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Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû îïðåäåëåíèÿ îòêðûòîé ïîðèñòîñòè ìåòîäàìè âçâåøè-

âàíèÿ ñóõîãî îáðàçöà ñ ïîñëåäóþùèì âàêóóìèðîâàíèåì è íàñûùåíèåì äèñòèëëèðîâàííîé

âîäîé ïðè àòìîñôåðíîì äàâëåíèè, ïðîïèòêè âîäîé ïîä äàâëåíèåì ñ ïðèìåíåíèåì ãèäðî-

ñòàòà è ðòóòíîé ïîðîìåòðèè. Èññëåäîâàëè îáðàçöû ïîðèñòîãî íèêåëÿ, ïîëó÷åííûå ïî ïî-

ðîøêîâîé òåõíîëîãèè ñïåêàíèåì ïðåññîâîê èç ñìåñåé íàíîïîðîøêà íèêåëÿ ñ ïîðîøêîì ïî-

ðîîáðàçîâàòåëÿ — áèêàðáîíàòà àììîíèÿ NH4HCO3, îáúåìíûå äîëè êîòîðûõ ñîñòàâëÿëè 80

è 20 % ñîîòâåòñòâåííî. Èñïîëüçîâàëè ïîðîøêîâûé ïîðîîáðàçîâàòåëü ñ äèñïåðñíîñòÿìè ÷à-

ñòèö 63 – 125, 140 – 200 è 250 – 315 ìêì. Äëÿ òðåõ èñïîëüçóåìûõ ìåòîäîâ îïðåäåëåíèÿ îò-

êðûòîé ïîðèñòîñòè ïðîâåäåíà òåîðåòè÷åñêàÿ îöåíêà ðàçìåðà ïîð, äîñòóïíûõ äëÿ ïðîíèê-

íîâåíèÿ ïðîïèòûâàþùåé æèäêîñòè. Ïîêàçàíî, ÷òî ïðè íàñûùåíèè âîäîé ïîñëå âàêóóìè-

ðîâàíèÿ æèäêîñòü ìîæåò ïðîíèêàòü òîëüêî â ïîðû, ðàçìåð êîòîðûõ áîëåå 3 ìêì. Êðîìå

òîãî, â ñëó÷àå ïîðèñòûõ ñòðóêòóð ñ áîëüøîé äîëåé ñóáìèêðîííûõ ïîð ïðîèñõîäèò ñóùåñò-

âåííîå çàíèæåíèå äåéñòâèòåëüíûõ çíà÷åíèé îòêðûòîé ïîðèñòîñòè ïðè ïðèìåíåíèè ìåòî-

äà íàñûùåíèÿ äèñòèëëèðîâàííîé âîäîé ïîñëå âàêóóìèðîâàíèÿ. Çàíèæåíèå òåì áîëüøå,

÷åì áîëüøå äîëÿ ìåëêèõ ïîð â ìàòåðèàëå. Ðàçíèöà çíà÷åíèé îòêðûòîé ïîðèñòîñòè, ïîëó-

÷åííûõ ìåòîäàìè ïðîïèòêè âîäîé â ãèäðîñòàòå è ðòóòíîé ïîðîìåòðèè, íåçíà÷èòåëüíà.

Óñòàíîâëåíî, ÷òî èç òðåõ ðàññìîòðåííûõ ìåòîäîâ îïðåäåëåíèÿ îòêðûòîé ïîðèñòîñòè òîëü-

êî ìåòîä íàñûùåíèÿ äèñòèëëèðîâàííîé âîäîé ïîñëå âàêóóìèðîâàíèÿ íå ìîæåò èñïîëüçî-

âàòüñÿ ïðè àíàëèçå ñòðóêòóð ñ ñóáìèêðîííûìè ïîðàìè. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò

áûòü èñïîëüçîâàíû äëÿ ðàçðàáîòêè ïîðèñòûõ ôóíêöèîíàëüíûõ ìàòåðèàëîâ è èçäåëèé ñ çà-

äàííîé ñòðóêòóðîé ïîðèñòîñòè.
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Data on pore size distribution in solids are obtained by pycnometric density-based methods for measuring

the pore structure of materials. The results of measuring open porosity by weighing a dry sample followed

by evacuation and saturation with distilled water at atmospheric pressure, impregnation with water un-

der pressure using a hydrostat and mercury porosimetry are presented. The samples of porous nickel ob-

tained using powder technology by sintering of the compacts from mixtures of nickel nanopowder with

powder ammonium bicarbonate NH4HCO3 (a blowing agent), the volume fractions of which were 80 and

20%, respectively, were studied. A powder blowing agent with a particle size of 63 – 125, 140 – 200, and
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250 – 315 ìm was used. A theoretical estimation of the pore size available for the penetration of the im-

pregnating liquid was carried out for three methods used for the determination of open porosity. It is

shown that upon water saturation after evacuation the liquid can penetrate only into pores larger than

3 ìm. Moreover, in porous structures with a large fraction of submicron pores, the actual values of the

open porosity are significantly underestimated when using the method of saturation with distilled water

after evacuation. The higher the fraction of fine pores in the material, the lower the open porosity value.

