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íåîïóáëèêîâàííûå è íå íàõîäÿùèåñÿ íà ðàññìîòðåíèè äëÿ îïóáëèêîâàíèÿ â èíûõ èçäàíèÿõ íàó÷íûå
îáçîðû è îðèãèíàëüíûå ñòàòüè, ñîäåðæàùèå è õàðàêòåðèçóþùèå ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ è 

òåîðåòè÷åñêèõ èññëåäîâàíèé â îáëàñòè ôèçèêè, õèìèè, áèîëîãèè, òåõíèêè, ìåòîäîâ ñèíòåçà, îáðàáîò-
êè è äèàãíîñòèêè íàíîðàçìåðíûõ ñèñòåì è íàíîìàñøòàáíûõ ìàòåðèàëîâ: êëàñòåðîâ, íàíî÷àñòèö, 
íàíîòðóáîê, íàíîêðèñòàëëîâ è íàíîñòðóêòóð (àïàòèòîïîäîáíûõ è äð. áèîñèñòåì, àìîðôíûõ è êîëëî-
èäíûõ íàíîðàçìåðíûõ ñèñòåì, íàíîñòðóêòóðíûõ ïë¸íîê è ïîêðûòèé, íàíîïîðîøêîâ è ò.ä.).  
 Ñáîðíèê ÍÍÍ íå ïóáëèêóåò: ñòàòüè ïîëåìè÷åñêèå, êëàññèôèêàöèîííûå è óçêîñïåöèàëüíûå, 
ñîäåðæàùèå ðåøåíèÿ ñòàíäàðòíûõ çàäà÷; ñòàòüè îïèñàòåëüíûå è ìåòîäè÷åñêèå (åñëè ìåòîä íå ÿâëÿ-
åòñÿ ïðèíöèïèàëüíî íîâûì); ñòàòüè, â êîòîðûõ èçëàãàþòñÿ îòäåëüíûå ýòàïû èññëåäîâàíèÿ èëè ìà-
òåðèàë, ðàçäåë¸ííûé íà íåñêîëüêî ïîñëåäîâàòåëüíûõ ïóáëèêàöèé; ñòàòüè î ðÿäîâûõ èññëåäîâàíèÿõ, 
íå ïðåäñòàâëÿþùèõ îáùåãî èíòåðåñà è íå ñîäåðæàùèõ çíà÷èìûõ âûâîäîâ.  
 Ñòàòüè ïóáëèêóþòñÿ íà îäíîì èç äâóõ ÿçûêîâ: àíãëèéñêîì èëè óêðàèíñêîì.  
 Ñòàòüè, â îôîðìëåíèè êîòîðûõ íå ñîáëþäåíû ñëåäóþùèå ïðàâèëà äëÿ ïóáëèêàöèè â ÍÍÍ, âîç-
âðàùàþòñÿ àâòîðàì áåç ðàññìîòðåíèÿ ïî ñóùåñòâó. (Äàòîé ïîñòóïëåíèÿ ñ÷èòàåòñÿ äåíü ïîâòîðíîãî 

ïðåäñòàâëåíèÿ ñòàòüè ïîñëå ñîáëþäåíèÿ óêàçàííûõ íèæå ïðàâèë.)  
1. Ñòàòüÿ äîëæíà áûòü ïîäïèñàíà âñåìè àâòîðàìè (ñ óêàçàíèåì èõ àäðåñîâ ýëåêòðîííîé ïî÷òû); 

ñëåäóåò óêàçàòü ôàìèëèþ, èìÿ è îò÷åñòâî àâòîðà, ñ êîòîðûì ðåäàêöèÿ áóäåò âåñòè ïåðåïèñêó, åãî 

ïî÷òîâûé àäðåñ, íîìåð òåëåôîíà (ôàêñà), àäðåñ ýëåêòðîííîé ïî÷òû.  
2. Èçëîæåíèå äîëæíî áûòü ÿñíûì, ñòðóêòóðèðîâàííûì (ðàçäåëàìè «1. Âñòóï», «2. Åêñïå-

ðèìåíòàëüíà/Òåîðåòè÷íà ìåòîäèêà», «3. Ðåçóëüòàòè òà ¿õ îáãîâîðåííÿ», «4. Âèñíîâêè», «Öèòîâà-
íà ë³òåðàòóðà»), ñæàòûì, áåç äëèííûõ ââåäåíèé, îòñòóïëåíèé è ïîâòîðîâ, äóáëèðîâàíèÿ â òåêñòå 

äàííûõ òàáëèö, ðèñóíêîâ è ïîäïèñåé ê íèì. Àííîòàöèÿ è ðàçäåë «Âèñíîâêè» äîëæíû íå äóáëèðî-
âàòü äðóã äðóãà. ×èñëîâûå äàííûå ñëåäóåò ïðèâîäèòü â îáùåïðèíÿòûõ åäèíèöàõ.  

3. Îáú¸ì ñòàòüè äîëæåí áûòü íå áîëåå 5000 ñëîâ (ñ ó÷¸òîì îñíîâíîãî òåêñòà, òàáëèö, ïîäïèñåé ê 

ðèñóíêàì, ñïèñêà ëèòåðàòóðû) è 10 ðèñóíêîâ. Âîïðîñû, ñâÿçàííûå ñ ïóáëèêàöèåé íàó÷íûõ îáçîðîâ 

(íå áîëåå 22000 ñëîâ è 60 ðèñóíêîâ), ðåøàþòñÿ ðåäêîëëåãèåé ÍÍÍ íà îñíîâàíèè ïðåäâàðèòåëüíî 

ïðåäîñòàâëåííîé àâòîðàìè ðàñøèðåííîé àííîòàöèè ðàáîòû.  
4. Â ðåäàêöèþ îáÿçàòåëüíî ïðåäîñòàâëÿåòñÿ ïî e-mail (èëè íà êîìïàêò-äèñêå) ôàéë ðóêîïèñè 

ñòàòüè (ñ èëëþñòðàòèâíûì ìàòåðèàëîì), íàáðàííûé â òåêñòîâîì ðåäàêòîðå Microsoft Word 2003, 
2007 èëè 2010 ñ íàçâàíèåì, ñîñòîÿùèì èç ôàìèëèè ïåðâîãî àâòîðà (ëàòèíèöåé), íàïðèìåð, 
Smirnov.doc.  

5. Ýëåêòðîííàÿ âåðñèÿ ðóêîïèñè äîëæíà ñîäåðæàòü àííîòàöèþ (200–250 ñëîâ) ñòàòüè (âìåñòå ñ 

5–6 êëþ÷åâûìè ñëîâàìè) è 5–7 èíäåêñîâ PACS (â ïîñëåäíåé ðåäàêöèè ‘Physics and Astronomy 

Classification Scheme 2010’—http://publishing.aip.org/publishing/pacs/pacs-2010-regular-edition; 
ñì. PACS numbers (imp.kiev.ua)). Òåêñòû óêðàèíîÿçû÷íûõ ñòàòåé äîëæíû òàêæå ñîäåðæàòü çàãëà-
âèå ñòàòüè (âìåñòå ñî ñïèñêîì àâòîðîâ è àäðåñàìè ñîîòâåòñòâóþùèõ ó÷ðåæäåíèé), ðàñøèðåííóþ 

àííîòàöèþ (300–350 ñëîâ), êëþ÷åâûå ñëîâà, çàãîëîâêè òàáëèö è ïîäïèñè ê ðèñóíêàì íà àíãëèé-
ñêîì ÿçûêå. Êðîìå òîãî, ñîäåðæàíèÿ àííîòàöèé íà óêðàèíñêîì è àíãëèéñêîì ÿçûêàõ äîëæíû áûòü 

èäåíòè÷íûìè ïî ñìûñëó.  
7. Ðèñóíêè (öâåòíûå, ÷åðíî-áåëûå èëè ïîëóòîíîâûå ñ ãðàäàöèåé ñåðîãî) äîëæíû áûòü ïðåä-

ñòàâëåíû â âèäå îòäåëüíûõ ôàéëîâ (ïðåäïî÷òèòåëüíî â ãðàôè÷åñêèõ ôîðìàòàõ TIFF, EPS èëè 

JPEG) ñ íàçâàíèÿìè, ñîñòîÿùèìè èç ôàìèëèè ïåðâîãî àâòîðà (ëàòèíèöåé) è íîìåðà ðèñóíêà, 
íàïðèìåð, Smirnov_fig2a.tiff. Êà÷åñòâî èëëþñòðàöèé (â òîì ÷èñëå ïîëóòîíîâûõ) äîëæíî îáåñïå÷è-
âàòü èõ âîñïðîèçâåäåíèå ñ ðàçðåøåíèåì 300–600 òî÷åê íà äþéì. Äîïîëíèòåëüíî ðèñóíêè ïðåäî-
ñòàâëÿþòñÿ â ôîðìàòå ïðîãðàììû, â êîòîðîé îíè ñîçäàâàëèñü.  

8. Íàäïèñè íà ðèñóíêàõ (îñîáåííî ïîëóòîíîâûõ) íàäî ïî âîçìîæíîñòè çàìåíèòü áóêâåííûìè 

îáîçíà÷åíèÿìè (íàáðàííûìè íà êîíòðàñòíîì ôîíå), à êðèâûå îáîçíà÷èòü öèôðàìè èëè ðàçëè÷íîãî 

òèïà ëèíèÿìè/ìàðêåðàìè, ðàçúÿñíÿåìûìè â ïîäïèñÿõ ê ðèñóíêàì èëè â òåêñòå. Íà ãðàôèêàõ âñå 

ëèíèè/ìàðê¸ðû äîëæíû áûòü ÷¸ðíîãî öâåòà è äîñòàòî÷íûõ òîëùèí/ðàçìåðîâ äëÿ êà÷åñòâåííîãî 

âîñïðîèçâåäåíèÿ â óìåíüøåííîì â 2–3 ðàçà âèäå (ðåêîìåíäóåìàÿ øèðèíà ðèñóíêà — 12,7 ñì). 
Ñíèìêè äîëæíû áûòü ÷¸òêèìè è êîíòðàñòíûìè, à íàäïèñè è îáîçíà÷åíèÿ äîëæíû íå çàêðûâàòü 

ñóùåñòâåííûå äåòàëè (äëÿ ÷åãî ìîæíî èñïîëüçîâàòü ñòðåëêè). Âìåñòî óêàçàíèÿ â ïîäòåêñòîâêå 

óâåëè÷åíèÿ ïðè ñú¸ìêå æåëàòåëüíî ïðîñòàâèòü ìàñøòàá (íà êîíòðàñòíîì ôîíå) íà îäíîì èç èäåí-
òè÷íûõ ñíèìêîâ. Íà ãðàôèêàõ ïîäïèñè ê îñÿì, âûïîëíåííûå íà ÿçûêå ñòàòüè, äîëæíû ñîäåðæàòü 

îáîçíà÷åíèÿ (èëè íàèìåíîâàíèÿ) îòêëàäûâàåìûõ âåëè÷èí è ÷åðåç çàïÿòóþ èõ åäèíèöû èçìåðåíèÿ.  
9. Ôîðìóëû â òåêñò íåîáõîäèìî âñòàâëÿòü ñ ïîìîùüþ ðåäàêòîðà ôîðìóë MathType, ïîëíîñòüþ 

ñîâìåñòèìîãî ñ MS Office 2003, 2007, 2010.  
10. Ðèñóíêè, à òàêæå òàáëèöû è ïîäñòðî÷íûå ïðèìå÷àíèÿ (ñíîñêè) äîëæíû èìåòü ñïëîøíóþ 

íóìåðàöèþ ïî âñåé ñòàòüå.  
11. Ññûëêè íà ëèòåðàòóðíûå èñòî÷íèêè ñëåäóåò äàâàòü â âèäå ïîðÿäêîâîãî íîìåðà, íàïå÷àòàí-

íîãî â ñòðîêó â êâàäðàòíûõ ñêîáêàõ. Ñïèñîê ëèòåðàòóðû ñîñòàâëÿåòñÿ â ïîðÿäêå ïåðâîãî óïîìèíà-
íèÿ èñòî÷íèêà. Ïðèìåðû îôîðìëåíèÿ ññûëîê ïðèâåäåíû íèæå; ïðîñèì îáðàòèòü âíèìàíèå íà ïî-
ðÿäîê ñëåäîâàíèÿ èíèöèàëîâ è ôàìèëèé àâòîðîâ, áèáëèîãðàôè÷åñêèõ ñâåäåíèé è íà ðàçäåëèòåëü-
íûå çíàêè, à òàêæå íà íåîáõîäèìîñòü óêàçàíèÿ âñåõ ñîàâòîðîâ öèòèðîâàííîé ðàáîòû è (â êîíöå 
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êàæäîé ññûëêè) å¸ öèôðîâîãî èäåíòèôèêàòîðà DOI, åñëè òàêîâîé èìååòñÿ ó ñîîòâåòñòâóþùåé ïóá-
ëèêàöèè (è óêàçàí íà å¸ èíòåðíåò-ñòðàíèöå èçäàòåëüñòâà):  
1. T. M. Radchenko and V. A. Tatarenko, Usp. Fiz. Met., 9, No. 1: 1 (2008) (in Ukrainian); 

https://doi.org/10.15407/ufm.09.01.001  
2. T. M. Radchenko, A. A. Shylau, and I. V. Zozoulenko, Phys. Rev. B, 86: 035418 (2012); 

https://doi.org/10.1103/PhysRevB.86.035418  
3. A. Meisel, G. Leonhardt, und R. Szargan, Röntgenspektren und Chemische Bindung [X-Ray Spectra and 

Chemical Bond] (Leipzig: Akademische Verlagsgesellschaft Geest & Portig K.-G.: 1977) (in German).  
4. J. M. Ziman, Printsipy Teorii Tvyordogo Tela [Principles of the Theory of Solids] (Moskva: Mir: 1974) 

(Russian translation).  
5. M. A. Stucke, D. M. Dimiduk, and D. M. Hazzledine, High Temperature Ordered Intermetallic Alloys. 

