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Àííîòàöèÿ. Ýêñïåðèìåíòàëüíî èññëåäîâàíû ïðîöåññû ñòðóêòóðîîáðàçîâà-
íèÿ, ñõâàòûâàíèÿ è òâåðäåíèÿ ìèêðîçåðíèñòûõ öåìåíòíûõ ñìåñåé, ñîñòàâû êîòî-
ðûõ áûëè îïòèìèçèðîâàíû ïî êðèòåðèÿì ïëàñòè÷íîñòè, ôîðìîóñòîé÷èâîñòè è ïðè-
íÿòû â êà÷åñòâå áàçîâûõ äëÿ ïðèìåíåíèÿ â ñòðîèòåëüíîé 3D-ïå÷àòè. Öåìåíòíûå
ñìåñè îòëè÷àþòñÿ ìîäèôèêàòîðàìè âÿçêîñòè, â êà÷åñòâå íàïîëíèòåëÿ èñïîëüçîâà-
íà èçâåñòíÿêîâàÿ ìóêà. Óñòàíîâëåíî, ÷òî ïî êðèòåðèÿì óñêîðåíèÿ ïðîöåññîâ ñòðóê-
òóðîîáðàçîâàíèÿ è òâåðäåíèÿ íàèáîëåå ïðèåìëåìûìè ÿâëÿþòñÿ ìèêðîçåðíèñòûå
öåìåíòíûå ñèñòåìû, ìîäèôèöèðîâàííûå êîìïëåêñíîé íàíîðàçìåðíîé äîáàâêîé íà
îñíîâå äèîêñèäà êðåìíèÿ è ìåòàêàîëèíà. Ïîêàçàíî, ÷òî â ïðîöåññå ñòðóêòóðîîáðà-
çîâàíèÿ â äàííûõ ñèñòåìàõ ôîðìèðóþòñÿ áîëåå ìåëêîçåðíèñòûå è îäíîðîäíûå
ñòðóêòóðû, ñîñòîÿùèå ïðåèìóùåñòâåííî èç íèçêîîñíîâíûõ ãèäðîñèëèêàòîâ êàëü-
öèÿ. Ìîäèôèöèðîâàííûå öåìåíòíûå ñèñòåìû èìåþò îïòèìàëüíîå âðåìÿ íà÷àëà
ñõâàòûâàíèÿ (60–108 ìèí), ýôôåêòèâíóþ ñêîðîñòü íàáîðà ïðî÷íîñòè Rñæ ~ 30 ÌÏà
â ñóòêè, Rñæ = 63–70 ÌÏà â 28 ñóò.
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Original article

FEATURES OF STRUCTURE FORMATION,
SETTING AND HARDENING OF CEMENT MIXTURES

ON CHALKY FLOUR FOR CONSTRUCTION 3D PRINTING

Galina S. Slavcheva, Olga V. Artamonova, Maria A. Shvedova, Dmitry S. Babenko
Voronezh State Technical University, Voronezh, Russia

Abstract. The processes of structure formation, setting and hardening for modified
cement mixtures, the compositions of which were optimized according to the criteria of
plasticity, dimensional stability and accepted as the base ones for use in building 3D
printing, were experimentally studied. Cement mixtures differ in viscosity modifiers;
chalky flour was used as a filler. It has been established that, according to the criteria for
accelerating the processes of structure formation and hardening, cement systems based on
chalky flour, modified with a complex nano-sized additive based on silicon dioxide and
metakaolin, are the most acceptable. It is shown that in the process of structure formation in
these systems, finer-grained and homogeneous structures are formed, consisting mainly of
low-basic calcium hydrosilicates. Modified cement systems have an optimal setting start
time (60–108 minutes), an effective rate of curing Rñ ~ 30 MPa in 1 day, Rñ = 63–70 MPa
in 28 days.
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Ââåäåíèå. Â íàñòîÿùåå âðåìÿ ðàçâèòèå ñîâðåìåííûõ ñòðîèòåëüíûõ òåõ-
íîëîãèé, íàïðèìåð, òàêèõ êàê ñòðîèòåëüíàÿ 3D-ïå÷àòü, òðåáóåò óñîâåðøåíñò-
âîâàíèÿ êîìïîçèöèîííûõ ìàòåðèàëîâ íà îñíîâå öåìåíòà ñ öåëüþ ïðèäàíèÿ
èì êîìïëåêñà îïðåäåëåííûõ ðåîëîãè÷åñêèõ, ôèçèêî-õèìè÷åñêèõ è ìåõàíè-
÷åñêèõ ñâîéñòâ. Íåîáõîäèìî ðàçðàáîòàòü ïðèíöèïû è ìåòîäû óïðàâëåíèÿ
ïðîöåññàìè ñòðóêòóðîîáðàçîâàíèÿ öåìåíòíûõ êîìïîçèòîâ, òàê êàê ýòî ëåæèò
â îñíîâå ïîëó÷åíèÿ íåîáõîäèìûõ ñâîéñòâ êîíå÷íûõ ìàòåðèàëîâ. Ïðèìåíå-
íèå 3D-ïå÷àòè â ñòðîèòåëüñòâå ñâÿçàíî ñ ðÿäîì ïðîáëåì, íàèáîëåå âàæíîé
èç  êîòîðûõ ïðåäñòàâëÿåòñÿ îòñóòñòâèå ýôôåêòèâíûõ ñìåñåé, àäàïòèðîâàí-
íûõ ïî ñâîéñòâàì ê îñîáåííîñòÿì äàííîé òåõíîëîãèè. Ïðè ñîçäàíèè öåìåíò-
íûõ ñìåñåé äëÿ ñòðîèòåëüíîé 3D-ïå÷àòè íåîáõîäèìî ó÷èòûâàòü òî, ÷òî
îíè  äîëæíû îáëàäàòü ðàöèîíàëüíûìè ïîêàçàòåëÿìè òåõíîëîãè÷íîñòè (ïåðå-
êà÷èâàåìîñòüþ, ýêñòðóäèðóåìîñòüþ, ôîðìîóñòîé÷èâîñòüþ), ñêîðîñòüþ
ñòðóêòóðîîáðàçîâàíèÿ è òâåðäåíèÿ äëÿ îáåñïå÷åíèÿ áåçäåôåêòíîãî ïðîöåññà
ïå÷àòè [1–3].

Âîïðîñû ñîçäàíèÿ è ïðèìåíåíèÿ ñìåñåé äëÿ ñòðîèòåëüíîé 3D-ïå÷àòè íà
îñíîâå ðàçëè÷íûõ âÿæóùèõ ðàññìàòðèâàþòñÿ êàê â ðàáîòàõ îòå÷åñòâåííûõ
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(Å.Â. Êîðîëåâà, Â.Ñ. Ëåñîâèêà, Ð.Õ. Ìóõàìåòðàõèìîâà, Â.À. Ïîëóýêòîâîé,
Â.Â. Ñòðîêîâîé, Ã.Ñ. Ñëàâ÷åâîé, Í.Â. ×åðíûøåâîé) [4–10], òàê è çàðóáåæíûõ
èññëåäîâàòåëåé (S.A. Austin, M. Chen, T. Le, D. Lootens, J. Pan, A. Perrot,
N. Roussel, J. Sanjayan, Z. Zhou) [11–18]. Ðàçðàáîòàíî è ïðåäëîæåíî áîëüøîå
êîëè÷åñòâî ñîñòàâîâ ðàçëè÷íûõ ñìåñåé äëÿ ñòðîèòåëüíîé 3D-ïå÷àòè. Â áîëü-
øèíñòâå èññëåäîâàíèé èçó÷àþòñÿ ðåîëîãè÷åñêèå õàðàêòåðèñòèêè ñìåñåé è
ïðàêòè÷åñêè íå ðàññìàòðèâàþòñÿ âîïðîñû âëèÿíèÿ îòäåëüíûõ êîìïîíåíòîâ
ñìåñåé (âÿæóùåãî, íàïîëíèòåëåé è õèìè÷åñêèõ äîáàâîê – ìîäèôèêàòîðîâ
âÿçêîñòè) íà ïðîöåññû ñòðóêòóðîîáðàçîâàíèÿ è òâåðäåíèÿ öåìåíòíûõ êîì-
ïîçèòîâ. Ïðè ýòîì ìåëêîçåðíèñòûå è ìèêðîçåðíèñòûå ñèñòåìû ìîãóò èìåòü
ñóùåñòâåííûå îòëè÷èÿ õàðàêòåðèñòèê äàííûõ ïðîöåññîâ. Âûÿâëåíèå îñîáåí-
íîñòåé ïðîöåññîâ ôîðìèðîâàíèÿ ñòðóêòóðû è ñâîéñòâ ìèêðîçåðíèñòûõ ñèñ-
òåì äëÿ ñòðîèòåëüíîé 3D-ïå÷àòè íåîáõîäèìî äëÿ ïðîåêòèðîâàíèÿ ñîñòàâîâ,
à òàêæå ïîíèìàíèÿ èõ ïîâåäåíèÿ â ïðîöåññå ïå÷àòè.

Íà îñíîâàíèè ýòîãî öåëüþ äàííîãî èññëåäîâàíèÿ ÿâëÿëîñü èçó÷åíèå
ïðîöåññîâ ñòðóêòóðîîáðàçîâàíèÿ, ñõâàòûâàíèÿ è òâåðäåíèÿ ìèêðîçåðíèñòûõ
öåìåíòíûõ ñìåñåé (íà èçâåñòíÿêîâîé ìóêå) ñ ðàçëè÷íûìè ìîäèôèêàòîðàìè
âÿçêîñòè (ìåòàêàîëèí, êñàíòàíîâàÿ êàìåäü è òåòðàêàëèé ïèðîôîñôàò, íàíî-
ðàçìåðíàÿ äîáàâêà íà îñíîâå äèîêñèäà êðåìíèÿ).