The difference between the open porosity values determined by methods of water impregnation using a

hydrostat and mercury porosimetry was negligible. It has been established that among three considered

methods for measuring open porosity, only the method of saturation with distilled water after evacuation

cannot be used in analysis of structures with submicron pores. The results obtained can be used to develop

porous functional materials and products with a given porosity structure.

Keywords: porosity; porous structure; pore size distribution; open porosity; closed porosity; density;

nickel.

Ââåäåíèå

Ïðè ôîðìèðîâàíèè ìàòåðèàëîâ èç ïîðîøêîâ

ìåòîäàìè ïîðîøêîâîé ìåòàëëóðãèè èëè ñ ïðèìå-

íåíèåì àääèòèâíûõ òåõíîëîãèé, ïðè íàïûëåíèè

ïîêðûòèé, â ïðîöåññàõ êðèñòàëëèçàöèè ñëèòêîâ,

êîíäåíñàöèè, ïðè äåôîðìàöèîííîì è ðàäèàöèîí-

íîì âîçäåéñòâèÿõ ìîãóò îáðàçîâûâàòüñÿ ïîðû,

íåãàòèâíî âëèÿþùèå íà ïðî÷íîñòü, ìàãíèòíûå,

îïòè÷åñêèå è äðóãèå ôèçè÷åñêèå è ýêñïëóàòàöè-

îííûå ñâîéñòâà ìàòåðèàëîâ è èçäåëèé [1 – 7].

Õîòÿ ñïîñîáû èçìåðåíèÿ ïëîòíîñòè è ïîðèñòîñòè

ìàòåðèàëîâ íåïðåðûâíî ñîâåðøåíñòâóþòñÿ, ðàç-

íûå ìåòîäû ìîãóò äàâàòü ðàçëè÷àþùèåñÿ ðåçóëü-

òàòû îïðåäåëåíèÿ ñòðóêòóðíûõ ïàðàìåòðîâ ïî-

ðîâîãî ïðîñòðàíñòâà [8 – 18].

Ñòðóêòóðà ïîðèñòûõ òåë õàðàêòåðèçóåòñÿ òà-

êèìè ðàçìåðíî-ãåîìåòðè÷åñêèìè ôàêòîðàìè, êàê

ôîðìà, ðàçìåðû, ïðîñòðàíñòâåííàÿ âçàèìîñâÿçü

ïîð. ×àñòî çàäà÷ó îïèñàíèÿ ñëîæíûõ è ìíîãîîá-

ðàçíûõ ïîðèñòûõ ñèñòåì ìîæíî ñâåñòè ê íàõîæ-

äåíèþ õàðàêòåðèñòèê ïîðèñòîñòè, êîòîðûå ìîãóò

ñëóæèòü îòëè÷èòåëüíûìè ïðèçíàêàìè ïðè èäåí-

òèôèêàöèè ïîðèñòûõ ìàòåðèàëîâ è äàâàòü âîç-

ìîæíîñòü èõ êîëè÷åñòâåííîãî ñðàâíåíèÿ. Ê îñ-

íîâíûì ïàðàìåòðàì ïîðèñòîé ñòðóêòóðû, êîòî-

ðûå ÷àùå âñåãî îêàçûâàþòñÿ äîñòàòî÷íûìè äëÿ

ðåøåíèÿ ïðàêòè÷åñêèõ çàäà÷, îòíîñÿòñÿ: îáùèé

îáúåì ïîð, îáúåìû ïîð îòäåëüíûõ ðàçíîâèäíî-

ñòåé, õàðàêòåðèñòè÷åñêèå ðàçìåðû ïîð, ðàñïðå-

äåëåíèå ïîð ïî ðàçìåðàì, óäåëüíàÿ ïîâåðõíîñòü

ïîðîâîãî ïðîñòðàíñòâà. Îòìåòèì, ÷òî äàííûå î

ðàçìåðàõ, ôîðìå è âçàèìîñâÿçè ïîð ìîãóò áûòü

ïîëó÷åíû òîëüêî ìåòîäîì íåïîñðåäñòâåííîãî íà-

áëþäåíèÿ. Âñå äðóãèå ìåòîäû èññëåäîâàíèÿ îñíî-

âàíû íà ìîäåëüíûõ ïðåäñòàâëåíèÿõ î ñòðóêòóðå

ïîðèñòîãî ïðîñòðàíñòâà [19 – 21].