V (Eds. I. Baker and R. Darolia) (Pittsburgh, PA, USA: MRS: 1993), p. 471.  
6. Handbook of Mathematical Functions with Formulas, Graphs and Mathematical Tables (Eds. 

M. Abramowitz and I. A. Stegun), Nat’l Bureau of Standards. Appl. Math. Ser. Vol. 55 (Washington, 
D.C.: U.S. Govt. Printing Office: 1964).  

7. B. B. Karpovych and O. B. Borovkoff, Proc. of Symp. ‘Micromaterials Engineering’ (Dec. 25–31, 
1999) (Kyiv: RVV IMF: 2000), vol. 2, p. 113 (in Ukrainian).  

8. T. M. Radchenko, Vplyv Uporiadkuvannya Defektnoyi Struktury íà Transportni Vlastyvosti 
Zmishanykh Krystaliv [Influence of Ordering of the Defect Structure on Transport Properties of the 

Mixed Crystals] (Thesis of Disser. for Dr. Phys.-Math. Sci.) (Kyiv: G. V. Kurdyumov Institute for 

Metal Physics, N.A.S.U.: 2015) (in Ukrainian).  
9. E. M. Gololobov, V. B. Shipilo, N. I. Sedrenok, and A. I. Dudyak, Sposob Polucheniya Karbonitridov 

Metallov [Production Method of Metal Carbonitrides], Authors’ Certificate 722341 SSSR (Published 

November 21, 1979) (in Russian).  
10. V. G. Trubachev, K. V. Chuistov, V. N. Gorshkov, and A. E. Perekos, Sposob Polucheniya Metallich-

eskikh Poroshkov [The Technology of Metallic Powder Production]: Patent 1639892 SU. MKI, Â22 

F9/02, 9/14 (Otkrytiya i Izobreteniya, 34, No. 13: 11) (1991) (in Russian).  
11. Yu. M. Koval’ and V. V. Nemoshkalenko, O Prirode Martensitnykh Prevrashchenij [On the Nature 

of Martensitic Transformations] (Kyiv: 1998) (Prepr./N.A.S. of Ukraine. Inst. for Metal Physics. 
No. 1, 1998) (in Russian).  

Ñëåäóåò ïðèìåíÿòü îáùåïðèíÿòûå ñîêðàùåíèÿ íàçâàíèé æóðíàëîâ è ñáîðíèêîâ òðóäîâ:  
http://www.cas.org/content/references/corejournals; http://rmp.aps.org/files/rmpguapb.pdf; 
http://images.webofknowledge.com/WOK46P9/help/WOS/A_abrvjt.html; 
http://www.ams.org/msnhtml/serials.pdf. 

Îáÿçàòåëüíûì òðåáîâàíèåì ÿâëÿåòñÿ ïðåäîñòàâëåíèå äîïîëíèòåëüíîãî ñïèñêà öèòèðîâàííîé ëèòåðà-
òóðû (References) â ëàòèíñêîé òðàíñëèòåðàöèè (ñèñòåìà BGN/PCGN; ðåêîìåíäóåìûå òðàíñëèòåðàòî-
ðû: http://www.slovnyk.ua/services/translit.php; http://ru.translit.net/?account=bgn). Ïîñëå òðàíñëè-
òåðèðîâàííûõ íàçâàíèé êíèã, äèññåðòàöèé, ïàòåíòîâ è ïð. íàäî ïðèâîäèòü â êâàäðàòíûõ ñêîáêàõ èõ 

àíãëîÿçû÷íûé ïåðåâîä. Ïðè òðàíñëèòåðàöèè ñòàòåé èç ÍÍÍ íàäî èñïîëüçîâàòü íàïèñàíèå Ô.È.Î. àâ-
òîðîâ, ïðèâåä¸ííîå òîëüêî â àíãëîÿçû÷íîì îãëàâëåíèè ñîîòâåòñòâóþùåãî âûïóñêà, è îôèöèàëüíîå 

òðàíñëèòåðèðîâàííîå íàçâàíèå ñáîðíèêà (ñì. òàêæå ñàéò).  
 12. Êîððåêòóðà àâòîðàì ìîæåò áûòü âûñëàíà ýëåêòðîííîé ïî÷òîé â âèäå pdf-ôàéëà. Íà ïðîâåðêó 

êîððåêòóðû àâòîðàì îòâîäÿòñÿ 5 ðàáî÷èõ äíåé, íà÷èíàÿ ñî äíÿ, ñëåäóþùåãî çà äàòîé îòïðàâêè 

êîððåêòóðû. Ïî èñòå÷åíèè óêàçàííîãî ñðîêà ñòàòüÿ àâòîìàòè÷åñêè íàïðàâëÿåòñÿ â ïå÷àòü. Èñïðàâ-
ëåíèÿ ñëåäóåò îòìåòèòü è ïðîêîììåíòèðîâàòü â ñàìîì pdf-ôàéëå ëèáî îôîðìèòü â âèäå ïåðå÷íÿ 

èñïðàâëåíèé è ïåðåñëàòü (îò èìåíè óïîëíîìî÷åííîãî ïðåäñòàâèòåëÿ êîëëåêòèâà àâòîðîâ) ïî ýëåê-
òðîííîé ïî÷òå â àäðåñ ðåäàêöèè.  
 Ðóêîïèñè ìîæíî íàïðàâëÿòü íåïîñðåäñòâåííî â ðåäàêöèþ ÍÍÍ ïî ïî÷òîâîìó àäðåñó: áóëüâàð 

Àêàä. Âåðíàäñêîãî, 36, êàá. 210; 03142 Êèåâ, Óêðàèíà ëèáî ÷ëåíó ðåäàêöèîííîé êîëëåãèè (ñîñòàâ 

ðåäêîëëåãèè óêàçàí íà 2-é ñòðàíèöå îáëîæêè). Ýëåêòðîííûé âàðèàíò ñòàòüè íàïðàâëÿåòñÿ ïî e-
mail: tatar@imp.kiev.ua (ñ òåìîé, íà÷èíàþùåéñÿ ñëîâîì ‘nano’).  
 Â ñîîòâåòñòâèè ñ äîãîâîð¸ííîñòüþ ìåæäó ðåäàêöèåé ÍÍÍ è ó÷ðåäèòåëÿìè ñáîðíèêà, ðåäàêöèÿ 

ñ÷èòàåò, ÷òî àâòîðû, ïîñûëàÿ åé ðóêîïèñü ñòàòüè, ïåðåäàþò ó÷ðåäèòåëÿì è ðåäêîëëåãèè ïðàâî 

îïóáëèêîâàòü ýòó ðóêîïèñü íà àíãëèéñêîì (óêðàèíñêîì) ÿçûêå, è ïðîñèò àâòîðîâ ñðàçó ïðèêëàäû-
âàòü ê ðóêîïèñè ïîäïèñàííîå àâòîðàìè «Ñîãëàøåíèå î ïåðåäà÷å àâòîðñêîãî ïðàâà»:  

Óãîäà ïðî ïåðåäà÷ó àâòîðñüêîãî ïðàâà  
Ìè, ùî íèæ÷å ï³äïèñàëèñÿ, àâòîðè ðóêîïèñó «                 », 
ïåðåäàºìî çàñíîâíèêàì ³ ðåäêîëå´³¿ çá³ðíèêà íàóêîâèõ ïðàöü «Íàíîñèñòåìè, íàíîìàòåð³àëè, 
íàíîòåõíîëîã³¿» ïðàâî îïóáë³êóâàòè öåé ðóêîïèñ àíãë³éñüêîþ (÷è òî óêðà¿íñüêîþ) ìîâîþ. Ìè ï³ä-
òâåðäæóºìî, ùî öÿ ïóáë³êàö³ÿ íå ïîðóøóº àâòîðñüêîãî ïðàâà ³íøèõ îñ³á, óñòàíîâ àáî îðãàí³çàö³é. 
Ï³äïèñè àâòîð³â:   (ÏÐ²ÇÂÈÙÅ ²ì’ÿ, äàòà, àäðåñà, ¹ òåëåôîíó, e-mail)  

 Ïðè ýòîì çà àâòîðàìè ñîõðàíÿþòñÿ âñå îñòàëüíûå ïðàâà êàê ñîáñòâåííèêîâ ýòîé ðóêîïèñè. 
Àâòîðû ìîãóò ïîëó÷èòü îïóáëèêîâàííûé âûïóñê ñî ñâîåé ñòàòü¸é â ðåäàêöèè ñáîðíèêà ïî âûøå-
óêàçàííîìó àäðåñó (òåë. ¹¹: +380 44 4241221, +380 44 4249042), à òàêæå çàãðóçèòü pdf-ôàéë ñòà-
òüè ñ ñàéòà ñáîðíèêà: http://www.imp.kiev.ua/nanosys/ru/articles/index.html.  
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D.C.: U.S. Govt. Printing Office: 1964).  

7. B. B. Karpovych and O. B. Borovkoff, Proc. of Symp. ‘Micromaterials Engineering’ (Dec. 25–31,
1999) (Kyiv: RVV IMF: 2000), vol. 2, p. 113 (in Ukrainian).  

8. T. M. Radchenko, Vplyv Uporyadkuvannya Defektnoyi Struktury íà Transportni Vlastyvosti Zmis-
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hanykh Krystaliv [Influence of Ordering of the Defect Structure on Transport Properties of the
Mixed Crystals] (Thesis of Disser. for Dr. Phys.-Math. Sci.) (Kyiv: G. V. Kurdyumov Institute for
Metal Physics, N.A.S.U.: 2015) (in Ukrainian).  

9. E. M. Gololobov, V. B. Shipilo, N. I. Sedrenok, and A. I. Dudyak, Sposob Polucheniya Karbonitridov
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ing the appropriate form sent with proofs. Authors can de-archive a PDF version of their published article 
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to reprints, should be directed to Executive Managing Editor, Editorial Office, G. V. Kurdyumov Insti-
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ÂÈÄÀÂÍÈ×À ÅÒÈÊÀ 
ÒÀ ÇÀÏÎÁ²ÃÀÍÍß ÍÅÑÓÌË²ÍÍ²É ÏÐÀÊÒÈÖ² ÏÓÁË²ÊÀÖ²É 

Ðåäàêö³éíà êîëå´³ÿ çá³ðíèêà íàóêîâèõ ïðàöü «Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿» 
äîòðèìóºòüñÿ åòè÷íèõ íîðì, ïðèéíÿòèõ ì³æíàðîäíèì íàóêîâèì ñï³âòîâàðèñòâîì, ³ ðîáèòü 
óñå äëÿ çàïîá³ãàííÿ áóäü-ÿêèì ïîðóøåííÿì ¿õ. Ó ñâî¿é ä³ÿëüíîñò³ ðåäàêö³ÿ ñïèðàºòüñÿ íà 
ðåêîìåíäàö³¿ Êîì³òåòó ç åòèêè íàóêîâèõ ïóáë³êàö³é (http://publ³cat³oneth³cs.org).  