Ýêñïåðèìåíòàëüíàÿ ÷àñòü. Â êà÷åñòâå èñõîäíûõ êîìïîíåíòîâ äëÿ
ñîçäàíèÿ öåìåíòíûõ ñìåñåé èñïîëüçîâàëèñü ïîðòëàíäöåìåíò ÖÅÌ I 42,5
(ÃÎÑÒ 31108–2016), òåõíè÷åñêàÿ âîäà è ñóïåðïëàñòèôèêàòîð (ÑÏ) íà îñíîâå
ïîëèêàðáîêñèëàòíûõ ýôèðîâ (ìàðêè Sika® ViscoCreate® T100). Êîíöåíòðàöèÿ
ÑÏ äëÿ ìîäèôèöèðîâàííûõ öåìåíòíûõ ñèñòåì ïðèíèìàëàñü ïîñòîÿííîé
1,2 % îò ìàññû öåìåíòà è îïðåäåëÿëàñü ýìïèðè÷åñêè äëÿ äîñòèæåíèÿ íåîá-
õîäèìîé êîíñèñòåíöèè è ñâÿçíîñòè öåìåíòíîãî ðàñòâîðà.

Äëÿ ïðîâåäåíèÿ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé áûëè ïðèãîòîâëåíû
öåìåíòíûå ñìåñè ñ ðàçëè÷íûìè ìîäèôèêàòîðàìè âÿçêîñòè, íàïîëíèòåëåì
ñëóæèëà èçâåñòíÿêîâàÿ ìóêà (d < 0,055 ìì, 348 ì2/êã).

Â êà÷åñòâå ìîäèôèêàòîðîâ âÿçêîñòè èñïîëüçîâàëè:
ìåòàêàîëèí (ÌÊË) ìàðêè ÂÌÊ-45 (Al2O3 · SiO2; SiO2 – 53 %, Al2O3 –

47 %);
êîìïëåêñíûé ìîäèôèêàòîð âÿçêîñòè (ÊÌ + ÒÊÏÔ), ñîñòîÿùèé èç êñàí-

òàíîâîé êàìåäè ìàðêè FUFENG®80 ((C35H49O29)n ~ 91 %) â ñî÷åòàíèè ñ òåò-
ðàêàëèé ïèðîôîñôàòîì òåõíè÷åñêèì (K4P2O7 – 98 %);

êîìïëåêñíàÿ íàíîðàçìåðíàÿ äîáàâêà íà îñíîâå äèîêñèäà êðåìíèÿ (ÊÍÄ)
ñîñòàâà «íàíîðàçìåðíûå ÷àñòèöû SiO2 – ñóïåðïëàñòèôèêàòîð», ïîëó÷åííàÿ
çîëü-ãåëü ñèíòåçîì â ñîîòâåòñòâèè ñ ìåòîäèêîé, ïðåäëîæåííîé â ðàáîòå [19].
Ðàíåå óñòàíîâëåíî [20], ÷òî ñðåäíèé ðàçìåð ÷àñòèö ÊÍÄ ñîñòàâëÿåò 5–10 íì,
îíè àãðåãàòèâíî óñòîé÷èâû â òå÷åíèå 7 ñóò îò ìîìåíòà ñèíòåçà.

Ñîñòàâ, êîíöåíòðàöèè èñõîäíûõ êîìïîíåíòîâ è îáîçíà÷åíèå èññëåäóå-
ìûõ ñèñòåì ïðåäñòàâëåíû â òàáë. 1.

Êîíöåíòðàöèÿ äîáàâîê-ìîäèôèêàòîðîâ âÿçêîñòè è íàïîëíèòåëÿ áûëà
îïòèìèçèðîâàíà íà ýòàïå ïðåäâàðèòåëüíûõ èññëåäîâàíèé è ïðèíèìàëàñü
ïîñòîÿííîé. Ñòîèò îòìåòèòü, ÷òî ñîñòàâû öåìåíòíûõ ñìåñåé áûëè îïòèìèçè-
ðîâàíû ïî êðèòåðèÿì ïëàñòè÷íîñòè, ôîðìîóñòîé÷èâîñòè òàêæå â õîäå ïðåä-
âàðèòåëüíûõ ýêñïåðèìåíòîâ. Äëÿ îöåíêè ïëàñòè÷íîñòè è ôîðìîóñòîé÷èâî-
ñòè öåìåíòíûõ ñèñòåì ïðîâîäèëè ñäàâëèâàþùèå òåñòû, ìåòîäèêà êîòîðûõ
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îáîñíîâàíà â ðàáîòàõ [13, 21]. Â èñïûòàíèÿõ èñïîëüçîâàëè ñèñòåìó
INSTRON 5982. Ïëàñòè÷íîñòü îöåíèâàëè ñäàâëèâàþùèì òåñòîì ñ ïîñòîÿí-
íîé ñêîðîñòüþ äåôîðìèðîâàíèÿ 5 ìì/ñ1.

Ïîëó÷åííûå â ïðîöåññå èñïûòàíèé êðèâûå «íàãðóçêà P - ïåðåìåùåíèå
D» èíòåðïðåòèðîâàëèñü â âèäå êðèâûõ çàâèñèìîñòè ïðèâåäåííîé íàãðóçêè F*
îò îòíîñèòåëüíîãî èçìåíåíèÿ âûñîòû îáðàçöà hi/R
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Äëÿ îöåíêè ôîðìîóñòîé÷èâîñòè èñïûòàíèå ïðîâîäèëîñü ïðè ïîñòîÿí-
íîé ñêîðîñòè íàãðóæåíèÿ 0,5 Í/ñ, ÷òî ñîîòâåòñòâóåò ñðåäíåé ñêîðîñòè âîç-
ðàñòàíèÿ íàãðóçêè ïðè ïå÷àòè ñòðîèòåëüíûõ îáúåêòîâ ïðîìûøëåííî ïðîèç-
âîäèìûìè ïðèíòåðàìè [16]. Ýêñïåðèìåíò ïðîâîäèëñÿ äî ðàçðóøåíèÿ îáðàç-
öà, â ïðîöåññå èñïûòàíèÿ ôèêñèðîâàëèñü êðèâûå «ïåðåìåùåíèå D – âðåìÿ t»
è «íàãðóçêà s – ïåðåìåùåíèå D». Çíà÷åíèÿ ïðî÷íîñòè èññëåäóåìûõ ñèñòåì íà
ðàçëè÷íûõ ýòàïàõ äåôîðìèðîâàíèÿ ðàññ÷èòûâàëè ïî ôîðìóëå

s
p

0 2
= P

R
. (3)

Ïî ðåçóëüòàòàì èñïûòàíèé õàðàêòåðèçîâàëè ïîêàçàòåëè ôîðìîóñòîé÷è-
âîñòè öåìåíòíûõ ñèñòåì:

ñòðóêòóðíóþ ïðî÷íîñòü s0, çíà÷åíèÿ êîòîðîé ðàññ÷èòûâàëèñü èñõîäÿ
èç âåëè÷èíû íàãðóçêè â ìîìåíò íà÷àëà äåôîðìèðîâàíèÿ îáðàçöîâ;
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Ò à á ë è ö à 1. Ñîñòàâ è îñíîâíûå õàðàêòåðèñòèêè èññëåäóåìûõ ñèñòåì,
% îò ìàññû öåìåíòà

T a b l e 1. Composition and main characteristics of the studied systems,
% from the mass of cement

Ñèñòåìà Â/Ö wÑÏ wäîá Îáîçíà÷åíèå

Öåìåíò, âîäà, ñóïåðïëàñòèôèêàòîð 0,25 0,2 0 Ö–Â–ÑÏ

Öåìåíò, âîäà, ñóïåðïëàñòèôèêàòîð,
èçâåñòíÿêîâàÿ ìóêà

0,38 1,2 0 Ö–Â–ÑÏ–ÈÌ

Öåìåíò, âîäà, ñóïåðïëàñòèôèêàòîð,
ìåòàêàîëèí, èçâåñòíÿêîâàÿ ìóêà

0,39 1,2 2 Ö–Â–ÑÏ–ÌÊË–ÈÌ

Öåìåíò, âîäà, ñóïåðïëàñòèôèêàòîð,
êñàíòàíîâàÿ êàìåäü, òåòðàêàëèé ïèðî-
ôîñôàò, èçâåñòíÿêîâàÿ ìóêà

0,40 1,2 0,2 Ö–Â–ÑÏ–ÊÌ–ÒÊÏÔ–ÈÌ

Öåìåíò, âîäà, ñóïåðïëàñòèôèêàòîð,
êîìïëåêñíàÿ íàíîäîáàâêà íà îñíîâå
SiO2, èçâåñòíÿêîâàÿ ìóêà

0,40 1,2 0,01 Ö–Â–ÑÏ–ÊÍÄ–ÈÌ

1 JCPDS – International Centre for Diffraction Data. © 1987–1995. JCPDS – ICDD.
Newtown Square, PA. 19073. USA. URL: https://www.icdd.com/



ïëàñòè÷åñêóþ ïðî÷íîñòü (sïë), çíà÷åíèÿ êîòîðîé ðàññ÷èòûâàëèñü èç
âåëè÷èíû íàãðóçêè â ìîìåíò íà÷àëà òðåùèíîîáðàçîâàíèÿ îáðàçöîâ;

îòíîñèòåëüíûå ïëàñòè÷åñêèå äåôîðìàöèè âÿçêîïëàñòè÷íûõ îáðàçöîâ
(Dïë = D/h0), çíà÷åíèÿ êîòîðîé ðàññ÷èòûâàëèñü èç âåëè÷èíû àáñîëþòíîé
äåôîðìàöèè îáðàçöîâ D â ìîìåíò íà÷àëà òðåùèíîîáðàçîâàíèÿ.