Ðàñïðåäåëåíèå ïîð ïî ðàçìåðàì àíàëèçèðóþò

ñ èñïîëüçîâàíèåì ïèêíîìåòðè÷åñêèõ ìåòîäîâ, îñ-

íîâàííûõ íà îïðåäåëåíèè ïëîòíîñòè ìàòåðèàëà.

Îäèí èç òàêèõ ïîäõîäîâ — ðòóòíàÿ ïîðîìåòðèÿ

— áàçèðóåòñÿ íà òîì, ÷òî æèäêîñòü, íå ñìà÷èâàþ-

ùàÿ òâåðäîå òåëî, ïðîíèêàåò â åãî ïîðû òîëüêî

ïðè âîçäåéñòâèè âíåøíåãî äàâëåíèÿ. Ïîñêîëüêó

îáúåì èíòðóçèè çàïîëíÿþùåé ïîðû æèäêîñòè —

ôóíêöèÿ âíåøíåãî äàâëåíèÿ, ýòî ïîçâîëÿåò ïî-

ëó÷àòü äàííûå î ðàñïðåäåëåíèè ïîð ïî ðàçìåðàì.

Çàìåòèì, ÷òî ñ ïîìîùüþ óïðîùåííîãî ìåòîäà

æèäêîñòíîé ïîðîìåòðèè, ïðåäïîëàãàþùåãî ïðî-

ïèòêó ïîðèñòîãî òåëà âîäîé, íåâîçìîæíî èññëå-

äîâàòü ðàñïðåäåëåíèå ïîð ïî ðàçìåðàì, íî ìîæíî

ïîëó÷èòü ÷èñëåííûå çíà÷åíèÿ îòêðûòîé, çàêðû-

òîé è îáùåé ïîðèñòîñòè ìàòåðèàëà. Ñïîñîá îòëè-

÷àåòñÿ ïðîñòîòîé è íå òðåáóåò ïðèìåíåíèÿ äîðî-

ãîñòîÿùåãî îáîðóäîâàíèÿ.

Öåëü ðàáîòû — îïðåäåëåíèå õàðàêòåðèñòèê

ïîðèñòîñòè ìåòîäàìè âçâåøèâàíèÿ ñóõîãî îáðàç-

öà ñ ïîñëåäóþùèì âàêóóìèðîâàíèåì è íàñûùå-

íèåì äèñòèëëèðîâàííîé âîäîé ïðè àòìîñôåðíîì

äàâëåíèè, ïðîïèòêè âîäîé ïîä äàâëåíèåì ñ ïðè-

ìåíåíèåì ãèäðîñòàòà è ðòóòíîé ïîðîìåòðèè.

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Èññëåäîâàëè ïîðèñòûå îáðàçöû íèêåëÿ, ñèí-

òåçèðîâàííûå ìåòîäîì ïîðîøêîâîé ìåòàëëóð-

ãèè. Ïðèãîòàâëèâàëè øèõòû — ñìåñè íàíî-

ïîðîøêà íèêåëÿ, èçãîòîâëåííîãî ìåòîäîì âçðûâà

ýëåêòðîïðîâîäíèêîâ, ñ ïîðîîáðàçîâàòåëåì — áè-

êàðáîíàòîì àììîíèÿ NH4HCO3 (òåîðåòè÷åñêèå

ïëîòíîñòè ìàòåðèàëîâ — 8,91 è 1,58 ã/ñì3, îáúåì-

íûå äîëè — 80 è 20 % ñîîòâåòñòâåííî). Èñïîëüçî-

âàëè ïîðîîáðàçîâàòåëü ñ äèñïåðñíîñòÿìè ÷àñòèö

63 – 125, 140 – 200 è 250 – 315 ìêì. Îäíîîñíîå

îäíîñòîðîííåå ïðåññîâàíèå øèõò ïðîâîäèëè â

ðàçúåìíîé ìàòðèöå ñ âíóòðåííèì äèàìåòðîì

13,6 ìì ïîä äàâëåíèåì 400 ÌÏà. Ñïåêàíèå ïðåñ-

ñîâàííûõ îáðàçöîâ îñóùåñòâëÿëè â àðãîíå ïðè

òåìïåðàòóðàõ 800 è 900 °C ïî ñëåäóþùåìó ðåæè-

ìó: íàãðåâ äî 100 °C çà 90 ìèí, äàëåå íàãðåâ äî

òåìïåðàòóðû ñïåêàíèÿ çà 30 ìèí, âûäåðæêà ïðè

òåìïåðàòóðå ñïåêàíèÿ â òå÷åíèå 120 ìèí, äàëåå

îõëàæäåíèå äî êîìíàòíîé òåìïåðàòóðû. Íàãðåâ ñ

ìàëîé ñêîðîñòüþ äî 100 °C íåîáõîäèì äëÿ ìåä-

ëåííîãî óäàëåíèÿ ïîðîîáðàçîâàòåëÿ. Ìàññà ñïå-

÷åííûõ îáðàçöîâ ñîñòàâëÿëà îêîëî 5,3 ã.