Îáîâ’ÿçêè ðåäàêö³¿ 
 Âñ³ ïðåäñòàâëåí³ ñòàòò³ ðåöåíçóþòüñÿ åêñïåðòàìè â äàí³é îáëàñò³.  
 Ï³ä ÷àñ ðîçãëÿäó ñòàòò³ âðàõîâóþòüñÿ ¿¿ â³äïîâ³äí³ñòü ïðåäìåòí³é îáëàñò³, îá´ðóíòîâà-

í³ñòü, çíà÷èì³ñòü, îðè´³íàëüí³ñòü, ÷èòàáåëüí³ñòü ³ ìîâà (ïðàâîïèñ). 
 Çà ðåçóëüòàòàìè ðåöåíçóâàííÿ ñòàòòÿ ìîæå áóòè ïðèéíÿòà äî îïóáë³êóâàííÿ áåç äîðîá-

êè, ïðèéíÿòà ç äîðîáêîþ àáî â³äõèëåíà.  
 Â³äõèëåí³ ñòàòò³ ïîâòîðíî íå ðåöåíçóþòüñÿ.  
 Ñòàòò³ ìîæóòü áóòè â³äõèëåí³ áåç ðåöåíç³¿, ÿêùî âîíè î÷åâèäíèì ÷èíîì íå ï³äõîäÿòü 

äëÿ ïóáë³êàö³¿.  
 Ðåäàêö³ÿ óõâàëþº ð³øåííÿ ùîäî ïóáë³êàö³¿, êåðóþ÷èñü ïîë³òèêîþ çá³ðíèêà, ç óðàõó-

âàííÿì ä³þ÷îãî çàêîíîäàâñòâà â îáëàñò³ àâòîðñüêîãî ïðàâà.  
 Íå äîïóñêàºòüñÿ äî ïóáë³êàö³¿ ³íôîðìàö³ÿ, ÿêùî º äîñòàòíüî ï³äñòàâ óâàæàòè, ùî âîíà 

º ïëà´³ÿòîì. 
 Çà íàÿâíîñòè ÿêèõ-íåáóäü êîíôë³êò³â ³íòåðåñ³â (ô³íàíñîâèõ, àêàäåì³÷íèõ, îñîáèñòèõ) âñ³ 
ó÷àñíèêè ïðîöåñó ðåöåíçóâàííÿ ïîâèíí³ ñïîâ³ñòèòè ïðî öå ðåäêîëå´³¿. Âñ³ ñï³ðí³ ïèòàííÿ 
ðîçãëÿäàþòüñÿ íà çàñ³äàíí³ ðåäêîëå´³¿.  
 Ïðèéíÿò³ äî îïóáë³êóâàííÿ ñòàòò³ ðîçì³ùàþòüñÿ ó â³äêðèòîìó äîñòóï³ íà ñàéò³ çá³ðíèêà; 
àâòîðñüê³ ïðàâà çáåð³ãàþòüñÿ çà àâòîðàìè.  

Åòè÷í³ ïðèíöèïè â ä³ÿëüíîñò³ ðåöåíçåíò³â 
 Ðåöåíçåíòè îö³íþþòü ñòàòò³ çà ¿õí³ì âì³ñòîì, áåçâ³äíîñíî äî íàö³îíàëüíîñòè, ñòàò³, 

ñåêñóàëüíî¿ îð³ºíòàö³¿, ðåë³ã³éíèõ ïåðåêîíàíü, åòí³÷íî¿ ïðèíàëåæíîñòè àáî ïîë³òè÷íèõ 
ïåðåêîíàíü àâòîð³â.  

 Ñï³âðîá³òíèêè ðåäàêö³¿ íå ïîâèíí³ ïîâ³äîìëÿòè ÿêó-íåáóäü ³íôîðìàö³þ ïðî ñòàòò³, ùî 
íàä³éøëè, îñîáàì, ÿê³ íå º ðåöåíçåíòàìè, àâòîðàìè, ñï³âðîá³òíèêàìè ðåäàêö³¿ òà âèäà-
âíèöòâà.  

 Ðåöåíçóâàííÿ ïîâèííå áóòè ïðîâåäåíî îá’ºêòèâíî. Ïåðñîíàëüíà êðèòèêà àâòîðà íåïðè-
ïóñòèìà. Ðåöåíçåíòè çîáîâ’ÿçàí³ îá´ðóíòîâóâàòè ñâîþ òî÷êó çîðó ÷³òêî é îá’ºêòèâíî.  

 Ðåöåíçóâàííÿ äîïîìàãàº âèäàâöåâ³ ïðèéìàòè ð³øåííÿ òà çà äîïîìîãîþ ñï³âðîá³òíèöòâà 
ç ðåöåíçåíòàìè é àâòîðàìè ïîë³ïøèòè ñòàòòþ.  

 Ìàòåð³ÿëè, îòðèìàí³ äëÿ ðåöåíç³¿, º êîíô³äåíö³éíèìè äîêóìåíòàìè òà ðåöåíçóþòüñÿ 
àíîí³ìíî.  

 Ðåöåíçåíò òàêîæ çîáîâ’ÿçàíèé çâåðòàòè óâàãó ðåäàêòîðà íà ³ñòîòíó àáî ÷àñòêîâó ïîä³á-
í³ñòü ïðåäñòàâëåíî¿ ñòàòò³ ç ÿêîþ-íåáóäü ³íøîþ ðîáîòîþ, ç ÿêîþ ðåöåíçåíò áåçïîñåðåä-
íüî çíàéîìèé.  

Ïðèíöèïè, ÿêèìè ïîâèíí³ êåðóâàòèñÿ àâòîðè íàóêîâèõ ïóáë³êàö³é  
 Àâòîðè ñòàòåé ïîâèíí³ íàäàâàòè òî÷íèé çâ³ò ïðî âèêîíàíó ðîáîòó é îá’ºêòèâíå îáãîâî-

ðåííÿ ¿¿ çíà÷èìîñòè.  
 Àâòîðè ñòàòò³ ïîâèíí³ íàäàâàòè äîñòîâ³ðí³ ðåçóëüòàòè ïðîâåäåíîãî îãëÿäó é àíàë³çè 

äîñë³äæåíü. Ñâ³äîìî ïîìèëêîâ³ àáî ñôàëüñèô³êîâàí³ òâåðäæåííÿ íåïðèéíÿòí³.  
 Ñòàòòÿ ïîâèííà ì³ñòèòè äîñòàòíþ ê³ëüê³ñòü ³íôîðìàö³¿ äëÿ ïåðåâ³ðêè òà ïîâòîðåííÿ 

åêñïåðèìåíò³â àáî ðîçðàõóíê³â ³íøèìè äîñë³äíèêàìè. Øàõðàéñüê³ àáî ñâ³äîìî íåïðàâ-
äèâ³ çàÿâè ïðèð³âíþþòüñÿ äî íååòè÷íîãî ïîâîäæåííÿ ³ º íåïðèéíÿòíèìè.  

 Àâòîðè ìîæóòü íàäàâàòè îðè´³íàëüí³ ðå´óëÿðí³ é îãëÿäîâ³ ðîáîòè. Çà âèêîðèñòàííÿ 
òåêñòîâî¿ àáî ãðàô³÷íî¿ ³íôîðìàö³¿, îòðèìàíî¿ ç ðîá³ò ³íøèõ îñ³á, îáîâ’ÿçêîâî íåîáõ³äí³ 
ïîñèëàííÿ íà â³äïîâ³äí³ ïóáë³êàö³¿ àáî ïèñüìîâèé äîçâ³ë ¿õí³õ àâòîð³â.  

 Ïîäà÷à ñòàòò³ á³ëüø í³æ â îäèí æóðíàë ðîçö³íþºòüñÿ ÿê íååòè÷íå ïîâîäæåííÿ ³ º íå-
ïðèéíÿòíîþ.  

 Àâòîðñòâî ïîâèííå áóòè îáìåæåíå òèìè, õòî çðîáèâ çíà÷íèé âíåñîê ó êîíöåïö³þ, ðîç-
ðîáêó, âèêîíàííÿ àáî ³íòåðïðåòàö³þ çàÿâëåíîãî äîñë³äæåííÿ.  

 Äæåðåëà ô³íàíñîâî¿ ï³äòðèìêè äîñë³äæåííÿ, ùî ïóáë³êóºòüñÿ, ìîæóòü áóòè çàçíà÷åí³.  
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Expressions for the entropy and equations for the quantum distribution 
functions for systems of non-interacting fermions and bosons with an ar-
bitrary, including small, number of particles are obtained. 
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1. INTRODUCTION 

Currently, much attention is paid to the study of quantum proper-
ties of systems with a small number of particles, such as quantum 
dots, other mesoscopic objects and nanostructures. In this regard, 
the problem of describing such objects with taking into account 
their interaction with the external environment is of current im-
portance. 
 Statistical description is usually used to study systems with very 
large numbers of particles. Nevertheless, statistical methods of de-
scription can be also used in the study of equilibrium states of sys-
tems with a small number of particles and even one particle. When 

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
2025, ò. 23, ¹ 1, ññ. 1–12 
https://doi.org/10.15407/nnn.23.01.0001 

 2025 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 
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considering a system within the grand canonical ensemble, it is as-
sumed that it is a part of a very large system, a thermostat, with 
which it can exchange energy and particles. The thermostat itself is 
characterized by such statistical quantities as temperature T and 
chemical potential . Assuming that the subsystem under considera-
tion is in thermodynamic equilibrium with the thermostat, the sub-
system itself is characterized by the same values, even if it consists 
of a small number of particles. For example, we can consider the 
thermodynamics of an individual quantum oscillator [1]. In the 
case, when an exchange of particles with a thermostat is possible, 
the time-averaged number of particles of a small subsystem may be 
not an integer and, in particular, even less than unity. 
 In statistical physics, the entropy and distribution functions of 
particles over quantum states are calculated under the assumption 
that the number of particles is very large. This consideration for 
fermions leads to the Fermi–Dirac distribution, and for bosons, it 
leads to the Bose–Einstein distribution [1]. 
 In this work, the entropy and distribution functions of non-
interacting particles are calculated in the case when no restrictions 
are imposed on their number in a system being in thermodynamic 
equilibrium with the environment. In particular, the number of par-
ticles can be small, and not an integer and even less than unity. 
Equations determining the distribution functions of fermions and 
bosons are obtained, and their differences from the standard Fer-
mi–Dirac and Bose–Einstein distributions are analysed. A feature 
of the obtained exact distribution functions, in comparison with the 
distributions found in the limit of a large number of particles, is 
the presence of energy boundaries, beyond which the average num-
ber of particles at all levels turns to zero or unity. 

2. ENTROPY AND DISTRIBUTION FUNCTION OF FERMIONS

Let us consider a quantum system of fermions whose energy levels 
j have the multiplicity of degeneracy zj. If at each level j there are 

j jN z  particles, then, the statistical weight of such a state in the
case of Fermi–Dirac statistics is given by the well-known formula 
[1]: 

!