Êèíåòèêó ñõâàòûâàíèÿ ïîëó÷åííûõ âÿçêîïëàñòè÷íûõ ñèñòåì èçó÷àëè
ïåíåòðîìåòðè÷åñêèì ìåòîäîì [12]. Çíà÷åíèå Pïë ðàññ÷èòûâàëè, êàê ïðèâå-
äåííóþ âåëè÷èíó ñîïðîòèâëåíèÿ ïåíåòðàöèè

P
N

d
ïë = 4

2p
, (4)

ãäå N – ñîïðîòèâëåíèå ïåíåòðàöèè ñìåñè ïðè ïîãðóæåíèè ïëóíæåðà ñòàí-
äàðòíîãî äèàìåòðà íà ãëóáèíó 5 ìì, êÍ; d – äèàìåòð ïëóíæåðà, ì2. Ïîãðåø-
íîñòü äàííîãî ìåòîäà ñîñòàâëÿåò 10 %.

Ôàçîâûé ñîñòàâ öåìåíòíîãî êàìíÿ îïðåäåëÿëè ìåòîäîì ïîðîøêîâîé
ðåíòãåíîâñêîé äèôðàêöèè (äèôðàêòîìåòð ARL X’TRA, CuKa-èçëó÷åíèå,
l = 1,541788 Å). Ïîëó÷åííûå äàííûå îáðàáàòûâàëè ïðè ïîìîùè êîìïëåêñà
êîìïüþòåðíûõ ïðîãðàìì PDWin 4.01. Çíà÷åíèå ñòåïåíè ãèäðàòàöèè ìîäèôè-
öèðîâàííûõ öåìåíòíûõ ñèñòåì òâåðäåíèÿ ðàññ÷èòûâàëè ïî ñîäåðæàíèþ
ôàçû àëèòà (3ÑàÎ · SiO2 (C3S)) ïóòåì ñðàâíåíèÿ èõ ðåíòãåíîãðàìì ñ ðåíò-
ãåíîãðàììîé èñõîäíîãî öåìåíòíîãî êëèíêåðà [22]:

Ñ C Sã
ìîä( ) %,3

0

1 100= -
æ

è
çç

ö

ø
÷÷ ×

I

I
(5)

ãäå Iìîä – èíòåíñèâíîñòü äèôðàêöèîííîãî ìàêñèìóìà ïðè d = 2,75 Å ôàçû
C3S îáðàçöîâ ðàçíîãî ñîñòàâà ïî âèäàì äîáàâêè è ñðîêàì ãèäðàòàöèè öå-
ìåíòà; I0 – èíòåíñèâíîñòü äèôðàêöèîííîãî ìàêñèìóìà ïðè d = 2,75 Å ôàçû
C3S èñõîäíîãî öåìåíòà.

Îöåíêó ìèêðîñòðóêòóðû öåìåíòíîãî êàìíÿ ïðîâîäèëè ñ ïîìîùüþ ìåòî-
äà ñêàíèðóþùåé ýëåêòðîííîé ìèêðîñêîïèè (ñêàíèðóþùèé ýëåêòðîííûé
ìèêðîñêîï JEOL JSM – 7001F).

Êèíåòèêó íàáîðà ïðî÷íîñòè èññëåäóåìûõ öåìåíòíûõ ñèñòåì òâåðäåíèÿ
îïðåäåëÿëè ïóòåì ðàçðóøåíèÿ îáðàçöîâ-êóáîâ ðàçìåðîì 5´5´5 ñì íà èñïûòà-
òåëüíîé ìàøèíå INSTRON Sates 1500HDS. Äëÿ îáåñïå÷åíèÿ ñòàòèñòè÷åñêîé
äîñòîâåðíîñòè ðåçóëüòàòîâ ôèçèêî-ìåõàíè÷åñêèõ èñïûòàíèé ÷èñëî îáðàçöîâ
â ñåðèÿõ ñîñòàâëÿëî 6. Ïîãðåøíîñòü èçìåðåíèÿ 0,5 %.

Ðåçóëüòàòû è èõ îáñóæäåíèå. Ïëàñòè÷íîñòü è ôîðìîóñòîé÷èâîñòü

ìîäèôèöèðîâàííûõ öåìåíòíûõ ñìåñåé. Ïîëó÷åííûå ýêñïåðèìåíòàëüíûå
äàííûå ïî ïëàñòè÷íîñòè (ðèñ. 1) è ôîðìîóñòîé÷èâîñòè (ðèñ. 2) èññëåäîâàí-
íûõ öåìåíòíûõ ñìåñåé ïðåäñòàâëåíû â òàáë. 2.

Âñå ýòàëîííûå ñèñòåìû ïî ðåîëîãè÷åñêîìó ïîâåäåíèþ (ñì. ðèñ. 1) îòíî-
ñÿòñÿ êî âòîðîìó òèïó êðèâûõ F* = f(hi/R), äëÿ êîòîðûõ íå ôèêñèðóþòñÿ ÿðêî
âûðàæåííûå ïåðåõîäû ìåæäó ó÷àñòêàìè êðèâîé. Äëÿ äàííûõ ñèñòåì çíà÷å-
íèÿ ïðåäåëà ïëàñòè÷íîñòè Ki(I) íàõîäÿòñÿ â äèàïàçîíå 2,14–2,29 êÏa.

Ðåîëîãè÷åñêîå ïîâåäåíèå ìîäèôèöèðîâàííûõ öåìåíòíûõ ñèñòåì îòâå-
÷àåò âòîðîìó è òðåòüåìó òèïó êðèâûõ F* = f(hi/R). Êî âòîðîìó òèïó êðèâûõ
îòíîñèòñÿ ñèñòåìà Ö–Â–ÑÏ–ÌÊË–ÈÌ.
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Äàííàÿ ñèñòåìà ÿâëÿåòñÿ âÿçêîïëàñòè÷íîé (çíà÷åíèÿ ïðåäåëà ïëàñòè÷íî-
ñòè Ki(I) = 1,27 êÏa), îáëàäàåò õîðîøåé ñïîñîáíîñòüþ ê ýêñòðóçèè âñëåäñòâèå
äîñòàòî÷íîé åå ïëàñòè÷íîñòè è ñïîñîáíîñòè ê âÿçêîïëàñòè÷åñêîìó òå÷åíèþ
áåç ðàçðóøåíèÿ ñòðóêòóðû.

Ê òðåòüåìó òèïó êðèâûõ îòíîñÿòñÿ ñèñòåìû Ö–Â–ÑÏ–ÊÌ–ÒÊÏÔ–ÈÌ
è Ö–Â–ÑÏ–ÊÍÄ–ÈÌ, îíè ïëàñòè÷íû, íî íåóñòîé÷èâû, çíà÷åíèå ïðåäåëà
ïëàñòè÷íîñòè Ki(I) < 1 êÏa. Â äàííûõ ñèñòåìàõ ñíèçèòü òåêó÷åñòü ìîæíî
èçìåíåíèåì âîäîöåìåíòíîãî îòíîøåíèÿ.

Íà îñíîâàíèè ïîëó÷åííûõ äàííûõ ðàöèîíàëüíûìè äëÿ îáåñïå÷åíèÿ
îïòèìàëüíîãî ñî÷åòàíèÿ ïëàñòè÷íîñòè, àãðåãàòèâíîé óñòîé÷èâîñòè, ôîðìî-
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Ò à á ë è ö à 2. Õàðàêòåðèñòèêè ïëàñòè÷íîñòè è ôîðìîóñòîé÷èâîñòè öåìåíòíûõ
ñìåñåé äëÿ 3D-ïå÷àòè

T a b l e 2. Characteristics of plasticity and shape stability of cement mixtures for 3D
printing

Ñèñòåìà
Ïëàñòè÷íîñòü Ôîðìîóñòîé÷èâîñòü

Ki(I), êÏà s0, êÏà sïë, êÏà D, ìì/ìì

Ö–Â–ÑÏ 2,14 2,86 38,84 0,037

Ö–Â–ÑÏ–ÈÌ 2,29 1,86 40,12 0,085

Ö–Â–ÑÏ–ÌÊË–ÈÌ 1,27 2,02 39,73 0,049

Ö–Â–ÑÏ–ÊÌ–ÒÊÏÔ–ÈÌ 0,87 2,30 36,57 0,048

Ö–Â–ÑÏ–ÊÍÄ–ÈÌ 0,85 0,86 42,36 0,133

Ðèñ. 1. Ýêñïåðèìåíòàëüíûå êðèâûå F* = f(hi/R) äëÿ èññëåäîâàííûõ
ñèñòåì (íàïîëíèòåëü èçâåñòíÿêîâàÿ ìóêà)