Ïîëó÷åííûé ïî ýëåêòðîâçðûâíîé òåõíîëîãèè

íàíîïîðîøîê íèêåëÿ (ñðåäíèé ðàçìåð ÷àñòèö —

68 íì) ïðåäñòàâëåí íà ðèñ. 1. Âèäíî, ÷òî íàðÿäó ñ

ìåëü÷àéøèìè íàíî÷àñòèöàìè â íåì ïðèñóòñòâó-
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þò äîâîëüíî êðóïíûå êðóãëûå ÷àñòèöû ñóáìèê-

ðîííîãî ðàçìåðà.

Äëÿ ðòóòíîé ïîðîìåòðèè èñïîëüçîâàëè ïðè-

áîð AUTOPORE IV 9500, äëÿ ïðåññîâàíèÿ îáðàç-

öîâ è ïðîïèòêè âîäîé ïîä äàâëåíèåì — ãèäðàâ-

ëè÷åñêèé (Knuth, Ãåðìàíèÿ) è ãèäðîñòàòè÷åñêèé

CIP 62330 (ÑØÀ) ïðåññû. Ìèêðîñòðóêòóðó èññëå-

äîâàëè íà àâòîýìèññèîííîì ñêàíèðóþùåì ýëåê-

òðîííîì ìèêðîñêîïå ñâåðõâûñîêîãî ðàçðåøåíèÿ

Zeiss Ultra plus íà áàçå Ultra 55 (Ãåðìàíèÿ).

Îáñóæäåíèå ðåçóëüòàòîâ

Àíàëèçèðóÿ ñïå÷åííûå îáðàçöû, îïðåäåëÿëè

ïëîòíîñòü, îáùóþ, çàêðûòóþ è îòêðûòóþ ïîðèñ-

òîñòè.

Ïëîòíîñòü ðàññ÷èòûâàëè äåëåíèåì ìàññû îá-

ðàçöà íà îáúåì, êîòîðûé íàõîäèëè ïóòåì ãèäðî-

ñòàòè÷åñêîãî âçâåøèâàíèÿ ïðîïèòàííîãî âîäîé

îáðàçöà. Îòêðûòóþ ïîðèñòîñòü îöåíèâàëè ìåòî-

äàìè âçâåøèâàíèÿ ñóõîãî îáðàçöà ñ ïîñëåäó-

þùèì âàêóóìèðîâàíèåì è íàñûùåíèåì äèñòèë-

ëèðîâàííîé âîäîé, ïðîïèòêè äèñòèëëèðîâàííîé

âîäîé ïîä äåéñòâèåì ãèäðîñòàòè÷åñêîãî äàâëå-

íèÿ 2000 àòì. è ðòóòíîé ïîðîìåòðèè.

Ýêñïåðèìåíòàëüíûå äàííûå ïî ïëîòíîñòè è

ïîðèñòîñòè íèêåëåâûõ îáðàçöîâ äëÿ òåìïåðàòóð

ñïåêàíèÿ 800 è 900 °C ïðåäñòàâëåíû â òàáë. 1

(èçìåðåíèå ïîðèñòîñòè ìåòîäîì ðòóòíîé ïîðî-

ìåòðèè âûïîëíåíî òîëüêî íà îáðàçöàõ, ñïå÷åí-

íûõ ïðè 900 °C).

Âèäíî, ÷òî ïëîòíîñòü îáðàçöîâ ñòàíîâèòñÿ

ìåíüøå ñ óâåëè÷åíèåì ðàçìåðà ÷àñòèö ïîðîîáðà-

çîâàòåëÿ íåçàâèñèìî îò òåìïåðàòóðû ñïåêàíèÿ.