!( ) !
j

j
j j j

z

N z N
. (1)

 The entropy is defined as the logarithm of the total statistical 
weight by the relation: 

ln( ) ln( ) ln( !) ln( !) ln ( ) !j j j j j
j j

S z N z N . (2) 



QUANTUM DISTRIBUTION FUNCTIONS IN SYSTEMS WITH AN ARBITRARY NUMBER 3 

 To calculate all factorials under assumption N 1 and z 1, the 
Stirling’s formula [2] is usually used in the form 

 ln( !) ln( )N N N e . (3) 

 When studying systems with small N, the accuracy of this for-
mula is insufficient. Therefore, for example, with N  16, its accu-
racy is 7.5%. For N 1, 2, there are negative numbers on the right 
in (3). For small N, one can use a more accurate formula: 

 ln( !) ln ln 2
N

N N N
e

. (4) 

 For N 16, its accuracy is already 0.017%; for ln(2!) 0.693 , 
this formula gives a value of 0.652. Taking into account the more 
accurate formula (4), for the entropy j

j

S S , we obtain the ex-

pressions: 

 
1

ln( ) (1 ) ln(1 ) ln 2 (1 )
2j j j j j j j j jS z n n n n z n n . (5) 

Here, nj Nj/zj is the average number of particles at level j (or the 
population of the level). This formula differs from the usual formu-
la for the entropy of a Fermi gas [1] by the last term. Taking into 
account that the total number of particles N and the total energy E 
are determined by the formulae: 

 j j j
j j

N N n z , (6) 

 j j j j j
j j

E N n z , (7) 

the average number of particles in each state is found from the 
condition: 

 0
j

S N E
n

, (8) 

where ,  are the Lagrange multipliers. From here, we find the 
equation determining the average number of particles in a state j: 

 
1 1 1 1

ln
2 1

j
j

j j j j

n

n z n n
. (9) 

 Neglecting the second term on the left side, we obtain the usual 
Fermi–Dirac distribution: 
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1
(0) 1j

jn e . (10)

From comparison with thermodynamic relations, it follows that 
/T, 1/T (T temperature, chemical potential), so that 

( )j j T . In the absence of a magnetic field, for particles with 
spin 1/2, the smallest multiplicity of degeneracy only in the spin 
projection is equal to two. With zi 1, the second term on the left 
in Eq. (9) can be taken into account as a small correction, so that, 
in this approximation, the distribution function will take the form: 

(0)
(0) 1 2

2
j

j j
j

n
n n

z
. (11)

 For an arbitrary, including small and non-integer, number of 
particles N, the factorial should be determined through the gamma 
function (x): 

! ( 1)N N . (12)

In this case, the statistical weight (1) is also expressed through the 
gamma function: 

( 1)

( 1) ( 1)
j

j
j j j

z

N z N
. (13)

 Some formulae for the gamma function as well as formulae relat-
ed to it are given in the Appendix. With allowance for Eq. (13), for 
the nonequilibrium entropy j

j

S S , there follows the formula:

ln ( 1) ln (1 ) 1 ln ( 1)j j j j j jS z n z n z . (14) 

It is obvious that the contribution to the total entropy comes only 
from partially occupied levels, for which 0 nj 1. In this case, 
when nj 0, 1, from the condition (8), we find the equation that de-
termines the average number of particles in each state: 

(1 ) 1 ( 1) ( ) j
j j j j j jz n z n n

T
, (15)

where (z) is the logarithmic derivative of the gamma function (the 
psi function) (A4). If we use the asymptotic formulae (A3) and (A6) 
given in the Appendix, then, formula (14) will turn into (5), and 
formula (15) will turn into (9). Using formula (A11), Eqs. (15) can 
be written in the form 
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1

1
(1 2 )

(1 ) ( )
j

j j
k j j j j

z n
Tk z n k z n

. (16)

Note that, here, the series converges rather slowly and the rate of 
its convergence decreases with increasing zj; so, for calculations, it 
is more convenient to use formulae (15). 

The forms of distribution functions for a system of Fermi parti-
cles at z 2, z 10 and arbitrary j  are shown in Fig. 1. The de-
pendence n( ) obtained from Eq. (9) with 

1 1ln (1 ) (1 2 ) (1 )j j j j j jn n z n n

(curves 2 in Fig. 1) turns out to be multiple-valued and leads to a 
significant discrepancy with the calculation performed using the 
exact formulae (15) (curves 1 in Fig. 1), so that Eq. (9) turns out to 
be inapplicable for calculating average occupation numbers. In the 
standard Fermi–Dirac distribution (10) (curves 4 in Fig. 1), for an 
arbitrary value of the parameter  ( ), the distribution 
function does not turn exactly to zero or unity. At , the dis-
tribution function exponentially tends to zero: n( ) e , and at 

, it tends to unity: n( ) 1 e ). 
A feature of the exact distribution function defined by Eqs. (15), 

(16) is the limited range of values of the parameter j, in which the 

a b 

Fig. 1. Distribution function of Fermi particles, n( ), over states in vari-
ous approximations with multiplicities of level degeneracy: (a) z 2, (b) 
z 10. 1—distribution function (DF) calculated using the exact formula 
(15); 2—DF calculated using approximate Eq. (9); 3—DF calculated using 
formula (11); 4—conventional Fermi–Dirac DF (10). 
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function is different from 0 or 1. In this case, jmin j jmax, where 

 1
max min

1

( 1) (1)
jz

j j j
k

z k . (17) 

 At maxj j , the average number of particles at level j becomes 
zero (nj 0), and at minj j , it is equal to unity (nj 1). Thus, for 
given values of T and , the population of level j is different from 
zero and unity, when there is fulfilled the inequality 

 max max( )j j jT . (18) 

 All the other levels remain either empty or completely occupied, 
so that there is only a finite number of partially occupied levels, 
and their number increases with increasing temperature. 
 The approximate expression for the distribution function (11) 
(curves 3 in Fig. 1) following from formula (9) gives a good approx-
imation to the exact dependence (curves 1 in Fig. 1). However, at 
points where the exact distribution function becomes zero and uni-
ty, the approximate function (11) is different from these values and 
exists for all values of the parameter . The difference between the 
exact distribution (15) (curves 1 in Fig. 1) and the usual Fermi–
Dirac distribution (10) (curves 4 in Fig. 1) is more significant: the 
larger the absolute value of the parameter  and the smaller the de-
generacy factor z. 
 Equation (15) and approximate formula (11) determine the aver-
age number of particles in a state j as a function of temperature 
and chemical potential: ( , )j jn n T . A substitution of these func-
tions into Eqs. (6), (7), (14) gives equilibrium values of the entropy 

( , )S S T , the energy ( , )E E T , and the number of particles 
( , )N N T  as functions of temperature and chemical potential. 

These quantities are natural variables for the large thermodynamic 
potential, which can be defined by the usual expression 

 ( , ) ( , ) ( , ) ( , )T E T TS T N T ; (19) 

so, at a constant volume, there holds the well-known identity 
d SdT Nd . 
 For a fixed total number of particles N, Eqs. (15) are not inde-
pendent, since the populations of the levels are linked by the rela-
tion (6). If the total number of particles is such that they can com-
pletely occupy the lower j levels, and the level j 1 turns out to be 

occupied partially, so that 11

j

k jk
N z N  and 1 10 j jN z , 

then, at T 0 K, the chemical potential takes the value 1.j  
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Near zero temperature, 1 1 1 1( )j j j jT N z . 

 The entropy at zero temperature turns to zero only in the case 
when all levels are completely occupied or empty. In the presence of 
an unoccupied level, the entropy at T 0 K is different from zero. 
Thus, the third law of thermodynamics is always satisfied in the 
Nernst formulation, according to which all processes at zero tem-
perature occur at constant entropy. Moreover, in the Planck formu-
lation, which requires turning of the entropy to zero, the third law 
is satisfied only in the case of completely occupied levels. 

3. ENTROPY AND DISTRIBUTION FUNCTION OF BOSONS 

If at each level of a boson system with the multiplicity of degenera-
cy zj there are Nj particles, then, the statistical weight of such a 
state in the Bose–Einstein statistics [1] is as follows: 

 
( 1) !

!( 1) !
j j

j
j j

z N

N z
. (20) 

 The entropy is defined by the relation 

ln( )

ln( ) ln ( 1) ! ln( !) ln ( 1) !j j j j j j
j j j

S

S z N N z . (21) 

 It should be noted that, if the level is not degenerate (zj 1) or 
not occupied (Nj 0), then, as in the above considered case of Fer-
mi–Dirac statistics (1), 1j , and it does not contribute to the 
total entropy. Using the Stirling’s formula (4), we have 

( 1) ln( 1) ln( ) ( 1) ln( 1)

1 1 1
ln 2 ( 1) ln(2 ) ln 2 ( 1) .

2 2 2

j j j j j j j j j j j j j

j j j j j j

S z z n z z n z n z n z z

z z n z n z
 (22) 

 Then, from condition (8), it follows the equation for the distribu-
tion function over states: 

 
1 1 1

ln
2 1

j j j j
j

j j j j j j j

z z n z

z n z z z n n
, (23) 

and for zj , we obtain the usual Bose–Einstein distribution: 

 
1

(0) 1j

jn e . (24) 

Taking into account the correction of order 1/zj, we have 
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(0)

(0) 1 2

2
j

j j
j

n
n n

z
. (25) 

 When determining factorials through the gamma function, the 
statistical weight (20) will be written in the following form: 

 
( )

( 1) ( )
j j

j
j j

z N

N z
. (26) 

This implies the formula for nonequilibrium entropy j
j

S S : 

 ln ( ) ln ( 1) ln ( )j j j j j j jS z n z z n z . (27) 

 As noted, unoccupied levels (nj 0) do not give a contribution to 
the total entropy. For nj 0, from condition (8), we find the equa-
tion for the average number of particles in each state: 

 ( ) ( 1) ( ) ( )j j j j j j j jz n z z n n T . (28) 

 If one uses asymptotic formulae (A3) and (A6), formula (27) will 
turn into Eq. (22), and formula (28) will turn into Eq. (23). 
 By using formula (A8), Eq. (28) can be represented as 

 
1

1

1 ( ) ( )
jz

j j j j
k

z n z k T . (29) 

 The form of distribution functions for a system of Bose particles 
at z 2, z 10 and arbitrary j is shown in Fig. 2. 
 In the standard Bose–Einstein distribution (24), the parameter  
can take arbitrary positive values (0 ). At , the distribu-
tion function exponentially tends to zero: n( ) e , and at , it 
increases according to the law n( ) 1/ . 
 The dependence n( ) obtained from Eq. (23) with 

ln ( 1) (1 2 ) ( 1) 1j j j j j j j j j j j jz z n z n z z z z n n  

(curves 2 in Fig. 2) turns out to be multiple-valued and leads to a 
significant discrepancy with the calculation performed using the 
exact formula (28) (curves 1 in Fig. 2). Therefore, Eq. (23) is not 
applicable for calculating average occupation numbers. However, 
the approximate formula for the distribution function (25) follow-
ing from Eq. (23) gives a good approximation, almost coinciding 
with the exact dependence (curves 1 in Fig. 2). The essential differ-
ence consists in that, at some boundary value max, the exact 
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function (28) turns to zero, while the approximate function (25) 
remains finite, although exponentially small. 
 Thus, for the exact DF (28) with values nj 0, the parameter j 
changes in the finite region 0 j imax, where: 

 
1

1
max

1

( ) (1)
jz

j j
k

z k  (30) 

and max( ) 0j jn . At j 0, the exact DF increases according to the 
law ( ) ( 1) ( )j j j j jn z zj( )

ax)ax

( )( 1)( )( 1)( 1) . Thus, at given T and , the population of 
level j  is different from zero, when there holds the inequality 

 max0 j
jT

. (31) 

 All the other levels remain empty; so, there are only a finite 
number of partially occupied levels, and their number increases 
with increasing temperature. 
 At zero temperature and a fixed number of Bose particles, only 
the lower level is occupied, and the chemical potential takes the 
value 1. The entropy 1 1 1ln ( ) ln ( 1) ln ( )S N z N z  
remains nonzero in this case, so that the third law of thermodynam-
ics is satisfied only in the Nernst formulation. With a slight in-

 
a      b 

Fig. 2. Distribution function of Bose particles, n( ), over states in various 
approximations with multiplicities of level degeneracy: (a) z 2, (b) z 10. 
1—distribution function (DF) calculated using the exact formula (28); 2—
DF calculated using approximate Eq. (23); 3—conventional Bose–Einstein 
DF (24). The calculation using the approximate formula (25) gives a de-
pendence that practically coincides with curve 1 (dotted line). 
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crease in temperature, the lower level continues to remain occupied 
with other levels being empty in a certain temperature range, and 
the chemical potential changes linearly with temperature 

1 1 1( )T N z . At the temperature T1 determined by the condi-
tion 

 2 1 1 2 1 1(0) ( )T N z , (32) 

there begins filling of the second level, and the number of particles 
at the lower level decreases. At further increase of temperature, 
there begins filling of higher levels. At a certain temperature TB, 
the number of particles at the ground level will turn to zero. This 
temperature is determined by the equations for partially occupied 
levels: 

 2 1 3 1
2 2 1max 3 3 1max( ) ,  ( ) ,  B B

B B

n T n T
T T

, (33) 

where 1max 1( ) (1)z , provided that 

2 2 3 3( ) ( )B Bz n T z n T NN , 1 1maxB BT . 

If one goes down in temperature, then, TB corresponds to the tem-
perature, at which the filling of the lower level begins, and there-
fore, it can be considered as an analogue of the temperature of 
Bose–Einstein condensation in macroscopic systems [1]. 