1 – Ö–Â–ÑÏ; 2 – Ö–Â–ÑÏ–ÈÌ; 3 – Ö–Â–ÑÏ–ÈÌ–ÌÊË;
4 – Ö–Â–ÑÏ–ÈÌ–ÒÊÏÔ–ÊÌ; 5 – Ö–Â–ÑÏ–ÈÌ–ÊÍÄ

Fig. 1. Experimental F* = f(hi/R) curves for the studied systems (filler
limestone flour)

1 – Ts–V–SP; 2 – Ts–V–SP–IM; 3 – Ts–V–SP–IM–MKL;
4 – Ts–V–SP–IM–TKPF–KM; 5 – Ts–V–SP–IM–KND



óñòîé÷èâîñòè öåìåíòíûõ ñìåñåé äëÿ 3D-ïå÷àòè ñëåäóåò ñ÷èòàòü èñïîëüçîâà-
íèå ñìåñåé íà îñíîâå èçâåñòíÿêîâîé ìóêè (äîçèðîâêà 100 % îò ìàññû öåìåí-
òà). Äëÿ ïîëó÷åíèÿ îïòèìàëüíûõ çíà÷åíèé âñåãî êîìïëåêñà ðåîëîãè÷åñêèõ
õàðàêòåðèñòèê ðàöèîíàëüíû äîçèðîâêè ÑÏ = 1,2 %, ÌÊË = 2 %, ÊÌ = 0,2 %,
ÒÊÏÔ = 0,2 %, ÊÍÄ = 0,01 % îò ìàññû öåìåíòà. Ïðè ýòîì ñëåäóåò æåñòêî
ðåãóëèðîâàòü çíà÷åíèÿ Â/Ö äëÿ êàæäîé êîíêðåòíîé ñèñòåìû.

Èññëåäîâàíèå ïðîöåññîâ ãèäðàòàöèè è ñòðóêòóðîîáðàçîâàíèÿ öå-

ìåíòíûõ ñìåñåé. Ðåíòãåíîôàçîâûé àíàëèç ýòàëîííîé ñèñòåìû (Ö–Â–ÑÏ)
ïðè  ïðîäîëæèòåëüíîñòè òâåðäåíèÿ 28 ñóò ïîêàçûâàåò, ÷òî íîâîîáðàçîâà-
íèÿ äàííîé ñèñòåìû ïðåäñòàâëåíû ïðåèìóùåñòâåííî âûñîêîîñíîâíûìè
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Ðèñ. 2. Ýêñïåðèìåíòàëüíûå êðèâûå äëÿ öåìåíòíûõ ñèñòåì ñ íà-
ïîëíèòåëåì èçâåñòíÿêîâàÿ ìóêà:

à) «ïåðåìåùåíèå D – âðåìÿ t», á) «íàãðóçêà s – ïåðåìåùåíèå D»

1 – Ö–Â–ÑÏ; 2 – Ö–Â–ÑÏ–ÈÌ; 3 – Ö–Â–ÑÏ–ÈÌ–ÌÊË;
4 – Ö–Â–ÑÏ–ÈÌ–ÒÊÏÔ–ÊÌ; 5 – Ö–Â–ÑÏ–ÈÌ–ÊÍÄ

Fig. 2. Experimental curves for cement systems with limestone flour

filler

a – «displacement D – time t», b – «load s – displacement D»

1 – Ts–V–SP; 2 – Ts–V–SP–IM; 3 – Ts–V–SP–IM–MKL;

4 – Ts–V–SP–IM–TKPF–KM; 5 – Ts–V–SP–IM–KND



ãèäðîñèëèêàòàìè êàëüöèÿ (2CaO · SiO2 · H2O), ñóëüôîàëþìèíàòîì êàëüöèÿ
(3ÑàÎ · Àl2Î3 · 3CaSO4 · 26Í2Î), òîáåðìîðèòîâûì ãåëåì (xCaO · SiO2 · zH2O),
òàêæå ïðèñóòñòâóþò èñõîäíûå íåïðîãèäðàòèðîâàâøèå ôàçû àëèòà 3CaO · SiO2

è áåëèòà 2CaO · SiO2. Àíàëèç äàííûõ ðåíòãåíîäèôðàêòîìåòðè÷åñêèõ èññëåäî-
âàíèé ôàçîâîãî ñîñòàâà êîìïîçèòîâ äëÿ 3D-ïå÷àòè, òâåðäåâøèõ 28 ñóò (ðèñ. 3),
ïîêàçàë, ÷òî â ìîäèôèöèðîâàííûõ öåìåíòíûõ ñìåñÿõ äîìèíèðóåò ôàçà íà-
ïîëíèòåëÿ – êàðáîíàòà êàëüöèÿ (CaCO3).

Èçâåñòíÿêîâàÿ ìóêà ìîæåò ÷àñòè÷íî âñòóïàòü âî âçàèìîäåéñòâèå ñ ìèíå-
ðàëàìè öåìåíòíîãî êëèíêåðà. Îòëè÷èòåëüíîé îñîáåííîñòüþ äàííûõ ñèñòåì
ÿâëÿåòñÿ íàëè÷èå â èõ ñîñòàâå òîáåðìîðèòîâîé è íèçêîîñíîâíûõ ãèäðîñèëè-
êàòíûõ ôàç, ïðè ýòîì â ñèñòåìàõ (Ö–Â–ÑÏ–ÌÊË–ÈÌ, Ö–Â–ÑÏ–ÊÍÄ–ÈÌ)
ôèêñèðóåòñÿ íåáîëüøîå êîëè÷åñòâî âûñîêîîñíîâíîãî ãèäðîàëþìèíàòà êàëü-
öèÿ (3CaO × Al2O3 × xH2O).

Äëÿ âñåõ ñèñòåì õàðàêòåðíà âûñîêàÿ ñòåïåíü ãèäðàòàöèè 95–97 %
(òàáë. 3), ïðè÷åì ìàêñèìàëüíàÿ ñòåïåíü ãèäðàòàöèè 97 % íàáëþäàåòñÿ ó
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Ðèñ. 3. Äèôðàêòîãðàììû èññëåäóåìûõ ñèñòåì (ïðîäîëæèòåëüíîñòü òâåðäåíèÿ
28 ñóò)

1 – Ö–Â–ÑÏ; 2 – Ö–Â–ÑÏ–ÈÌ; 3 – Ö–Â–ÑÏ–ÈÌ–ÌÊË; 4 – Ö–Â–ÑÏ–ÈÌ–ÒÊÏÔ–ÊÌ;
5 – Ö–Â–ÑÏ–ÈÌ–ÊÍÄ

CaCO3 (3.85, 3.03, 2.09, 1.90, 1.87, 1.60); (CaO)x · SiO2 · zH2O (4.92, 3.05, 2.93, 2.80, 2.31,
1.83); CaO · SiO2 · H2O (4.24, 3.01, 2.78, 2.50, 2.23, 1.89);

3CaO · Al2O3 · xH2O (7.65, 3.77, 2.86, 2.46, 2.10, 1.43); 2CaO · SiO2 · H2O (4.77, 3.01, 2.92,
2.37, 1.96, 1.81); Ca(OH)2 (4.93, 3.11, 2.63, 1.93, 1.79, 1.69); 3CaO · SiO2 (3.02, 2.75, 2.61,

2.18, 1.76, 1.48)

Fig. 3. Diffractograms of the studied systems (the duration of hardening is 28 days)
1 – Ts–V–SP; 2 – Ts–V–SP–IM; 3 – Ts–V–SP–IM–MKL; 4 – Ts–V–SP–IM–TKPF–KM;

5 – Ts–V–SP–IM–KND
CaCO3 (3.85, 3.03, 2.09, 1.90, 1.87, 1.60); (CaO)x · SiO2 · zH2O (4.92, 3.05, 2.93, 2.80, 2.31,

1.83); CaO · SiO2 · H2O (4.24, 3.01, 2.78, 2.50, 2.23, 1.89);
3CaO · Al2O3 · xH2O (7.65, 3.77, 2.86, 2.46, 2.10, 1.43); 2CaO · SiO2 · H2O (4.77, 3.01, 2.92,
2.37, 1.96, 1.81); Ca(OH)2 (4.93, 3.11, 2.63, 1.93, 1.79, 1.69); 3CaO · SiO2 (3.02, 2.75, 2.61,

2.18, 1.76, 1.48)
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Ò à á ë è ö à 3. Ôàçîâûé ñîñòàâ öåìåíòíûõ ñèñòåì äëÿ 3D-ïå÷àòè ïî äàííûì
ðåíòãåíîäèôðàêòîìåòðè÷åñêèõ èññëåäîâàíèé

T a b l e 3. Phase composition of cement systems for 3D printing according to X-ray
diffractometric studies

Ñèñòåìà Â/Ö Ñã, % Îñíîâíûå ôàçû

Ö–Â–ÑÏ 0,25 85
2CaO · SiO2 · H2O;

3ÑàÎ · Àl2Î3 · 3CaSO4 · 26 Í2Î
xCaO · SiO2 · zH2O; 3CaO · SiO2

Ö–Â–ÑÏ–ÈÌ 0,38 88

CaCO3; xCaO · SiO2 · zH2O;
(CaO)x · SiO2 · zH2O; 3CaO × Al2O3 × xH2O;

3CaO · SiO2

Ö–Â–ÑÏ–ÌÊË–ÈÌ 0,39 95

CaCO3;  (CaO)x · SiO2 · zH2O;
CaO · SiO2 · H2O

3CaO × Al2O3 × xH2O; 3CaO · SiO2

Ö–Â–ÑÏ–ÊÌ–ÒÊÏÔ–ÈÌ 0,40 97

CaCO3;  (CaO)x · SiO2 · zH2O;
CaO · SiO2 · H2O

3CaO · SiO2; Ca(OH)2

Ö–Â–ÑÏ–ÊÍÄ–ÈÌ 0,33 94

CaCO3;  (CaO)x · SiO2 · zH2O;
CaO · SiO2 · H2O

3CaO × Al2O3 × xH2O; 3CaO · SiO2

Ðèñ. 4. Ìèêðîôîòîãðàôèè èññëåäóåìûõ ñèñòåì (äàííûå ÑÝÌ)
à – Ö–Â–ÑÏ–ÈÌ; á – Ö–Â–ÑÏ–ÈÌ–ÌÊË; â – Ö–Â–ÑÏ–ÈÌ–ÒÊÏÔ–ÊÌ;

ã – Ö–Â–ÑÏ–ÈÌ–ÊÍÄ

Fig. 4. Micrographs of the studied systems (SEM data)
a – Ts–V–SP–IM; b – Ts–V–SP–IM–MKL; c – Ts–V–SP–IM–TKPF–KM; d –

Ts–V–SP–IM–KND



ñèñòåì ñ êîìïëåêñíûì ìîäèôèêàòîðîì âÿç-
êîñòè ÊÌ + ÒÊÏÔ è äîáàâêîé ÊÍÄ.