Îáùàÿ ïîðèñòîñòü óâåëè÷èâàåòñÿ ïðèáëèçèòåëü-

íî íà 3 %. Ïðè ýòîì ïðîñëåæèâàåòñÿ ÿâíàÿ òåí-

äåíöèÿ ðîñòà àáñîëþòíûõ çíà÷åíèé îòêðûòîé ïî-

ðèñòîñòè è åå äîëè â îáùåé ïîðèñòîñòè. Ýòî çàêî-

íîìåðíî, ïîñêîëüêó çàêðûòü êðóïíóþ ïîðó ãîðàç-

äî òðóäíåå, ÷åì ìåëêóþ. Çàêðûòàÿ ïîðèñòîñòü,

íàïðîòèâ, â îñíîâíîì óìåíüøàåòñÿ. Íåçàâèñèìî

îò äèñïåðñíîñòè ïîðîîáðàçîâàòåëÿ ïëîòíîñòü îá-

ðàçöîâ óâåëè÷èâàåòñÿ ïðèáëèçèòåëüíî íà 4 %

ïðè ïîâûøåíèè òåìïåðàòóðû ñïåêàíèÿ îò 800 äî

900 °C.

Ðàçíèöà çíà÷åíèé ïîðèñòîñòè, ïîëó÷åííûõ

ìåòîäàìè ïðîïèòêè âîäîé â ãèäðîñòàòå è ðòóòíîé

ïîðîìåòðèè, íåçíà÷èòåëüíà, åå ìîæíî îáúÿñíèòü

ðàçáðîñîì ýêñïåðèìåíòàëüíûõ äàííûõ. Âìåñòå ñ

òåì âèäíî, ÷òî ìåòîäèêà îïðåäåëåíèÿ îòêðûòîé

ïîðèñòîñòè ñïîñîáîì íàñûùåíèÿ âîäîé ïîñëå âà-

êóóìèðîâàíèÿ äàåò ñóùåñòâåííî ìåíüøèå çíà÷å-

íèÿ îòêðûòîé ïîðèñòîñòè íà îáðàçöàõ ñ ïîðîîá-

ðàçîâàòåëåì äèñïåðñíîñòüþ 63 – 125 ìêì íåçàâè-

ñèìî îò òåìïåðàòóðû ñïåêàíèÿ. Äëÿ òåìïåðàòó-

ðû ñïåêàíèÿ 900 °C çíà÷åíèÿ ïîðèñòîñòè çàíèæà-

þòñÿ â òðè ðàçà ïî ñðàâíåíèþ ñ äâóìÿ äðóãèìè

ìåòîäèêàìè, ïðåäïîëàãàþùèìè ïðîòàëêèâàíèå

æèäêîñòè â ïîðèñòîå ïðîñòðàíñòâî ñ ïîìîùüþ

âíåøíåãî äàâëåíèÿ. Íà îáðàçöàõ ñ ïîðîîáðàçîâà-

òåëåì äèñïåðñíîñòüþ 140 – 200 ìêì ðàçíèöà
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Ðèñ. 1. Íàíîïîðîøîê íèêåëÿ, ïîëó÷åííûé ïî ýëåêòðî-

âçðûâíîé òåõíîëîãèè

Fig. 1. Nickel nanopowder obtained by electro-explosive

technology

Òàáëèöà 1. Ïëîòíîñòü è ïîðèñòîñòü íèêåëåâûõ îáðàçöîâ äëÿ òåìïåðàòóð ñïåêàíèÿ 800 (÷èñëèòåëü) è 900 °C (çíàìåíà-

òåëü)

Table 1. Density and porosity of nickel samples for sintering temperatures of 800 (numerator) and 900°C (denominator)

Ïàðàìåòð

Äèñïåðñíîñòü ïîðîîáðàçîâàòåëÿ, ìêì

63 – 125 140 – 200 250 – 315

Ïëîòíîñòü, ã/ñì3 7,26/7,54 7,01/7,49 6,96/7,32

Îòíîñèòåëüíàÿ ïëîòíîñòü, % 81,5/84,7 78,7/84,0 78,1/82,1

Ïîëíàÿ ïîðèñòîñòü, % 18,5/15,3 21,3/16,0 21,9/17,9

Îòêðûòàÿ

ïîðèñòîñòü, %

Íàñûùåíèå âîäîé ïîñëå âàêóóìèðîâàíèÿ 4,1/2,86 12,0/4,29 14,5/12,5

Ïðîïèòêà âîäîé â ãèäðîñòàòå 9,6/7,14 13,3/5,71 15,8/13,9

Ðòóòíàÿ ïîðîìåòðèÿ —/6,85 —/7,6 —/13,6

Çàêðûòàÿ

ïîðèñòîñòü, %

Íàñûùåíèå âîäîé ïîñëå âàêóóìèðîâàíèÿ 14,4/12,4 9,3/11,7 7,4/5,4

Ïðîïèòêà âîäîé â ãèäðîñòàòå 8,9/8,16 8,0/10,3 6,1/4,0

Ðòóòíàÿ ïîðîìåòðèÿ —/8,45 —/8,4 —/4,3



çíà÷åíèé ïîðèñòîñòè çíà÷èòåëüíî óìåíüøàåòñÿ,

à ïðè äèñïåðñíîñòè ïîðîîáðàçîâàòåëÿ 250 –

315 ìêì îíà ñòàíîâèòñÿ ìèíèìàëüíîé.