4. SUMMARY AND CONCLUSIONS 

In connection with the intensive study of quantum systems of small 
sizes, the problem of theoretical description of such objects with 
taking into account their interaction with the environment is be-
coming actual increasingly. Methods of statistical mechanics can be 
also used to describe such systems with a small number of particles, 
which are in thermodynamic equilibrium with a thermostat. 
 In this work, the equations are obtained for the distribution 
functions of fermions and bosons over quantum states for systems 
with an arbitrary, including a small, number of particles; in the 
limiting case, when the number of particles and the multiplicity of 
degeneracy of levels in the system are large, these distributions 
transform into the well-known Fermi–Dirac and Bose–Einstein dis-
tributions, respectively. For systems with a small number of parti-
cles and at low temperatures, the average number of particles at a 
given level can differ significantly from the values predicted by the 
Fermi–Dirac and Bose–Einstein distributions. It is of interest to 
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test experimentally the applicability of the obtained distributions 
for structures with a small number of particles. 

APPENDIX. Some Properties of the Gamma Function and Its Log-
arithmic Derivative (The Psi Function) 

The definition of the gamma function is as follows: 

 
11

1

0 0

1
( ) ln

x

t xx e t dt dt
t

. (À1) 

 For the logarithm of the gamma function, there holds the inte-
gral representation: 

 
0

ln ( ) ( 1)
1

t xt
t

t

e e dt
x x e

e t
, (À2) 

and the asymptotics at x  is as follows: 

 
1 1

ln ( ) ln( ) ln(2 )
2 2

x x x x
1111

22
. (À3) 

 The logarithmic derivative of the gamma function (the psi func-
tion) is defined by the formula 

 
1 ( )

( ) ln ( )
( )

d d x
x x

dx x dx
. (À4) 

 The integral representation is valid for it as follows: 

 
0

( )
1

t xt

t

e e
x dt

t e
, (À5) 

and the asymptotics at x  is as follows: 

 
1

( ) ln( )
2

x x
x

ln( )ln(ln( )ln( . (A6) 

 There are useful formulas: 

 
1

( 1) ( )x x
x

, (A7) 

 
1

1

1
( ) ( 1) ( 2)

( )

n

k

x n x n
n k x

, (A8) 

 (1 ) ( ) ctg( )x x x , (A9) 
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1

1

1

(1) ,  ( )  ( 2)
n

k

n k n , (A10) 

 
1

(1 )
( )k

x
x

k k x
, (A11) 

where 0.5772 is Euler’s constant. 
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Low-Temperature Excitation of 2D Majorana Fermion Pairs in 
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In this work, we investigate the evolution of the low-energy spinon-pairs’ 
excitation in the first Landau zone in frustrated SmMnO3  manganites 
caused by changes in the strength H of the measuring field. An alterna-
tion of double peaks and Dirac cone of features of the ‘supermagnetiza-
tion’ M(T), which are characteristic of two types of excitations of Ma-
jorana fermions in hidden topological states CSL1 and CSL2 of chiral 
quantum spin liquid, are revealed. The strong ‘smearing’ of features of 
the magnetization M(T) in SmMnO3  revealed in this work is explained by 
an increase in quantum fluctuations of the sample magnetization caused 
by the proximity to the quantum critical point of the magnetic phase dia-
gram of the La1 ySmyMnO3  system. 

Â äàí³é ðîáîò³ äîñë³äæåíî åâîëþö³þ çáóäæåííÿ íèçüêîåíåðãåòè÷íèõ 
ñï³íîííèõ ïàð ó ïåðø³é çîí³ Ëàíäàó ó ôðóñòðîâàíèõ ìàíãàí³òàõ 
SmMnO3 , ñïðè÷èíåíó çì³íàìè íàïðóæåíîñòè H âèì³ðþâàëüíîãî ïîëÿ. 
Âèÿâëåíî ÷åðãóâàííÿ ïîäâ³éíèõ ï³ê³â ³ Ä³ðàê³â êîíóñ îñîáëèâîñòåé 
«íàäìàãíåòîâàíîñòè» M(T), õàðàêòåðíèõ äëÿ äâîõ òèï³â çáóäæåíü Ìà-
éîðàíîâèõ ôåðì³îí³â ó ïðèõîâàíèõ òîïîëîã³÷íèõ ñòàíàõ CSL1 ³ CSL2 
õ³ðàëüíî¿ êâàíòîâî¿ ñï³íîâî¿ ð³äèíè. Âèÿâëåíå â äàí³é ðîáîò³ ñèëüíå 
«ðîçìèâàííÿ» îñîáëèâîñòåé íàìàãíåòîâàíîñòè M(T) ó SmMnO3  ïîÿñ-
íþºòüñÿ çá³ëüøåííÿì êâàíòîâèõ ôëþêòóàö³é íàìàãíåòîâàíîñòè çðàçêà 
÷åðåç áëèçüê³ñòü äî êâàíòîâî¿ êðèòè÷íî¿ òî÷êè ìàãíåòíî¿ ôàçîâî¿ ä³ÿã-
ðàìè ñèñòåìè La1 ySmyMnO3 . 

Key words: quantum spin liquid, Majorana zero modes, Dirac semimetal, 
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1. INTRODUCTION 

According to Ref. [1], a Majorana fermion (MF) is a particle that is 
its own antiparticle. In the language of second quantization, this 
means that †, i.e., the fermionic operator  squares to 1. The 
creation and annihilation operators can be written as a superposi-
tion of two Majorana operators, a† 1/ 2( 1 i 2), a 2( 1 i 2). As 
such, they also fulfil the commutation identity { i, j} 2 ij. The task 
at hand is to physically separate the two Majorana modes, 2j and 

2j 1, that make up a single fermionic mode, such that phase errors 
corresponding to a†

jaj (1 i 2j 1 2j)/2 are unlikely to occur. Put to-
gether, these properties would make the Majorana qubit immune to 
decoherence. These Majorana’s fermions can arise as quasi-particles 
in superconducting systems, which have been investigated in [1] in 
a one-dimensional chain first proposed by Kitaev [2]. Shown that, 
they are bound to zero energy, making them Majorana zero modes—
a more apt name given that they no longer obey fermionic statis-
tics—where [H, i] 0, with H being the Hamiltonian of the system 
(more realistically, this condition is relaxed to [H, i] e x/  [3], 
where x is the distance between the Majorana zero modes (MZMs) 
and  is the correlation length of the Hamiltonian). They obey non-
abelian statistics that enable the implementation of braid opera-
tions. This solves the final piece of the puzzle, where qubit opera-
tions are now intrinsically fault-tolerant due to their topological 
properties. 
 The so-called Majorana bound states arising on point defects have 
attracted great interest [4–13]. They can be interpreted as own an-
tiparticles in the sense that, in the language of second quantization, 
the operator of creation and annihilation of bound states are equal 
to each other. This means that Majorana bound states carry both 
zero spin and zero charge. Majorana bound states arise exactly at 
zero energy and are separated from other ordinary quasi-particle 
excitations by a finite energy gap. For this reason, Majorana bound 
states are also often referred to as Majorana zero modes (MZMs). It 
has been shown that MZMs in a 2D material obey quantum ex-
change statistics, which are neither fermionic nor bosonic [5–7]. 
MZMs are supposed to be an example of so-called non-Abelian ani-
ons. This means that the replacement of two MZMs implements a 
non-trivial rotation of the degenerate subspace of the ground state, 
while subsequent rotations do not necessarily commute. This prop-
erty makes non-Abelian anions such as MZMs promising potential 
building blocks for topological quantum computers, where logic 
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gates would then be performed by exchanging anyons [11, 12]. 
 According to Ref. [14], in systems with a condensed state, when 
a quasi-particle is a superposition of electron and hole excitations 
and its production operator † becomes identical to the annihilation 
operator , such a particle can be identified as a Majorana fermion. 
In the Reed–Green model, the Bogolyubov quasi-particles in the 
volume become dispersive Majorana fermions, and the bound state 
formed in the core of the vortex becomes the Majorana zero mode. 
The former is interesting as a new type of wandering quasi-
particles, while the latter is useful as a qubit for topological quan-
tum computing. In condensed matter, the constituent fermions are 
electrons. Because the electron has a negative charge, it cannot be a 
Majorana fermion. Nevertheless, Majorana fermions can exist as 
collective excitations of electrons. The resulting Majorana fermions 
do not retain the true Lorentz invariance of the Dirac equation, 
since they do not move at the speed of light. However, with proper 
length and time scaling, the resulting Majorana fermions also obey 
the Dirac equation. Such Majorana fermions appear within the 
boundaries of topological superconductors or in the class of spin-
liquid systems. The condensation of bosons in the form of a bound 
state of Majorana fermions was previously studied in topological 
superconductors by tunnelling spectroscopy. The tunnelling conduc-
tivity spectra of topological superconductors depend on their size 
and symmetry. In one-dimensional topological superconductors with 
time reversal violation, there is an isolated single Majorana zero 
mode at each end. 
 In this work, a study of the evolution of unusual spiky double—
peaks and Dirac cone-like features of the low temperature depend-
ences of ‘supermagnetization’ M(T) in SmMnO3  samples with in-
creasing external magnetic field strength H is carried out. These 
features, according to numerous literature data, are direct evidence 
of the excitation of 2D Majorana and Dirac fermions in quasi-two-
dimensional spin systems. 

2. MATERIAL AND METHODS 

Samples of self-doped manganites SmMnO3  ( 0.1) were obtained 
from high-purity oxides of samarium and electrolytic manganese, 
taken in a stoichiometric ratio. The synthesized powder was pressed 
under pressure 10 kbar into discs 6 mm in diameter, 1.2 mm thick 
and sintered in air at a temperature of 1170 C for 20 h followed by 
cooling at a rate of 70 C/h. The resulting tablets were a single-
phase ceramic according to x-ray data. X-ray studies were carried 
out with 300 K on DRON-1.5 diffractometer in radiation NiK 1 2. 
Symmetry and crystal lattice parameters were determined by the 
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position and character splitting reflections of the pseudo-cubic lat-
tice perovskite type. Temperature dependences of dc magnetization 
were measured using a VSM EGG (Princeton Applied Research) vi-
brating magnetometer and a nonindustrial magnetometer in FC 
mode. 

3. EXPERIMENTAL RESULTS 

As can be seen in Fig. 1, the temperature dependence of the ‘su-
permagnetization’ Ì(Ò) in the first Landau zone of SmMnO3  in 
the magnetic field 100 Oe has the shape of two weak spiky peaks 
near the average temperature T 4.65 K. According to Refs [15–
17], these spiky features in the magnetic response arise from excit-
ed states containing either only static magnetic fluxes and no mo-
bile fermions or from excited states, in which fermions are closely 
coupled to fluxes. The structural factor is significantly different in 
the Abelian and non-Abelian QSLs. Coupled fermion-flow composites 
appear only in the non-Abelian phase. The main feature of the dy-
namical structure factor at the isotropic point of the non-Abelian 
phase is the presence of a pointed -component caused by Majorana 
fermions coupled to flow pairs and a broad hump-like component 
caused by fermion continuum excitation. 
 According to Figure 2, in external magnetic field |Í| 350 Oe dis-

 

Fig. 1. The thermal excitation of spiky features in the magnetic response 
M(T) in the Landau band with n 1 arise from excited states containing 
either only static magnetic fluxes and no mobile fermions, or from excited 
states in which fermions are closely coupled to fluxes in the external mag-
netic field |H| 100 Oe (CSL1 state). 
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tinct magnetic response appears in the first Landau band in the 
shape of a Dirac cone-like truncated hill with a flat top near the av-
erage temperature ÒMZM 4.6 K, which corresponds to the excitation 
of two coupled Majorana zero modes arising on spatially separated 
point defects [4–13], In a broad sense, two MF together give a Dirac 
fermion [18]. Thus, founded Dirac cones features of the ‘supermag-
netization’ Ì(Ò) in the first Landau zone are direct evidence of the 
excitation of Dirac fermions in SmMnO3 . An alternate permutation 
of the spiky double—peaks and Dirac cones features of the magneti-
zation M(T) in SmMnO3  may be explained by the existence in this 
material of two hidden states of the chiral spin liquid [1]. A further 
increase in the external magnetic field strength to the value 
|Í 1 kOe led to the formation in the Landau zone with n 1 dou-
ble-peaks’ feature in the magnetic response (Fig. 3). In external 
magnetic field |Í| 3.5 kOe, only the step-like quantum oscillations 
of temperature dependences of ‘supermagnetization’ of incompress-
ible quantum spinon liquid were found (Fig. 4). 