Òàêèì îáðàçîì, ìîæíî ïðåäïîëîæèòü,
÷òî íàïîëíèòåëü íå èãðàåò ñóùåñòâåííîé
ðîëè â ñòðóêòóðîîáðàçîâàíèè ìîäèôèöè-
ðîâàííîãî öåìåíòíîãî êàìíÿ. Îäíàêî èç-
âåñòíÿêîâàÿ ìóêà îãðàíè÷åííî ïðèíèìàåò
ó÷àñòèå â ãåòåðîãåííûõ ïðîöåññàõ ôàçî-
îáðàçîâàíèÿ, ñïîñîáñòâóÿ ïîÿâëåíèþ ôàçû
ïîðòëàíäèòà. Äîáàâêè – ìîäèôèêàòîðû âÿç-
êîñòè íåïîñðåäñòâåííûì îáðàçîì âëèÿþò
íà ñòðóêòóðîîáðàçîâàíèå èññëåäîâàííûõ
öåìåíòíûõ ñèñòåì òâåðäåíèÿ, ó÷àñòâóÿ â
ãåòåðîãåííûõ ïðîöåññàõ ôàçîîáðàçîâàíèÿ.
Ïðè ýòîì ñóùåñòâåííî ïîâûøàåòñÿ ñòåïåíü
ãèäðàòàöèè öåìåíòà. Íàèáîëüøåå âëèÿíèå
îêàçûâàþò íà êèíåòèêó ãèäðàòàöèè è ñîñòàâ
íîâîîáðàçîâàíèé äîáàâêè ìåòàêàîëèíà
è êîìïëåêñíûå íàíîðàçìåðíûå äîáàâêè íà
îñíîâå SiO2. Íàëè÷èå äàííûõ äîáàâîê óñêî-
ðÿåò îáðàçîâàíèå íèçêîîñíîâíûõ ãèäðîñè-
ëèêàòîâ êàëüöèÿ.

Ïîëó÷åííûå äàííûå õîðîøî êîððåëè-
ðóþò ñ ðåçóëüòàòàìè ñêàíèðóþùåé ýëåê-
òðîííîé ìèêðîñêîïèè (ðèñ. 4). Ñòîèò îò-
ìåòèòü, ÷òî íàèáîëåå íåîäíîðîäíàÿ ñòðóê-
òóðà íàáëþäàåòñÿ ó ýòàëîííîé ñèñòåìû
Ö–Â–ÑÏ–ÈÌ, à íàèáîëåå îäíîðîäíàÿ ñ íàè-
ìåíüøèì ðàçìåðîì íîâîîáðàçîâàíèé – ó
ñèñòåìû Ö–Â–ÑÏ–ÈÌ–ÊÍÄ.

Èññëåäîâàíèå êèíåòèêè ñõâàòûâàíèÿ è

òâåðäåíèÿ öåìåíòíûõ ñìåñåé. Äëÿ âñåõ èñ-
ñëåäîâàííûõ ñèñòåì â òàáë. 4 ïðåäñòàâëåíû
êîìïëåêñíûå ýêñïåðèìåíòàëüíûå äàííûå î
âðåìåíè íà÷àëà ñõâàòûâàíèÿ t, çíà÷åíèÿõ
ïëàñòè÷åñêîé ïðî÷íîñòè Ðïë â ìîìåíò íà÷àëà
ñõâàòûâàíèÿ, çàôèêñèðîâàííîãî ñòàíäàðò-
íûì ñïîñîáîì (íà ïðèáîðå Âèêà), çíà÷åíèÿ
ïðåäåëà ïðî÷íîñòè ïðè ñæàòèè â ðàçëè÷íûå
ñðîêè òâåðäåíèÿ.

Ïî äàííûì ñòàíäàðòíîãî ìåòîäà îïðåäå-
ëåíèÿ ñðîêîâ ñõâàòûâàíèÿ íà÷àëî ïðîöåññà è
âåëè÷èíà äîñòèãàåìîãî ê ìîìåíòó ñõâàòûâà-
íèÿ çíà÷åíèÿ Pïë äëÿ ñìåñåé ñóùåñòâåííî
îòëè÷àþòñÿ. Âðåìÿ íà÷àëà ñõâàòûâàíèÿ íà-
õîäèòñÿ â äèàïàçîíå 60–181 ìèí, çíà÷åíèÿ
ïëàñòè÷åñêîé ïðî÷íîñòè Pïë = 26–396 êÏà.
Äëÿ ñèñòåì ñ èçâåñòíÿêîâîé ìóêîé è ìîäè-
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ôèêàòîðàìè âÿçêîñòè õàðàêòåðåí çíà÷èòåëüíûé ïðèðîñò ïëàñòè÷åñêîé ïðî÷-
íîñòè âî âðåìåíè.

Íà÷àëî ïðîöåññà ñõâàòûâàíèÿ äëÿ äàííûõ ñìåñåé ñîñòàâëÿåò 60–181 ìèí
ïðè ñîîòâåòñòâóþùèõ çíà÷åíèÿõ Ðïë = 82–396 êÏà. Èçâåñòíÿêîâàÿ ìóêà íå
îêàçûâàåò ñóùåñòâåííîãî âëèÿíèÿ íà ñðîêè ñõâàòûâàíèÿ.

Äëÿ ñìåñåé äëÿ 3D-ïå÷àòè ñ äîáàâêîé êàìåäè è ïèðîôîñôàòà êàëèÿ íà÷à-
ëî ïðîöåññà ñõâàòûâàíèÿ ñîñòàâëÿåò 181 ìèí ïðè ñîîòâåòñòâóþùåì çíà÷åíèè
Ðïë = 144,42 êÏà. Ýòî ìîæåò áûòü îáóñëîâëåíî òåì, ÷òî êàìåäü ÿâëÿåòñÿ
ìîäèôèêàòîðîì âÿçêîñòè äèñïåðñèîííîé ñðåäû, òàê êàê ñïîñîáíà èçìåíÿòü
åå ïëîòíîñòü, ÷òî ïðèâîäèò ê óâåëè÷åíèþ ñòðóêòóðíîé ïðî÷íîñòè ñèñòåìû.
Îäíîâðåìåííî êàìåäü çàìåäëÿåò ïðîöåññû ñõâàòûâàíèÿ öåìåíòíîãî òåñòà,
ïîñêîëüêó ñïîñîáíà ñòðóêòóðèðîâàòü æèäêóþ ôàçó, ÷òî ñíèæàåò àêòèâíîñòü
ìîëåêóë âîäû, íåîáõîäèìûõ äëÿ ãèäðàòàöèè öåìåíòíîãî êëèíêåðà. Íåñìîòðÿ
íà òî, ÷òî ïèðîôîñôàò êàëèÿ ÿâëÿåòñÿ óñêîðèòåëåì ïðîöåññîâ ãèäðàòàöèè
öåìåíòà, äàííàÿ äîáàâêà-ýëåêòðîëèò ñïîñîáñòâóåò ïîâûøåíèþ òåêó÷åñòè
ñèñòåìû è ñîîòâåòñòâåííî ñíèæàåò åå ïëàñòè÷åñêóþ ïðî÷íîñòü. Â ðåçóëüòàòå
íà÷àëî ñõâàòûâàíèÿ ñèñòåì ñ ìîäèôèêàòîðîì ÊÌ+ÒÊÏÔ óâåëè÷èâàåòñÿ
ïî ñðàâíåíèþ ñ ýòàëîííîé ñèñòåìîé áåç ìîäèôèêàòîðîâ. Ïðè ýòîì çíà÷åíèÿ
Ðïë ïðåâûøàþò Ðïë ñîîòâåòñòâóþùèõ ýòàëîííûõ ñèñòåì â 3–6 ðàç.