Òàêèì îáðàçîì, ìîæíî çàêëþ÷èòü, ÷òî ïðî-

ïèòêà æèäêîñòüþ ïîðèñòîãî ìàòåðèàëà áåç ïðè-

êëàäûâàíèÿ âíåøíåãî äàâëåíèÿ íå ïðèâîäèò ê

ïîëíîìó çàïîëíåíèþ ïîðèñòîãî ïðîñòðàíñòâà,

îñîáåííî â ñëó÷àå ìåëêèõ ïîð.

Èçâåñòíî, ÷òî èçáûòî÷íîå äàâëåíèå íà æèä-

êîñòü (äàâëåíèå Ëàïëàñà), ñîçäàâàåìîå ñèëàìè

ïîâåðõíîñòíîãî íàòÿæåíèÿ è îáóñëîâëåííîå êðè-

âèçíîé ïîâåðõíîñòè

Äp = 2ó/R,

ãäå ó — êîýôôèöèåíò ïîâåðõíîñòíîãî íàòÿæåíèÿ

æèäêîñòè; R — ðàäèóñ èñêðèâëåíèÿ ïîâåðõíîñòè

æèäêîñòè (áóäåì ñ÷èòàòü, ÷òî ðàäèóñ R áëèçîê ê

ðàäèóñó ïîðû, â êîòîðóþ ïðîíèêàåò æèäêîñòü).

Äàâëåíèå Ëàïëàñà ïðåïÿòñòâóåò ïðîíèêíîâå-

íèþ ïðîïèòûâàþùåé æèäêîñòè â ïîðû îáðàçöà.

Ïðè÷åì ÷åì ìåíüøå ðàçìåð ïîðû, òåì áîëüøåå

äàâëåíèå íåîáõîäèìî ïðèêëàäûâàòü, ÷òîáû ïðî-

òîëêíóòü ïðîïèòûâàþùóþ æèäêîñòü â ïîðèñòîå

ïðîñòðàíñòâî. Èñïîëüçóÿ ïðèâåäåííîå óðàâíå-

íèå, ïî çíà÷åíèÿì äàâëåíèÿ æèäêîñòè è ïîâåðõ-

íîñòíîãî íàòÿæåíèÿ ìîæíî îöåíèòü ðàäèóñû

ïîð, äîñòóïíûõ äëÿ çàïîëíåíèÿ [20].

Ïðè èçáûòî÷íîì äàâëåíèè â 1 àòì., ÷òî ðåà-

ëèçóåòñÿ â ìåòîäèêå íàñûùåíèÿ âîäîé (êîýôôè-

öèåíò ïîâåðõíîñòíîãî íàòÿæåíèÿ âîäû ó =

= 73 ìÍ/ì) ïîñëå âàêóóìèðîâàíèÿ, ëåãêî ðàññ÷è-

òàòü, ÷òî âîäà ìîæåò ïðîíèêíóòü òîëüêî â ïîðû

ðàäèóñîì áîëåå ~1,5 ìêì. Â ïîðû ìåíüøåãî ðàç-

ìåðà èíòðóçèÿ âîäû èñêëþ÷åíà. Ïî ýòîé ïðè÷èíå

îòêðûòàÿ ïîðèñòîñòü, èçìåðåííàÿ äàííûì ñïîñî-

áîì, áóäåò èìåòü çàíèæåííîå çíà÷åíèå ïî ñðàâíå-

íèþ ñ äåéñòâèòåëüíîé âåëè÷èíîé. Îøèáêà áóäåò

òåì áîëüøå, ÷åì áîëüøå äîëÿ ïîð ðàçìåðîì ìåíåå

1,5 ìêì.

Àíàëîãè÷íûé ðàñ÷åò äëÿ âåëè÷èíû èçáûòî÷-

íîãî äàâëåíèÿ Äp = 2000 àòì. äàåò çíà÷åíèå ðà-

äèóñà ïîðû ~0,73 íì, ò.å. ïðè ïðîïèòêå âîäîé â

ãèäðîñòàòå ïðîèçîéäåò çàïîëíåíèå âñåãî ïîðîâî-

ãî ïðîñòðàíñòâà, âêëþ÷àÿ ñàìûå ìåëêèå ïîðû.

