IOP Publishing. 2017. Vol. 287. N 1.

P. 12 – 15.

14. Tsukanov V. V., Ziza A. I. Improving the heat treatment of

steel grades 35Kh3MFA and 38KhN3MFA in order to increase

the resistance to brittle fracture. 2. The use of double temper /

Vopr. Materialoved. 2015. N 3. P. 7 – 13 [in Russian].

36 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2019. Òîì 85. ¹ 6