Ââåäåíèå ìåòàêàîëèíà îáåñïå÷èâàåò çíà÷èòåëüíûé ïðèðîñò ïëàñòè÷å-
ñêîé ïðî÷íîñòè è íåáîëüøîå ñîêðàùåíèå ñðîêîâ ñõâàòûâàíèÿ. Òàê, âðåìÿ
íà÷àëà ñõâàòûâàíèÿ ñîñòàâëÿåò 168 ìèí ïðè Ðïë = 396 êÏà. Ýòî ñâÿçàíî
ñ òåì, ÷òî ìåòàêàîëèí îáëàäàåò ðîäñòâåííîé öåìåíòó êðèñòàëëîõèìè÷åñêîé
ñòðóêòóðîé, åãî ÷àñòèöû, ðàçìåùàÿñü ìåæäó öåìåíòíûìè çåðíàìè, äîïîëíè-
òåëüíî óïëîòíÿþò ñòðóêòóðó ñèñòåìû, ñîçäàâàÿ ïëîòíóþ ïðîñòðàíñòâåííóþ
óïàêîâêó ÷àñòèö òâåðäîé ôàçû, ÷òî ñíèæàåò îáúåì ïîð â ñèñòåìå è ñïîñîáñò-
âóåò óâåëè÷åíèþ åå ïðî÷íîñòè.

Äëÿ öåìåíòíûõ ñìåñåé, ìîäèôèöèðîâàííûõ ÊÍÄ, âðåìÿ íà÷àëà ïðî-
öåññà ñõâàòûâàíèÿ ìèíèìàëüíîå è ñîñòàâëÿåò 60 ìèí, à Pïë = 182 êÏà.
Ýôôåêò ñóùåñòâåííîãî ñîêðàùåíèÿ ñðîêîâ ñõâàòûâàíèÿ îáóñëîâëåí âõîäÿ-
ùèìè â ñîñòàâ ÊÍÄ íàíîðàçìåðíûìè ÷àñòèöàìè SiO2, êîòîðûå, îáëàäàÿ ïî-
âûøåííûìè çíà÷åíèÿìè ïîâåðõíîñòíîé ýíåðãèè è ðîäñòâåííîé êðèñòàëëî-
õèìè÷åñêîé ïðèðîäîé, ñïîñîáíû óñêîðÿòü ãåòåðîãåííûå ïðîöåññû ôàçî-
îáðàçîâàíèÿ ãèäðàòíûõ ñîåäèíåíèé, ÷òî ïðèâîäèò ê óñêîðåíèþ ïðîöåññîâ
ñõâàòûâàíèÿ, ãèäðàòàöèè è òâåðäåíèÿ ñìåñè. Â òî æå âðåìÿ ÑÏ, âõîäÿùèé
â ñîñòàâ ÊÍÄ, çà ñ÷åò ìîíî- è ïîëèìîëåêóëÿðíîé àäñîðáöèè íà ïîâåðõ-
íîñòè ãèäðàòíûõ íîâîîáðàçîâàíèé öåìåíòíîé ñèñòåìû óìåíüøàåò èõ ìåæ-
ôàçíóþ ýíåðãèþ, âñëåäñòâèå ÷åãî ïðîèñõîäèò äèñïåðãèðîâàíèå ÷àñòèö.
Ïðè ýòîì âûñâîáîæäàåòñÿ ÷àñòü èììîáèëèçîâàííîé âîäû, ÷òî îáåñïå÷è-
âàåò ïîâûøåíèå ïëàñòè÷íîñòè ñìåñè è ñîîòâåòñòâåííî ñíèæåíèå ïëàñòè÷å-
ñêîé ïðî÷íîñòè.

Òàêèì îáðàçîì, äîáàâêè-ìîäèôèêàòîðû èìåþò ñóùåñòâåííîå âëèÿíèå
íà èçìåíåíèå ñðîêîâ ñõâàòûâàíèÿ è ïëàñòè÷åñêîé ïðî÷íîñòè ñìåñåé äëÿ
3D-ïå÷àòè. Ïðè èçìåíåíèè âèäà ìîäèôèêàòîðà âÿçêîñòè âåëè÷èíà ïëàñòè-
÷åñêîé ïðî÷íîñòè ìîæåò îòëè÷àòüñÿ â 5–7 ðàç, íà÷àëî ñõâàòûâàíèÿ â 2–3
ðàçà.

Íàèáîëüøèé ñèíåðãåòè÷åñêèé ýôôåêò èçìåíåíèÿ ïëàñòè÷åñêîé ïðî÷íî-
ñòè è êèíåòèêè ñõâàòûâàíèÿ íàáëþäàåòñÿ ïðè îäíîâðåìåííîì ïðèñóòñòâèè
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â  èññëåäîâàííûõ ñèñòåìàõ èçâåñòíÿêîâîé ìóêè è ìîäèôèêàòîðîâ âÿçêîñòè
(ÌÊË èëè ÊÍÄ). Ñ îäíîé ñòîðîíû, ÷àñòèöû èçâåñòíÿêîâîé ìóêè îáëàäàþò
ðîäñòâåííûì êðèñòàëëîõèìè÷åñêèì ñòðîåíèåì ê íîâîîáðàçîâàíèÿì öåìåíò-
íîãî êëèíêåðà è ìîãóò âûñòóïàòü â êà÷åñòâå öåíòðîâ êðèñòàëëèçàöèè ãèäðàò-
íûõ ôàç, ê òîìó æå îíè ñïîñîáíû èçìåíÿòü ïðîñòðàíñòâåííóþ óïàêîâêó
÷àñòèö òâåðäîé ôàçû, ÷òî âëèÿåò íà âÿçêîïëàñòè÷åñêèå ñâîéñòâà ñèñòåìû.
Ñ äðóãîé ñòîðîíû, èñïîëüçóåìûå äîáàâêè (ìåòàêàîëèí, ÊÍÄ) ÿâëÿþòñÿ
ýôôåêòèâíûìè ìîäèôèêàòîðàìè âÿçêîñòè è äèñïåðñíîé ôàçû, è äèñïåðñèîí-
íîé ñðåäû.

Ïî ðåçóëüòàòàì èññëåäîâàíèé ïðîöåññà òâåðäåíèÿ óñòàíîâëåíî, ÷òî ñêî-
ðîñòü ðîñòà ïðî÷íîñòè íà ñæàòèå è äîñòèãàåìûå åå çíà÷åíèÿ äëÿ öåìåíòíûõ
ñìåñåé ñ ìîäèôèêàòîðàìè âÿçêîñòè âûøå, ÷åì â ñîîòâåòñòâóþùèõ ýòàëîííûõ
ñèñòåìàì (ñì. òàáë. 4, ðèñ. 5).

Ìîæíî îòìåòèòü ñëåäóþùèå îñîáåííîñòè ïðîöåññà òâåðäåíèÿ öåìåíò-
íûõ ñèñòåì. Â ïåðâûå ñóòêè òâåðäåíèÿ ïðî÷íîñòü ïðè ñæàòèè îòëè÷àåòñÿ äëÿ
ðàçíûõ ñèñòåì íàèáîëåå çíà÷èòåëüíî, è íàõîäèòñÿ â äèàïàçîíå 12–30 ÌÏà.
Ê 28 ñóò òâåðäåíèÿ äèàïàçîí îòëè÷èÿ ïðî÷íîñòè óìåíüøàåòñÿ è ñîñòàâëÿåò
50–70 ÌÏà.

Íàèáîëüøóþ ñêîðîñòü òâåðäåíèÿ è ïðî÷íîñòü èìåþò ñèñòåìû ñ äîáàâêà-
ìè ÊÍÄ (Rñæ = 30 ÌÏà â ïåðâûå ñóòêè, Rñæ = 70 ÌÏà â 28 ñóò) è ìåòàêàîëèíà
(Rñæ = 29 ÌÏà â ïåðâûå ñóòêè, Rñæ = 63 ÌÏà â 28 ñóò). Ñóùåñòâåííîå ïîâûøå-
íèå ïðî÷íîñòè êîìïîçèòîâ çàêîíîìåðíî ñâÿçàíî ñ áëèçêèì êðèñòàëëîõèìè-
÷åñêèì ñðîäñòâîì äàííûõ ìîäèôèêàòîðîâ ê ìèíåðàëàì öåìåíòíîãî êëèíêåðà
è ôèçèêî-õèìè÷åñêîé àêòèâíîñòüþ.

Ââåäåíèå ïèðîôîñôàòà êàëèÿ è êàìåäè çàìåäëÿåò íà÷àëüíûé ýòàï òâåð-
äåíèÿ. Ïðî÷íîñòü ñèñòåìû Ö–Â–ÑÏ–ÊÌ–ÒÊÏÔ–ÈÌ â ïåðâûå ñóòêè òâåðäå-
íèÿ ñîñòàâëÿåò 13 ÌÏà, ÷òî â 2,0–2,5 ðàçà íèæå, ÷åì â ýòàëîííûõ ñèñòåìàõ.
Â  èòîãå è â 28 ñóò Rñæ = 57 ÌÏà, ââåäåíèå äàííûõ äîáàâîê íå ñïîñîáñòâóåò
óâåëè÷åíèþ ïðî÷íîñòè êîìïîçèòîâ.
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Ðèñ. 5. Êèíåòèêà íàáîðà ïðî÷íîñòè èññëåäóåìûõ öåìåíòíûõ
ñèñòåì (íàïîëíèòåëü èçâåñòíÿêîâàÿ ìóêà)

Fig. 5. Kinetics of strength gain of the investigated cement
systems (filler limestone flour)



Àíàëèçèðóÿ âëèÿíèå ìîäèôèêàòîðîâ âÿçêîñòè íà ïðîöåññû ñòðóêòóðîîá-
ðàçîâàíèÿ è ñâîéñòâà öåìåíòíûõ ñìåñåé äëÿ 3D-ïå÷àòè, ìîæíî ñôîðìóëèðî-
âàòü îñíîâíûå ìåõàíèçìû èõ äåéñòâèÿ:

1) ìåòàêàîëèí îáëàäàåò ðîäñòâåííîé öåìåíòó êðèñòàëëîõèìè÷åñêîé
ñòðóêòóðîé è ìîæåò, ñ îäíîé ñòîðîíû, óâåëè÷èâàòü çàðîäûøåîáðàçîâàíèå
íîâîé êðèñòàëëè÷åñêîé ôàçû ïðè ñòðóêòóðîîáðàçîâàíèè öåìåíòíîãî êàìíÿ,
ñ  äðóãîé – ÷àñòèöû ìåòàêàîëèíà ìîãóò ðàçìåùàòüñÿ ìåæäó öåìåíòíûìè
çåðíàìè, äîïîëíèòåëüíî óïëîòíÿòü ñòðóêòóðó ñèñòåìû, ñîçäàâàÿ áîëåå ïëîò-
íóþ ïðîñòðàíñòâåííóþ óïàêîâêó ÷àñòèö òâåðäîé ôàçû, ýòî ñíèæàåò îáúåì
ïîð â ñèñòåìå è ñïîñîáñòâóåò ïîâûøåíèþ åå ïëàñòè÷åñêîé ïðî÷íîñòè;

2) ïèðîôîñôàò êàëèÿ êàê ýëåêòðîëèò óñêîðÿåò ïðîöåññû ãèäðàòàöèè
öåìåíòà è ÿâëÿåòñÿ õîðîøèì ìîäèôèêàòîðîì âÿçêîñòè äèñïåðñèîííîé
ñðåäû, ïîâûøàåò ïëîòíîñòü ñèñòåìû è åå óñòîé÷èâîñòü çà ñ÷åò âçàèìîäåéñò-
âèÿ ñ èîíàìè ñðåäû;

3) êàìåäü õèìè÷åñêè èíåðòíà ïî îòíîøåíèþ ê ìèíåðàëàì ñìåñè, íî ñó-
ùåñòâåííî âëèÿåò íà âÿçêîñòü äèñïåðñèîííîé ñðåäû, èçìåíÿÿ åå ïëîòíîñòü è
óâåëè÷èâàÿ ñòðóêòóðíóþ ïðî÷íîñòü ñèñòåìû, îíà çàìåäëÿåò ïðîöåññû ñõâà-
òûâàíèÿ è òâåðäåíèÿ â ñèëó ñòðóêòóðèðîâàíèÿ æèäêîé ôàçû, ÷òî ñíèæàåò àê-
òèâíîñòü âîäû, íåîáõîäèìîé äëÿ ãèäðàòàöèè öåìåíòíîé ñèñòåìû;

4) êîìïëåêñíàÿ íàíîðàçìåðíàÿ äîáàâêà íà îñíîâå íàíî÷àñòèö SiO2, îáëà-
äàÿ ðîäñòâåííîé êðèñòàëëîõèìè÷åñêîé ïðèðîäîé ñ ìèíåðàëàìè öåìåíòíîãî
êëèíêåðà è ïîâûøåííûìè çíà÷åíèÿìè ïîâåðõíîñòíîé ýíåðãèè, óñêîðÿåò
ãåòåðîãåííûå ïðîöåññû ôàçîîáðàçîâàíèÿ ãèäðàòíûõ ñîåäèíåíèé. Ïðè ýòîì
óñêîðÿþòñÿ ïðîöåññû ñõâàòûâàíèÿ, ãèäðàòàöèè è òâåðäåíèÿ ñìåñè.

Çàêëþ÷åíèå. Óñòàíîâëåíî, ÷òî ïðèìåíåíèå ìîäèôèêàòîðîâ âÿçêîñòè
îêàçûâàåò ñóùåñòâåííîå âëèÿíèå íà ïðîöåññû ñòðóêòóðîîáðàçîâàíèÿ, ñõâà-
òûâàíèÿ è òâåðäåíèÿ. Âûáîð ìîäèôèêàòîðà âÿçêîñòè îïðåäåëÿåòñÿ ñêîðî-
ñòüþ ïå÷àòè è òåõíè÷åñêèìè âîçìîæíîñòÿìè ïðèíòåðà. Ïî êðèòåðèþ óñêî-
ðåíèÿ ïðîöåññîâ ñòðóêòóðîîáðàçîâàíèÿ è òâåðäåíèÿ íàèáîëåå ïðèåìëåìû
öåìåíòíûå ñèñòåìû íà èçâåñòíÿêîâîé ìóêå, ìîäèôèöèðîâàííûå êîìïëåêñ-
íîé íàíîðàçìåðíîé äîáàâêîé íà îñíîâå äèîêñèäà êðåìíèÿ è ìåòàêàîëèíà.
Íîâîîáðàçîâàíèÿ â ñòðóêòóðå äàííûõ ñèñòåì ôîðìèðóþòñÿ ïðåèìóùåñòâåí-
íî èç íèçêîîñíîâíûõ ãèäðîñèëèêàòîâ, ïðè ýòîì äîáàâêà äèîêñèäà êðåìíèÿ
ñïîñîáñòâóåò ôîðìèðîâàíèþ áîëåå ìåëêîçåðíèñòîé, îäíîðîäíîé ñòðóêòóðû
ñ äîìèíèðóþùåé òîáåðìîðèòîâîé ôàçîé, à ìåòàêàîëèí – îáðàçîâàíèþ äîïîë-
íèòåëüíî ôàçû ýòòðèíãèòà. Îáå ìîäèôèöèðîâàííûå ñèñòåìû èìåþò îïòè-
ìàëüíîå âðåìÿ íà÷àëà ñõâàòûâàíèÿ, ýôôåêòèâíóþ ñêîðîñòü íàáîðà ïðî÷íî-
ñòè. Â ðåçóëüòàòå äëÿ ñèñòåìû ñ äèîêñèäîì êðåìíèÿ íàáëþäàåòñÿ ìàêñèìàëü-
íûé íàáîð ïðî÷íîñòè ìîäèôèöèðîâàííîãî öåìåíòíîãî êàìíÿ â âîçðàñòå
28 ñóò.

Ñïèñîê èñòî÷íèêîâ

1. Zhang J., Wang J., Dong S. et al. A review of the current progress and application of 3D
printed concrete // Composites Part A: Applied Science and Manufacturing. 2019.
Vol. 125. P. 105533.

2. Ñëàâ÷åâà Ã.Ñ. Ñòðîèòåëüíàÿ 3D-ïå÷àòü ñåãîäíÿ: Ïîòåíöèàë, ïðîáëåìû è ïåðñïåê-
òèâû ïðàêòè÷åñêîé ðåàëèçàöèè // Ñòðîèòåëüíûå ìàòåðèàëû. 2021. ¹ 5. Ñ. 28–36.

Building materials and products

42



3. Souza M.T., Ferreira I.M., Guzi de Moraes E. et al. 3D printed concrete for large-scale
buildings: An overview of rheology, printing parameters, chemical admixtures,
reinforcements, and economic and environmental prospects // Journal of Building
Engineering. 2020. Vol. 32. P. 101833.

4. Êîðîëåâ Å.Â., Çûîíã Ò.Ê., Èíîçåìöåâ À.Ñ. Êîìïëåêñíîå ìîäèôèöèðîâàíèå ëåãêèõ
áåòîíîâ íà ïîëûõ ìèêðîñôåðàõ äëÿ òåõíîëîãèè 3D-ïå÷àòè // Áåòîí è æåëåçîáå-
òîí. 2021. ¹ 3. Ñ. 25–29.

5. Glagolev E.S., Lesovik V.S., Zagorodnyuk L.H. et al. Composite binders and dry
building mixes for 3D additive technologies // Lecture Notes in Civil Engineering.
2021. Vol. 147. P. 229–235.

6. Mukhametrakhimov R.Kh., Lukmanova L.V. Structure and properties of mortar printed
on a 3D printer // Magazine of Civil Engineering. 2021. No. 2. P. 10206.

7. Poluektova V.A., Shapovalov N.A. Concrete chemicalization for digital printing: control
of rheology and structure formation // Lecture Notes in Civil Engineering. 2021.
Vol. 95. P. 59–65.

8. Øîøèí Å.À., Ñòðîêîâà Â.Â. Ñâîéñòâà ñèëèêàòîâ êàëüöèÿ â ïðèëîæåíèè ê òåõíî-
ëîãèè 3D-ïå÷àòè öåìåíòíûõ áåòîíîâ // Òåçèñû äîêëàäîâ VI Âñåðîññèéñêîé íàó÷-
íî-ïðàêòè÷åñêîé êîíôåðåíöèè ñ ó÷àñòèåì ìîëîäûõ ó÷åíûõ «Èííîâàöèîííûå
ìàòåðèàëû è òåõíîëîãèè â äèçàéíå». ÑÏá., 2020. Ñ. 66–67.

9. Áðèòâèíà Å.À., Ñëàâ÷åâà Ã.Ñ. Ïîêàçàòåëè òåõíîëîãè÷íîñòè öåìåíòíûõ ñìåñåé
äëÿ ñòðîèòåëüíîé 3D-ïå÷àòè: Ìîäåëèðîâàíèå è ýêñïåðèìåíòàëüíûå èññëåäîâà-
íèÿ // Âåñòíèê Èíæåíåðíîé øêîëû Äàëüíåâîñòî÷íîãî ôåäåðàëüíîãî óíèâåðñèòå-
òà. 2021. ¹ 4. Ñ. 56–65.