Äëÿ ðòóòíîãî ïîðîçèìåòðà, â êîòîðîì ðòóòü

(êîýôôèöèåíò ïîâåðõíîñòíîãî íàòÿæåíèÿ ðòóòè

ó = 510 ìÍ/ì) ïðîäâèãàåòñÿ â ïîðû ïðè èçáûòî÷-

íîì äàâëåíèè 1700 àòì., ðàñ÷åò äàåò çíà÷åíèå ðà-

äèóñà ïîðû ~6 íì. Òî åñòü ïðàêòè÷åñêè âî âñåõ

ñëó÷àÿõ áóäåò èçìåðåíî äåéñòâèòåëüíîå çíà÷åíèå

îòêðûòîé ïîðèñòîñòè. Èñêëþ÷åíèåì ìîãóò áûòü

òîëüêî ìàòåðèàëû ñ î÷åíü ìåëêîé ïîðèñòîé

ñòðóêòóðîé.

Îöåíêè ðàçìåðîâ ïîð, äîñòóïíûõ äëÿ ïðîïè-

òûâàþùåé æèäêîñòè, ïðèâåäåíû â òàáë. 2.

Íà ðèñ. 2 ïðåäñòàâëåíû êóìóëÿòèâíûå êðè-

âûå ïîðèñòîñòè è ðàñïðåäåëåíèå ïîð ïî ðàçìåðó

äëÿ ñïå÷åííûõ ïðè 900 °C îáðàçöîâ (ðòóòíàÿ ïî-

ðîìåòðèÿ).

Âèäíî, ÷òî êðèâûå ïðè äèñïåðñíîñòÿõ ïîðî-

îáðàçîâàòåëÿ 63 – 125 è 140 – 200 ìêì î÷åíü

áëèçêè. Êóìóëÿòèâíàÿ êðèâàÿ äëÿ îáðàçöà ñ ïî-

ðîîáðàçîâàòåëåì äèñïåðñíîñòüþ 250 – 315 ìêì

êàðäèíàëüíî îòëè÷àåòñÿ, òàê êàê äîëÿ ìåëêèõ
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Ðèñ. 2. Êóìóëÿòèâíûå êðèâûå ïîðèñòîñòè (à) è ðàñïðå-

äåëåíèå ïîð ïî ðàçìåðó (á) äëÿ îáðàçöîâ, ñïå÷åííûõ ïðè

900 °C, ïðè äèñïåðñíîñòÿõ ïîðîîáðàçîâàòåëÿ 63 – 125 (1),

140 – 200 (2), 250 – 315 ìêì (3)

Fig. 2. Cumulative porosity curves (à) and pore size distri-

bution (b) for samples sintered at 900°C with porosity dis-

persions 63 – 125 (1), 140 – 200 (2), 250 – 315 microns (3)

Òàáëèöà 2. Îöåíêà ðàçìåðà ïîð, äîñòóïíûõ äëÿ ïðîïèòûâàþùåé æèäêîñòè

Table 2. Estimation of the pore size available for the impregnating liquid

Ìåòîä èçìåðåíèÿ ïîðèñòîñòè
Ìàêñèìàëüíîå ïðîòàëêèâàþùåå

äàâëåíèå, ÌÏà

Ìèíèìàëüíûé ðàçìåð ïîð,

äîñòóïíûõ äëÿ ïðîïèòêè, íì

Íàñûùåíèå âîäîé ïîñëå âàêóóìèðîâàíèÿ 0,1 1500

Ïðîïèòêà âîäîé â ãèäðîñòàòå 200 0,73

Ðòóòíàÿ ïîðîìåòðèÿ 170 6



ïîð â îáðàçöå íàìíîãî íèæå, à îáùàÿ ïîðèñòîñòü

âûøå.

Çàìåòèì, ÷òî â ñëó÷àå ìåòîäà ïðîïèòêè âîäîé

ïîñëå âàêóóìèðîâàíèÿ ïðèìåíåíèå äëÿ ñèíòåçà

îáðàçöîâ ìåëêîäèñïåðñíûõ ïîðîîáðàçîâàòåëåé

ïðèâîäèò ê ôîðìèðîâàíèþ ñòðóêòóð ñ áîëåå âû-

ñîêîé äîëåé íåäîñòóïíûõ ìåëêèõ ïîð, ïîýòîìó

çíà÷åíèÿ îòêðûòîé ïîðèñòîñòè çàíèæàþòñÿ â

ñðàâíåíèè ñ äâóìÿ äðóãèìè ìåòîäàìè åå îïðåäå-

ëåíèÿ.