4. DISCUSSION 

According to Ref. [18], the condensed matter version of MFs has 
attracted theoretical interest, mainly because of their special ex-
change statistics. They are non-Abelian anyons, meaning that parti-
cle exchanges are non-trivial operations, which, in general, do not 

 

Fig. 2. The thermal excitation of two coupled Majorana zero modes in the 
Landau band with n 1 with energy EMZM 0.35 meV in the shape of a 
truncated hill (2D Dirac cone) with a flat top near the average temperature 
ÒMZM 4.6 K in external magnetic field |H| 350 Oe (CSL2 state). 
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commute. 
 This is unlike other known particle types, where an exchange op-

 

Fig. 3. The thermal excitation of double-peaks feature in the magnetic re-
sponse M(T) in the Landau band with n 1 arise from excited states con-
taining either only static magnetic fluxes and no mobile fermions, or from 
excited states, in which fermions are closely coupled to fluxes in external 
magnetic field |H| 1 kOe (CSL1 state). 

 

Fig. 4. Ultra-narrow step-like features of the magnetization M(T) in the 
SmMnO3  in a strong magnetic field |H 3.5 kOe in the Landau bands 
with n 1 and 2. With growth of the field up to |H| 3.5 kOe, there is a 
transition from a continuous spectrum of thermal excitations of spinon 
pairs to a discrete one corresponding to an integer filling of three Landau 
bands with finite gap. 



 LOW-TEMPERATURE EXCITATION OF 2D MAJORANA FERMION PAIRS 19 

eration merely has the effect of multiplying the wave function with 
1 (for bosons) or 1 (for fermions) or a general phase factor  (for 

‘ordinary’ (Abelian) anyons). 
 Furthermore, an MF is in a sense half of a normal fermion, 
meaning that a fermionic state is obtained as a superposition of two 
MFs. In a broad sense, two marjorams together give a Dirac fermi-
on. It should be noted, however, that any fermion could be written 
as a combination of two MFs, which basically corresponds to split-
ting the fermion into a real and an imaginary part, each of which is 
an MF. Normally, this is a purely mathematical operation without 
physical consequences, since the two MFs are spatially localized 
close to each other; overlap is significant and cannot be addressed 
individually. When we talk about MFs here, we mean that a fermi-
onic state can be written as a superposition of two MFs, which are 
spatially separated. Such a highly delocalized fermionic state is pro-
tected from most types of decoherence, since it cannot be changed 
by local perturbations affecting only one of its Majorana constitu-
ents. The state can, however, be manipulated by physical exchange 
of MFs because of their non-Abelian statistics, which has led to the 
idea of low-decoherence topological quantum computation. Being its 
own hole means that an MF must be an equal superposition of an 
electron and a hole state. It is natural to search for such excitations 
in superconducting systems, where the wave functions of Bogolyu-
bov quasi-particles have both an electron and a hole component. 
 To provide explanation for the rarity of 2D Dirac materials as 
well as clues in searching for new Dirac systems, authors [19] re-
view the recent theoretical aspects of various 2D Dirac materials, 
including graphene, silicene (silicone), germanene, graphynes, sev-
eral boron and carbon sheets, transition metal oxides and artificial 
lattices (electron gases and ultracold atoms). As shown, the Dirac 
cones are rather robust under perturbation. For example, when a 
uniaxial or shear strain is applied, the band structure of graphene 
keeps gapless and the Dirac point moves to a new k location near 
the original one. At present, Dirac cone merging is achieved only in 
artificial honeycomb lattices where parameters are much more ad-
justable. By patterning CO molecules on clean Cu(111), the hexago-
nal potential lattice of electron gases was effectively modulated to 
demonstrate a transition from massless to massive Dirac fermions 
in the system. In an ultracold gas of 40 K atoms trapped in a 2D 
honeycomb optical potential lattice, the merging and annihilation of 
two Dirac points were clearly recorded, when the lattice anisotropy 
exceeds a critical limit. A simplified analysis on a general 2D sys-
tem, which contains two atoms of the same species in each unit cell, 
demonstrated that a hexagonal cell is the most favourable for the 
existence of Dirac cones, and the favourableness is gradually dimin-
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ished, when the cell evolves into a square one. According to Ref. 
[19], to achieve Dirac materials, at least, three conditions are re-
quired. 
 (1) Symmetry. Specific symmetries are required to reduce the 
number of equations to be solved. The k-points should be unchanged 
after the symmetry operation (invariant k-point). Too low or too 
high symmetries are both disadvantageous. 
 (2) Parameters. Even when the number of equations is equal to 
the number of variables, the solution is not necessarily exist, since 
the variables (kx and ky) are real numbers and appear in the equa-
tions in the form of a sine or cosine function. Therefore, proper pa-
rameters are required. This is usually described as a phase diagram 
in the parameter space. 
 (3) Fermi level and band overlap. The Fermi level should lie at 
the Dirac points and there should not have any other band than Di-
rac points overlap at the Fermi level. 
 In Ref. [20], an ultracold Fermi gas of 40 K atoms in a two-
dimensional tuneable optical lattice was investigated, which can be 
continuously adjusted to create square, triangular, dimer and hon-
eycomb structures. It was exploited the momentum resolution of the 
interband transitions to directly observe the movement of the Dirac 
points. Starting from a honeycomb lattice, the authors gradually 
increase the tunnelling along the x direction by decreasing the in-
tensity of the x-beam. The position of the Dirac points continuously 
approaches the corners of the Brillouin zone, as expected from an 
ab initio two-dimensional band structure calculation. When reach-
ing the corners, the two Dirac points merge, annihilating each oth-
er. There, the dispersion relation becomes quadratic along the qy 
axis, remaining linear along qx. Beyond this critical point, a finite 
band gap appears for all quasi-momenta of the Brillouin zone. This 
situation signals the transition between band structures of two dif-
ferent topologies, one containing two Dirac points and the other 
none. In Ref. [21], it was shown that the introduction of lattice ani-
sotropy causes Dirac cones to shift in response to the applied strain, 
leaving a pseudo-gap at the original Dirac points. Here, a group-
theory analysis is combined with first-principles calculations to re-
veal the movement characteristics of Dirac points and band gaps in 
various graphynes under rotating uniaxial and shear strains. Gra-
phene, where linear effects dominate, is different from -, -, and 
-graphynes, which generate strong nonlinear responses due to their 

bendable acetylenic linkages. However, the linear components of the 
electronic response, which are essential in determining material 
performance such as intrinsic carrier mobility due to electron–
phonon coupling, can be readily separated, and are well described by 
a unified theory. The movement of the Dirac points in -graphyne 
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is circular under a rotating strain, and the pseudo-gap opening is 
isotropic with a magnitude of only 2% that in graphene. According 
to Ref. [22], there has been a recent growing interest for various 
physical systems exhibiting a multiband excitation spectrum with 
crossing points between the bands. This interest was boosted by the 
discovery of graphene, where the low energy spectrum is described 
by a 2D Dirac equation for massless fermions, giving the name ‘Di-
rac point’ to such linear crossing point. In two dimensions, a band 
touching is a topological defect protected by time-reversal and in-
version symmetries. Such a contact point is characterized by a 
winding number w, which describes the winding of the phase of the 
wave function when moving around this point in reciprocal space. 
Such singularities may emerge or disappear under variation of ex-
ternal parameters under the constraint that the sum of their wind-
ing numbers is conserved. 
 In Ref. [23], authors propose a simple Hamiltonian Heff to de-
scribe the motion and the merging of Dirac points in the electronic 
spectrum of two-dimensional electrons. This merging is a topologi-
cal transition, which separates a semi-metallic phase with two Dirac 
cones from an insulating phase with a gap. They calculated the den-
sity of states and the specific heat. The spectrum in a magnetic 
field B is related to the resolution of a Schrödinger equation in a 
double well potential. The effective Hamiltonian Heff has the re-
markable property to describe continuously the Landau level spec-
trum from the n n|B| dependence with double degeneracy for 
well-separated Dirac cones to the n (n 1/2)|B| usual dependence 
for a massive particle. For negative parameter /|B|2/3, the prob-
lem is similar to the one of a particle in a double well potential. In 
the limit of large negative  that is far from the transition or in a 
weak magnetic field, the potential has two well-separated valleys, 
which are almost uncoupled. This corresponds to the situation of 
two independent valleys. Note that in this limit the energy shift be-
tween the two valleys is 2 . When  diminishes, we progressively 
increase the coupling between valleys. The degeneracy of Landau 
levels is progressively lifted. They evolve continuously from a n|B| 
to a linear (n 1/2)|B| dependence, with a 2/3[( 1/ 2) ]n B  depend-
ence at the transition. The spectrum in the vicinity of the topologi-
cal transition is very well described by a semi-classical quantization 
rule. This model describes continuously the coupling between val-
leys associated with the two Dirac points, when approaching the 
transition. It remarkably reproduces the low field part of the Ram-
mal Hofstadter’s spectrum for the honeycomb lattice. 
 In Ref. [24], analysis of the electronic properties of a deformed 
honeycomb structure arrayed by semiconductor quantum dots (QDs) 
is conducted theoretically by using tight-binding method. Through 
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the compressive or tensile deformation of the honeycomb lattice, 
the variation of energy spectrum has been explored. It was shown 
that, the massless Dirac fermions are generated in this adjustable 
system and the positions of the Dirac cones as well as slope of the 
linear dispersions could be manipulated. Furthermore, a clear linear 
correspondence between the distance of movement d (the distance 
from the Dirac points to the Brillouin zone corners) and the tunea-
ble bond angle  of the lattice are found in this artificial planar QD 
structure. These results provide the theoretical basis for manipulat-
ing Dirac fermions and should be very helpful for the fabrication 
and application of high-mobility semiconductor QD devices. 
 The fact that doped manganites can have the properties of a 2D 
semimetal has long been known, but relatively little theoretical and 
experimental work has been done in this interesting area of solid-
state physics. The possibility of the existence of a state similar to 
an exciton dielectric in doped La1 xCaxMnO3 manganites was first 
pointed out in Ref. [25] within the framework of a two-band model 
of double exchange of charge carriers in the eg shell of manganese 
ions without taking into account the electron–phonon interaction. It 
was shown that nesting of electron and hole regions (pockets) of the 
Fermi surface, corresponding to two eg bands of charge carriers, ex-
ists in the initial LaMnO3 compound. Because of the nesting of 
these bands in LaMnO3, charge carriers are unstable to the for-
mation of a gas of electron–hole pairs of the exciton dielectric type. 
A small dielectric gap appears in the spectrum of quasi-particles, 
and the system becomes an insulator. The anomalies in the tempera-
ture dependences of the ac-dielectric permittivity found in the 
La1 ySmyMnO3  system were explained in Ref. [26] in terms of the 
existing concepts of the Bose–Einstein condensation of an electron–
hole liquid in the form of metal drops in an exciton dielectric. In 
our later work [27], when explaining the effect of external influ-
ences on the magnetism of fluctuating low-dimensional electron and 
spin correlations in frustrated manganites La1 ySmyMnO3  (y 0.85, 
1.0), we considered several weak coupling models of the appearance 
of CDW/SDW states and superconductivity, based on the possibility 
of the existence in some materials of an unusual state—an exciton 
condensate (EC), in which, according to the literature data, new 
types of charge/spin density and superconductivity waves can arise 
under the influence of weak external influences, which are closely 
related to various types of nesting of electron–hole regions of the 
Fermi surface and interband (intraband) pairing of charge and spin 
carriers. 
 In Ref. [28], a two-band model for the formation of an exciton 
SDW was constructed taking into account the interband and intra-
band interactions of charge carriers. The case of complete nesting 
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of electron–hole regions of the Fermi surface is considered for sev-
eral different values of the wave vector Qi. It was shown that the 
change in the shape of the Fermi surface, caused by the relative 
shift of the conduction and valence bands, leads to competition be-
tween different magnetic phases. Within the framework of this 
model, the static magnetic susceptibility of the electron–hole sys-
tem was studied, which made it possible to determine the nature of 
its various instabilities of the exciton SDW type. It is shown that 
instabilities in the paramagnetic state of a system of EC spins can 
be strictly identified by studying the peak features of the tempera-
ture dependence (T) of their static magnetic susceptibility. When, 
with a decrease in the temperature of the paramagnetic state of the 
electron–hole system, it reaches a critical value, then, one can ex-
pect the appearance of peaks (T) of various shapes caused by the 
appearance of SDWs with wave vectors equal to different values of 
the nesting vector Qi of the electron–hole Fermi surface regions. It 
was found that in the case of exciton (interband) instability, the 
feature of the paramagnetic susceptibility caused by nesting of the 
phase transition has the form of a sharp peak, while the intraband 
instability is characterized by a peak feature spread over a wide 
range of wave vector values near Qi. Of particular interest is the 
appearance of signs of anomalous ferromagnetism in self-doped 
La0.15Sm0.85MnO3  manganites at temperatures below TFM 12 K in 
magnetic fields |H 350 Oe, which we discovered in Ref.[27], ap-
parently associated with the EC ferromagnetism. EC ferromag-
netism was first studied theoretically in Refs. [29–31]. A model was 
considered for the spectrum of fermions (S 1/2), which are unsta-
ble to electron–hole pairing in the weak coupling limit. Conditions 
are found under which singlet (S 0) and triplet (S 1) types of 
spin pairing can coexist, which leads to an unusual state of a fermi-
on gas of the exciton ferromagnet type. The authors considered 
three types of fermion gas: 1) semimetals with overlapping phase 
transitions, 2) semiconductors with a narrow band gap less than the 
exciton binding energy, 3) metals with very narrow bands. In all 
three cases, the system is unstable to coherent electron–hole pairing 
of free charge carriers into a singlet state with a binding energy VC 
or a triplet state with a binding energy VT, or to the formation of 
two states that differ in q vectors. 
 The energy spectrum of such systems has a semiconductor char-
acter with a dielectric gap Ñ for singlet pairing and T for triplet 
pairing. It was shown that the transition of a gas of free charge 
carriers in such materials to a ferromagnetic ground state is possi-
ble even in the case of a weak interaction between charge carriers. 
It has been established that the simultaneous existence of singlet 
( S) and triplet ( T) order parameters is accompanied by the for-
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mation of CDWs and SDWs, as well as the removal of spin degener-
acy of the electron and hole bands. In this case, if the number of 
electrons is not equal to the number of holes, the number of charge 
carriers with opposite spin is different. The total spin of such a sys-
tem is proportional to the difference in the electron and hole con-
centrations, which is the reason for the appearance of exciton fer-
romagnetism at T 0 K. In a later review [32], it was noted that 
the weak coupling approximation, in which there is no Hund strong 
coupling, describes weakly correlated metals well or semiconduc-
tors, in which the gluing of electron–hole pairs is carried out by the 
long-range part of the interaction. This leads to the coexistence of 
many degenerate exciton states in these materials. Due to this de-
generacy, even such a weak exchange interaction as hopping of elec-
tron–hole pairs between atoms can play an important role in the 
formation of exciton ferromagnetism and CDW/SDW of ordered 
states of fermions [33, 34]. According to Ref. [33], a charge density 
wave with singlet spin pairing (S 0) and a spin density wave with 
triplet spin pairing (S 1) can coexist in ECs. In weak coupling 
models, it is assumed that the main cause of the EC instability is 
the complete nesting of the electron–hole regions of the Fermi sur-
face. In our opinion, the models of exciton condensate considered 
above in the simplest case of the weak coupling limit are directly 
related to the experimental results obtained in this work and can be 
used as a foundation in our further study of the unusual properties 
of frustrated manganites of the La1 ySmyMnO3  type. The unusual 
properties of frustrated manganites include the previously discov-
ered coexistence in them at temperatures below 60 K of spin, elec-
tron–hole, and superconducting quantum liquids. 