10. ×åðíûøåâà Í.Â., Øàòàëîâà Ñ.Â., Ìàñàëèòèíà Ñ.Â. Êîìïîçèöèîííûå ãèïñîâûå
âÿæóùèå äëÿ ïîðèçîâàííûõ êîìïîçèòîâ â òåõíîëîãèè ñòðîèòåëüíîé ïå÷àòè //
Óíèâåðñèòåòñêàÿ íàóêà. 2021. ¹ 1. Ñ. 91–94.

11. Le T.T., Austin S.A., Lim S. et al. Hardened properties of high-performance printing
concrete // Cement and Concrete Research. 2012. Vol. 42. P. 558–566.

12. Lootens D., Joussett O., Matinie L. et al. Yield stress during setting of cement pastes
from penetration test // Journal of Cement and Concrete Research. 2009. Vol. 39.
P. 401–408.

13. Russel N., Lanos C. Plastic fluid flow parameters identification using a simple
squeezing test // Applied Rheology. 2003. Vol. 13, no. 3. P. 3–5.

14. Russel N. Steady and transient flow behaviour of fresh cement pastes // Cement and
Concrete Research. 2005. Vol. 35, no. 9. P. 1656–1664.

15. Toutou Z., Russel N., Lanos C. The squeezing test: A tool to identify firm cementbased
material’s rheological behaviour and evaluate their extrusion ability // Cement and
Concrete Research. 2005. Vol. 35, no. 10. P. 1891–1899.

16. Perrot A., Rangeard D., Pierre A. Structural built-up of cement-based materials used
for 3D-printing extrusion techniques // Materials and Structures. 2016. No. 49.
P. 1213–1220.

17. Zhao Z., Chen M., Zhong X. et al. Effects of bentonite, diatomite and metakaolin on
the  rheologi-cal behavior of 3D printed magnesium potassium phosphate cement
composites // Additive Manufacturing. 2021. Vol. 46. P. 102184.

18. Shakor P., Sanjayan J., Nazari A. et al. Modified 3D printed powder to cement-based
material and mechanical properties of cement scaffold used in 3D printing //
Construction and Building Materials. 2017. Vol. 138. P. 398–409.

19. Àðòàìîíîâà Î.Â. Ñèíòåç íàíîìîäèôèöèðóþùèõ äîáàâîê äëÿ òåõíîëîãèè ñòðîè-
òåëüíûõ êîìïîçèòîâ: Ìîíîãð. Âîðîíåæ: ÂÃÀÑÓ, 2016. 100 ñ.

20. Artamonova O.V., Slavcheva G.S., Chernyshov E.M. Effectiveness of combined
nanoadditives for cement systems // Inorganic Materials. 2017. Vol. 53, no. 10.
P. 1080–1085.

Ñòðîèòåëüíûå ìàòåðèàëû è èçäåëèÿ

43



21. Ñëàâ÷åâà Ã.Ñ., Øâåäîâà Ì.À., Áàáåíêî Ä.Ñ. Àíàëèç è êðèòåðèàëüíàÿ îöåíêà ðåî-
ëîãè÷åñêîãî ïîâåäåíèÿ ñìåñåé äëÿ ñòðîèòåëüíîé 3D-ïå÷àòè // Ñòðîèòåëüíûå
ìàòåðèàëû. 2018. ¹ 12. Ñ. 34–40.

22. Bullard J.W., Jennings H.M., Livingston R.A. Mechanisms of cement hydration //
Cement and Concrete Research. 2011. Vol. 41. P. 1208–1223.

References

1. Zhang J., Wang J., Dong S. et al. A review of the current progress and application of
3D  printed concrete. Composites Part A: Applied Science and Manufacturing. 2019;
(125): 105533.

2. Slavcheva G.S. Construction 3D printing today: potential, problems and prospects
of  practical implementation. Stroitel’nye materialy = Construction materials. 2021;
(5): 28–36. (In Russ.).

3. Souza M.T., Ferreira I.M., Guzi de Moraes E. et al. 3D printed concrete for large-scale
buildings: An overview of rheology, printing parameters, chemical admixtures,
reinforcements, and economic and environmental prospects. Journal of Building

Engineering. 2020; (32): 101833.
4. Korolev E.V., Zyong T.K., Inozemtsev A.S. Complex modification of light concrete

on hollow microspheres for 3D printing technology. Beton i zhelezobeton = Concrete

and reinforced concrete. 2021; (3): 25–29. (In Russ.).
5. Glagolev E.S., Lesovik V.S., Zagorodnyuk L.H. et al. Composite binders and dry

building mixes for 3D additive technologies. Lecture Notes in Civil Engineering.
2021; (147): 229–235.

6. Mukhametrakhimov R.Kh., Lukmanova L.V. Structure and properties of mortar printed
on a 3D printer. Magazine of Civil Engineering. 2021; (2): 10206.

7. Poluektova V.A., Shapovalov N.A. Concrete chemicalization for digital printing: control
of rheology and structure formation. Lecture Notes in Civil Engineering. 2021; (95):
59–65.

8. Shoshin E.A., Strokova V.V. Properties of calcium silicates in the application to 3D
printing technology of cement concretes. Abstracts of the VI All-Russian scientific
and practical conference with the participation of young scientists «Innovative
materials and technologies in design». St. Petersburg, 2020. P. 66–67. (In Russ.).

9. Britvina E.A., Slavcheva G.S. Indicators of manufacturability of cement mixtures
for  construction 3D printing: modeling and experimental studies. Vestnik Inzhenernoy

shkoly Dal’nevostochnogo federal’nogo universiteta = Bulletin of the Engineering

School of the Far Eastern Federal University. 2021; (4): 56–65. (In Russ.).
10. Chernysheva N.V., Shatalova S.V., Masalitina S.V. Composite gypsum binders

for  porous composites in construction printing technology. Universitetskaya nauka =

University science. 2021; (1): 91–94. (In Russ.).
11. Le T.T., Austin S.A., Lim S. et al. Hardened properties of high-performance printing

concrete. Cement and Concrete Research. 2012; (42): 558–566.
12. Lootens D., Joussett O., Matinie L. et al. Yield stress during setting of cement pastes

from penetration test. Journal of Cement and Concrete Research. 2009; (39): 401–408.
13. Russel N., Lanos C. Plastic fluid flow parameters identification using a simple

squeezing test. Applied Rheology. 2003; 13(3): 3–5.
14. Russel N. Steady and transient flow behaviour of fresh cement pastes. Cement

and  Concrete Research. 2005; 35(9): 1656–1664.
15. Toutou Z., Russel N., Lanos C. The squeezing test: A tool to identify firm cementbased

material’s rheological behaviour and evaluate their extrusion ability. Cement and

Concrete Research. 2005; 35(10): 1891–1899.

Building materials and products

44



16. Perrot A., Rangeard D., Pierre A. Structural built-up of cement-based materials used
for 3D-printing extrusion techniques. Materials and Structures. 2016; (49):
1213–1220.

17. Zhao Z., Chen M., Zhong X. et al. Effects of bentonite, diatomite and metakaolin on
the  rheologi-cal behavior of 3D printed magnesium potassium phosphate cement
composites. Additive Manufacturing. 2021; (46): 102184.

18. Shakor P., Sanjayan J., Nazari A. et al. Modified 3D printed powder to cement-based
material and mechanical properties of cement scaffold used in 3D printing.
Construction and Building Materials. 2017; (138): 398–409.

19. Artamonova O.V. Synthesis of nanomodifying additives for the technology of building
composites: Monograph. Voronezh, 2016. 100 p. (In Russ.).

20. Artamonova O.V., Slavcheva G.S., Chernyshov E.M. Effectiveness of combined
nanoadditives for cement systems. Inorganic Materials. 2017; 53(10): 1080–1085.

21. Slavcheva G.S., Shvedova M.A., Babenko D.S. Analysis and criteria evaluation of
rheological behavior of mixtures for 3D construction printing. Stroitel’nye materialy =

Building materials. 2018; (12): 34–40. (In Russ.).
22. Bullard J.W., Jennings H.M., Livingston R.A. Mechanisms of cement hydration. Cement

and Concrete Research. 2011; (41): 1208–1223.

Èíôîðìàöèÿ îá àâòîðàõ
Ã.Ñ. Ñëàâ÷åâà – äîêòîð òåõíè÷åñêèõ íàóê, ïðîôåññîð
Î.Â. Àðòàìîíîâà – äîêòîð òåõíè÷åñêèõ íàóê, ïðîôåññîð
Ì.À. Øâåäîâà – àññèñòåíò
Ä.Ñ. Áàáåíêî – èíæåíåð

Information about the authors
G.S. Slavcheva – DSc, Professor
O.V. Artamonova – DSc, Professor
M.A. Shvedova – Assistant
D.S. Babenko – Engineer

Âêëàä àâòîðîâ: âñå àâòîðû ñäåëàëè ýêâèâàëåíòíûé âêëàä â ïîäãîòîâêó ïóáëèêàöèè.
Àâòîðû çàÿâëÿþò îá îòñóòñòâèè êîíôëèêòà èíòåðåñîâ.
Contribution of the authors: the authors contributed equally to this article. The authors
declare no conflicts of interests.

Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 04.05.2022 The article was submitted 04.05.2022
Îäîáðåíà ïîñëå ðåöåíçèðîâàíèÿ 02.06.2022 Approved after reviewing 02.06.2022
Ïðèíÿòà ê ïóáëèêàöèè 09.06.2022 Accepted for publication 09.06.2022

Ñòðîèòåëüíûå ìàòåðèàëû è èçäåëèÿ

45