Ìîæíî êîíñòàòèðîâàòü, ÷òî ìåòîä âçâåøèâà-

íèÿ ñóõîãî îáðàçöà ñ ïîñëåäóþùèì âàêóóìèðîâà-

íèåì è íàñûùåíèåì äèñòèëëèðîâàííîé âîäîé

ïðè àòìîñôåðíîì äàâëåíèè ïðèìåíèì òîëüêî

äëÿ ïîðèñòûõ ìàòåðèàëîâ ñ êðóïíûìè ïîðàìè.

Â ñëó÷àå ìåëêîïîðèñòûõ ñòðóêòóð äåéñòâèòåëü-

íûå çíà÷åíèÿ îòêðûòîé ïîðèñòîñòè ñóùåñòâåííî

çàíèæàþòñÿ. Ìåòîäû ïðîïèòêè âîäîé ïîä äàâëå-

íèåì ñ èñïîëüçîâàíèåì ãèäðîñòàòà è ðòóòíîé ïî-

ðîìåòðèè ïîçâîëÿþò ïîëó÷àòü äàííûå ïî îòêðû-

òîé ïîðèñòîñòè äëÿ ìàòåðèàëîâ ñ ìàëûì ðàçìå-

ðîì ïîð. Êðîìå òîãî, ñ ïîìîùüþ ðòóòíîé ïîðî-

ìåòðèè ìîæíî äîïîëíèòåëüíî ïîëó÷èòü èíôîð-

ìàöèþ î ðàñïðåäåëåíèè ïîð ïî ðàçìåðàì

(íà÷èíàÿ ñ ðàçìåðà 6 íì).

Ýêñïåðèìåíòàëüíûå îøèáêè ìåòîäèê, âêëþ-

÷àÿ ìåòîäû æèäêîñòíîé ïîðîìåòðèè, â çíà÷è-

òåëüíîé ñòåïåíè çàâèñÿò îò ïðèíÿòîé ìîäåëè

ìîðôîëîãèè ïîðèñòîãî ïðîñòðàíñòâà èññëåäóåìî-

ãî ïîðèñòîãî ìàòåðèàëà. Íà ðèñ. 3 ïðåäñòàâëåíà

ìèêðîñòðóêòóðà ïîðèñòîãî îáðàçöà. Âèäíî, ÷òî

ôîðìà ïîð äàëåêà îò ñôåðè÷åñêîé. Ýòî ñóùåñò-

âåííî çàòðóäíÿåò èõ îöåíêó [22].

Çàêëþ÷åíèå

Òàêèì îáðàçîì, îïðåäåëåíèå õàðàêòåðèñòèê

îòêðûòîé ïîðèñòîñòè îáðàçöîâ ïîðèñòîãî íèêåëÿ,

ïîëó÷åííîãî ïî ïîðîøêîâîé òåõíîëîãèè, ïîêàçà-

ëî, ÷òî â ñëó÷àå ïîðèñòûõ ñòðóêòóð ñ áîëüøîé äî-

ëåé ìåëêèõ ïîð ïðîèñõîäèò ñóùåñòâåííîå çàíè-

æåíèå äåéñòâèòåëüíûõ çíà÷åíèé îòêðûòîé ïî-

ðèñòîñòè ïðè èñïîëüçîâàíèè ìåòîäà âçâåøèâà-

íèÿ ñóõîãî îáðàçöà ñ ïîñëåäóþùèì âàêóóìèðîâà-

íèåì è íàñûùåíèåì äèñòèëëèðîâàííîé âîäîé

ïðè àòìîñôåðíîì äàâëåíèè. Çàíèæåíèå òåì

áîëüøå, ÷åì áîëüøå äîëÿ ìåëêèõ ïîð â ìàòåðèà-

ëå. Äëÿ ìàòåðèàëîâ ñ ïîðàìè áîëüøèõ ðàçìåðîâ

ìåòîä ïðèìåíèì è îòëè÷àåòñÿ çíà÷èòåëüíîé ïðî-

ñòîòîé. Ðàçíèöà çíà÷åíèé îòêðûòîé ïîðèñòîñòè,

ïîëó÷åííûõ ìåòîäàìè ïðîïèòêè âîäîé â ãèäðî-

ñòàòå è ðòóòíîé ïîðîìåòðèè, íåçíà÷èòåëüíà. Òà-

êèå àíàëèçû äàþò äîñòîâåðíûå äàííûå, íà÷èíàÿ

ñ äèàìåòðà ïîð îêîëî 10 íì. Âàæíîå ïðåèìóùåñò-

âî ìåòîäà ðòóòíîé ïîðîìåòðèè — âîçìîæíîñòü

ïîëó÷åíèÿ äàííûõ î ðàñïðåäåëåíèè ïîð ïî ðàç-

ìåðàì.
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