4. CONCLUSION 

Àn alternate permutation of the double—peaks and Dirac cone fea-
tures of the ‘supermagnetization’ M(T) in SmMnO3+δ during the 
Landau quantization of the spinon pairs spectrum by the weak ex-
ternal magnetic fields |H| 100, 350, 1000 Oe may be explained by 
the existence in this material of two hidden states of the chiral spin 
liquid CSL1 and CSL2. The double-peaks features in SmMnO3  arise 
from excited states of the chiral QSL containing from excited states 
in which Majorana fermions are closely coupled to fluxes. In exter-
nal magnetic field |H| 350 Oe magnetic response appears in the 
first Landau zone in the shape of a Dirac cone feature near the av-
erage temperature ÒMZM 4.6 K, which corresponds to the excitation 
of two coupled Majorana zero modes arising on point defects. In ex-
ternal magnetic field |H| 3.5 kOe, only the step-like quantum oscil-
lations of temperature dependences of ‘supermagnetization’ of in-
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compressible quantum spinon liquid were found. The strong ‘smear-
ing’ of the features of the magnetization M(T) in SmMnO3  found 
in this work is explained by an increase in quantum fluctuations of 
the sample magnetization caused by the proximity to the quantum 
critical point of the magnetic phase diagram of the La1 ySmyMnO3  
system. 
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Non-stoichiometric CdmTen (m n: Cd13Te4, Cd4Te13, Cd19Te16, Cd16Te19, 
Cd38Te28, and Cd28Te38) clusters with spherical form and diameter of 1, 
1.4, and 1.6 nm are studied. These CdmTen clusters have Td point-group 
symmetry. All calculations including geometry optimization and energy 
spectra of the CdmTen clusters are made using density functional theory 
(DFT). The GGA PBE approximation is used to describe the exchange–
correlation energy of the electron subsystem with Hubbard corrections 
(GGA U). Structural properties, bond length, symmetry and electronic 
properties like the HOMO–LUMO gap, binding energy, and electronegativ-
ity are analysed. 

Ïîäàíî ðåçóëüòàòè äîñë³äæåíü íåñòåõ³îìåòðè÷íèõ êëàñòåð³â CdmTen 
(m n: Cd13Te4, Cd4Te13, Cd19Te16, Cd16Te19, Cd38Te28 ³ Cd28Te38) ç³ ñôåðè÷-
íîþ ôîðìîþ òà ä³ÿìåòðîì ó 1, 1,4 é 1,6 íì. Äîñë³äæóâàí³ êëàñòåðè 
CdmTen îïèñàíî òî÷êîâîþ ãðóïîþ ñèìåòð³¿ Td. Óñ³ ðîçðàõóíêè, âêëþ÷à-
þ÷è îïòèì³çàö³þ ãåîìåòð³¿ é åíåðãåòè÷í³ ñïåêòðè êëàñòåð³â CdmTen, âè-
êîíàíî ç âèêîðèñòàííÿì òåîð³¿ ôóíêö³îíàëó ãóñòèíè. Äëÿ îïèñó îáì³í-
íî-êîðåëÿö³éíî¿ åíåðã³¿ âèêîðèñòàíî íàáëèæåííÿ GGA PBE ç Ãàááàð-
äîâèìè ïîïðàâêàìè (GGA U). Ïðîàíàë³çîâàíî ñòðóêòóðí³ âëàñòèâîñò³, 
äîâæèíó çâ’ÿçêó, ñèìåòð³þ é åëåêòðîíí³ âëàñòèâîñò³, òàê³ ÿê åíåðãåòè-
÷íà ù³ëèíà HOMO–LUMO, åíåðã³ÿ çâ’ÿçêó é åëåêòðîíå´àòèâí³ñòü. 

Key words: non-stoichiometric clusters, CdTe, semiconductor, HOMO–
LUMO gap, binding energy, electronegativity. 
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1. INTRODUCTION 

Nanocrystalline semiconducting materials of II–VI group offer 
unique electronic and optical properties attributed to the so-called 
quantum confinement effects [1]. The optical properties of such 
compounds can be adjusted by altering the dimensions of the nano-
particles. CdTe clusters (also in the form of the quantum dots 
(QDs)), are important II–VI group semiconducting materials with a 
narrow bulk band gap ( 1.44 eV) [1] and a high excitation Bohr ra-
dius (7.3 nm) [2, 3]. QDs based on CdTe have potential applications 
in novel light emitters, next-generation solar cells, sensing, and bi-
omedical diagnostics [4]. 
 In the present work, the gap between highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), 
binding energy and electronegativity of the non-stoichiometric 
CdmTen (m n) clusters have been calculated. The information about 
studies of physical properties of the CdTe clusters was found in the 
literature [2, 4–18]. In these works also are reports on the density 
functional theory (DFT) calculations of electronic and optical prop-
erties of CdmTen (m n [13, 18], m n [10, 13, 16, 17, 18]) clusters. 
Particularly, the LDA [18], GGA PBE [10, 13, 18], and B3LYP 
[10, 16] functionals were used for DFT calculations. The Cd4Te13, 
Cd13Te14, Cd14Te13, Cd19Te29, Cd19Te28, and Cd79Te80 clusters were 
studied in [13]. In Ref. [18], the Cd13Te16, Cd16Te13, Cd16Te19, and 
Cd19Te16 non-stoichiometric clusters were used for studies of the 
electronic properties. 
 The paper is organized as follows. The next section introduces the 
calculation techniques used. The first subsection in the third sec-
tion reports the main results of the electronic band energy struc-
ture of bulk CdTe. Structural properties of non-stoichiometric 
CdmTen (m n: Cd13Te4, Cd4Te13, Cd19Te16, Cd16Te19, Cd38Te28, and 
Cd28Te38) clusters are elucidated in the second subsection of the 
third section. The third subsection in the third section is the study 
of the HOMO–LUMO gap, binding energy, and electronegativity of 
non-stoichiometric CdmTen clusters. Finally, the conclusions are 
drawn in the last section. 

2. METHODS OF CALCULATION 

All calculations including geometry optimization and energy spectra 
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were made using DFT, which was implemented in Quantum Espres-
so package [19]. Density functional GGA PBE was used to describe 
the exchange–correlation energy of the electronic subsystem with 
Hubbard corrections (GGA U). Unfortunately, for strongly corre-
lated materials, including CdTe, the standard DFT with GGA (PBE) 
functional will underestimate the band gap. The easiest way to get 
the results closer to experimental ones is to use a so-called ‘scissor’ 
operator, which leads to the band gap changing by shifting the con-
duction band into the region of higher energies [20] or to use Hub-
bard U correction [21]. 
 Firstly, structure optimization and calculation of electron band 
energy structure were made for bulk CdTe. This calculation was 
performed to estimate the value of Hubbard corrections. The value 
Ecut-off 660 eV for the energy of cutting-off the plane waves was 
used in our calculations. The electronic configurations of 5s24d10 for 
Cd and 5s25p4 for Te atoms formed the valence electron states. The 
self-consistent convergence of the total energy was taken as 5.0 10 6 
eV/atom. Geometry optimization of the lattice parameters and 
atomic coordinates was performed using the Broyden–Fletcher–
Goldfarb–Shanno (BFGS) minimization technique with the maxi-
mum ionic Hellmann–Feynman forces within 0.01 eV/Å, the maxi-
mum ionic displacement within 5.0 10 4 Å, and the maximum stress 
within 0.02 GPa. 
 Based on the optimized structure of the bulk CdTe, the CdmTen 
clusters (in spherical form) with diameter (D) of 1, 1.4, and 1.6 nm 
were built. The convergence criteria for energy and force were set 
to 3 10 4 eV and 5 10 2 eV/Å respectively for all the calculations. 
To describe accurately the electronic spectrum, two Hubbard correc-
tions were selected for the studied objects: for d-orbitals of Cd 
(U4d 5.80 eV) and p-orbitals of Te (U5p 2.55 eV). 

3. RESULTS AND DISCUSSIONS 

3.1. Electron Band Energy Structure of Bulk CdTe 

In Figure 1, the full energy band diagrams of the CdTe crystal are 
shown along the highly symmetric lines of the 1-st Brillouin zone 
(BZ: W(0.500, 0.250, 0.750), L(0.500, 0.500, 0.500), (0, 0, 0), 
X(0.500, 0, 0.500), and K(0.375, 0.375, 0.750)). The energy posi-
tion of the Fermi level (EF) is aligned with 0 eV. Analysis of the 
results of theoretical calculations of the energy band spectrum 
shows that the smallest band gap is localized in the centre of the BZ 
(the  point) for GGA and GGA U calculations. This means that 
the crystal is characterized by a direct energy band gap. The esti-
mated band gap for the GGA calculation is 0.494 eV. It is less than 
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the appropriate value obtained experimentally ( 1.44 eV [1]). Using 
the Hubbard correction U4d 5.80 eV for Cd and U5p 2.55 eV for 
Te atoms, we obtained the band gap of 1.438 eV for the bulk CdTe, 
perfectly consistent with the experimental data [1]. 

3.2. Structural Properties of Non-Stoichiometric CdmTen Clusters 

Based on the optimized structure of the bulk CdTe, the CdmTen 
spherical clusters with different diameters between 1 and 1.6 nm 
were built (see Fig. 2). The clusters were further optimized using 
the parameters reported in the second section. The non-
stoichiometric CdmTen clusters before and after optimizations are 
shown in the Fig. 2 (detailed information is in the figure). These 
CdmTen clusters have Td point group symmetry. The average Cd–Te 
bonds lengths (l) in the clusters are listed in Table 1. As seen in Ta-
ble 1, CdmTen clusters with rich content of Cd (m/n 1) have larger 
average Cd–Te bonds lengths than the Te-content rich clusters 
(m/n 1). 

3.3. HOMO–LUMO Gap, Binding Energy, and Electronegativity of 
Non-Stoichiometric CdmTen Clusters 

To study the solvent effects on the energy position of the HOMO, 
LUMO, and HOMO–LUMO gap, we performed the geometry optimi-
zation of the clusters in the presence of the solvents. A comparison 
of the calculated value of the HOMO, LUMO, and HOMO–LUMO 
gap for non-stoichiometric Cd13Te4 and Cd4Te13 clusters shows the 
gaps to be very similar for water, acetone, and ethanol. Based on 
these results, only water was used as a solvent in calculations for 

 

Fig. 1. Electron band energy structure of bulk CdTe (calculated using 
GGA U). 
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other clusters. 

 

 

 

Fig. 2. Structure of non-stoichiometric CdmTen clusters before (non-
optimized) and after optimizations. 

TABLE 1. Average Cd–Te bond length for studied clusters (PGS states for 
point group symmetry). 

CdmTen cluster m/n PGS l, Å 
Cd13Te4 13/4 Td 2.99750 

Cd4Te13 4/13 Td 2.89275 

Cd16Te19 16/19 Td 2.86100 

Cd19Te16 19/16 Td 2.87800 

Cd28Te38 28/38 Td 2.85840 

Cd38Te28 38/28 Td 2.88257 
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 The energy positions of HOMO and LUMO for Cd13Te4 and Cd4Te13 
clusters are shown in Fig. 3 (left panel). In Figure 3 (left panel), 
one can see that the energy position of HOMO and LUMO decreases 
while moving from Cd-rich (Cd13Te4) to the Te-rich (Cd4Te13) clus-
ters. In addition, a higher value of the HOMO–LUMO gap is ob-
served for the Cd-rich cluster (Cd13Te4). 
 In Table 2, the energy position of the HOMO, LUMO, and 
HOMO–LUMO gap of non-stoichiometric CdmTen clusters are listed. 
For analysis of these results, we used a composition ratio (m/n). In 
Figure 3 (right panel), the dependence of the energy position of 
HOMO, LUMO, and HOMO–LUMO gap from the composition ratio 
is shown. As one can see in Figure 3 (right panel), the HOMO–
LUMO gap increases for all cases when the composition ratio chang-
es (transition from Cd-rich to Te-rich cluster). In addition, when 
the composition ratio m/n is heading to 1 (case of the stoichio-
metric CdnTen clusters) this gap increases and goes to a value above 

 

 

Fig. 3. Left panel—energy position of the HOMO, LUMO and HOMO–
LUMO gap for Cd13Te4 and Cd4Te13 clusters (solvent—water). Right panel—
energy position of the HOMO, LUMO and HOMO–LUMO gap for non-
stoichiometric CdmTen clusters (details in figure). 
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1.526 eV (Eg for Cd38Te28). This value (of 1.526 eV) is larger than 
for bulk CdTe (1.438 eV). The increasing tendency of the energy 
gap is connected with the quantum-size effect (D 2 nm). In addi-
tion, we established that the value for the HOMO–LUMO gap is 
much higher for clusters with n m. 
 To estimate the stability of studied clusters, the binding energy 
was calculated. Binding energy was obtained using Eq. (1) and is 
listed in Table 3; Table 3 also lists electronegativities, which were 
calculated based on Eq. (2) [22]: 

 (Cd) (Te) (Cd Te ) /b total total total m nE mE nE E m n ; (1) 

 HOMO LUMO / 2 . (2) 

 A comparison of the binding energies of the CdmTen clusters 
(Eb(m/n 1) Eb(m/n 1)) indicates that the samples with m/n 1 
(Te-rich clusters) are more stable than samples with m/n 1 (Cd-
rich clusters). In the clusters group with n m, Te atoms are on the 
surface (see Fig. 2) and hence these structures are energetically fa-
voured [18]. 

TABLE 2. Electronic properties of non-stoichiometric CdTe clusters in dif-
ferent solvents. 

CdmTen cluster Solvent HOMO, eV LUMO, eV HOMO–LUMO gap, eV 

Cd13Te4 Water 3.449 3.152 0.297 

Cd13Te4 Ethanol 3.444 3.145 0.299 

Cd13Te4 Acetone 3.443 3.145 0.298 

Cd4Te13 Water 4.288 4.103 0.185 

Cd4Te13 Ethanol 4.290 4.105 0.185 

Cd4Te13 Acetone 4.290 4.105 0.185 

TABLE 3. Electronic properties of non-stoichiometric CdTe clusters (sol-
vent—water). 

CdmTen cluster HOMO, eV LUMO, eV HOMO–LUMO gap, eV Eb, eV , eV 

Cd13Te4 3.444 3.145 0.299 1.03298 3.2945 

Cd4Te13 4.288 4.103 0.185 1.77638 4.1955 

Cd16Te19 5.507 5.398 0.109 2.05143 5.4525 

Cd19Te16 3.833 2.646 1.187 1.92718 3.2395 

Cd28Te38 5.201 4.413 0.788 2.16213 4.8070 

Cd38Te28 4.151 2.625 1.526 1.93342 3.3880 
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 The latter can be related to Jahn–Teller distortion in the m n 
clusters. A similar tendency has been observed in non-stoichiometric 
HgTe [23] and CdTe [18] clusters. However, in our case, the struc-
ture symmetry (see Table 1) of the non-stoichiometric CdmTen clus-
ters was saved (in Ref. [18], [23] symmetry is destroyed after opti-
mization). 
 The relationship between Eb and HOMO–LUMO gap is presented 
in Fig. 4. In the case of m/n 1 (see Fig. 4 (left panel)), the in-
crease of Eb is appears along with the increase in the HOMO–LUMO 
gap, which means that the larger Eb value will have a cluster with a 
larger band gap. However, in the case of m/n 1 (Te-rich clusters), 
this dependence (see Fig. 4 (right)) is more difficult. This can be 
related to the decreasing in the average Cd–Te bond lengths (see 
Table 1) when the composition ratio changes from m/n 1 on 
m/n 1. 

4. CONCLUSION 

First-principle theoretical studies of the electron properties for the 
non-stoichiometric CdmTen (m n) clusters have been carried out us-
ing the reliable techniques of density functional theory and known 
approximations. Based on these calculations, the energy position of 
HOMO, LUMO, HOMO–LUMO gap, binding energy, and electroneg-
ativity are obtained for the studied clusters. 
 Structure analysis shows that the CdmTen clusters with rich con-
tent of Cd (m/n 1) have larger Cd–Te average bonds lengths than 
the Te-content rich clusters (m/n 1). For all clusters, the structure 
symmetry was saved. 

  

Fig. 4. The relation between HOMO–LUMO gap and Eb for non-
stoichiometric CdmTen clusters (details on figure). 
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 Analysis of the energy properties shows that the solvent (water, 
acetone or ethanol) does not have effects the energy position of the 
HOMO, LUMO, and HOMO–LUMO gap. Increasing of the HOMO–
LUMO gap when the composition ratio m/n is heading to 1 is ob-
served. Additionally, it was revealed, based on the calculated value 
of the binding energy, that the samples with m/n 1 (Te-rich clus-
ters) are more stable than samples with m/n 1 (Cd-rich clusters). 

 This work was supported by the Project for Young Scientists No. 
0124U000760 granted by the Ministry of Education and Science of 
Ukraine. 
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A comprehensive investigation on hydrogen grabbing by heteroclusters of 
Mn-doped GaN, AlGaN, InGaN is carried out using DFT computations at 
the CAM–B3LYP–D3/6–311 G(d,p) level of theory. The notable fragile 
signal intensity close to the parallel edge of the nanocluster sample might 
be owing to manganese binding-induced non-spherical distribution of 
Mn@GaN, Mn@AlGaN or Mn@InGaN heteroclusters. The hypothesis of 
the energy-adsorption phenomenon is confirmed by density distributions 
of CDD, TDOS/PDOS/OPDOS, and electron-localization function (ELF) for 
GaN and its alloys. Based on TDOS, the excessive growth technique on 
doping manganese is a potential approach to designing high-efficiency hy-
brid semi-polar gallium nitride-based devices in a long-wavelength zone. A 
vaster jointed area engages by an isosurface map for Mn-doping GaN, Al-
GaN, and InGaN towards formation of nanocomposites of Mn@GaN–H, 
Mn@AlGaN–H, and Mn@InGaN–H after hydrogen adsorption due to la-
belling atoms of N4, Mn5, H18, respectively. Therefore, it can be consid-
ered that manganese in the functionalized Mn@GaN, Mn@AlGaN or 
Mn@InGaN might have more impressive sensitivity for accepting the elec-
trons in the process of hydrogen adsorption. Furthermore, Mn@GaN, 
Mn@AlGaN or Mn@InGaN are potentially advantageous for certain high-
frequency applications requiring solar cells for energy storage. The ad-
vantages of manganese over GaN, AlGaN, or InGaN include its higher 
electron and hole mobility, allowing manganese-doping devices to operate 
at higher frequencies than non-doping devices. 

Êîìïëåêñíå äîñë³äæåííÿ çàõîïëåííÿ Ã³äðî´åíó ãåòåðîêëàñòåðàìè ëå´î-
âàíîãî Mn GaN, AlGaN, InGaN áóëî ïðîâåäåíî çà äîïîìîãîþ ÒÔÏ-
îá÷èñëåíü íà ð³âí³ òåîð³¿ CAM–B3LYP–D3/6–311 G(d,p). Ïîì³òíà ³íòå-
íñèâí³ñòü íåòðèâêîãî ñè´íàëó ïîáëèçó ïàðàëåëüíîãî êðàþ çðàçêà íàíî-
êëàñòåðà ìîæå áóòè íàñë³äêîì ³íäóêîâàíîãî çâ’ÿçóâàëüíèì ìàí´àíîì 

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
2025, ò. 23, ¹ 1, ññ. 37–60 
https://doi.org/10.15407/nnn.23.01.0037 

 2025 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 
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íåñôåðè÷íîãî ðîçïîä³ëó ãåòåðîêëàñòåð³â Mn@GaN, Mn@AlGaN àáî 
Mn@InGaN. Ã³ïîòåçó ïðî ÿâèùå àäñîðáö³¿ åíåðã³¿ áóëî ï³äòâåðäæåíî 
ðîçïîä³ëàìè ãóñòèíè CDD, TDOS/PDOS/OPDOS òà ôóíêö³¿ ëîêàë³çàö³¿ 
åëåêòðîí³â äëÿ GaN òà éîãî ñòîï³â. Çàñíîâàíèé íà TDOS, ìåòîä íàäì³ð-
íîãî ðîñòó çà ëå´óâàííÿ ìàí´àíîì º ïîòåíö³éíèì ï³äõîäîì ùîäî ðîçðî-
áêè âèñîêîåôåêòèâíèõ ã³áðèäíèõ íàï³âïîëÿðíèõ ïðèñòðî¿â íà îñíîâ³ 
í³òðèäó ¥àë³þ â äîâãîõâèëüîâ³é çîí³. Á³ëüø øèðîêó ç’ºäíàíó îáëàñòü 
çàä³ÿíî êàðòîþ ³çîïîâåðõí³ äëÿ ëå´óâàííÿ Mn GaN, AlGaN, InGaN çàä-
ëÿ óòâîðåííÿ íàíîêîìïîçèò³â Mn@GaN–H, Mn@AlGaN–H, Mn@InGaN–
H ï³ñëÿ àäñîðáö³¿ Ã³äðî´åíó âíàñë³äîê ì³÷åííÿ àòîì³â N4, Mn5, H18 â³ä-
ïîâ³äíî. Òàêèì ÷èíîì, ìîæíà ââàæàòè, ùî ìàí´àí ó ôóíêö³îíàë³çîâà-
íèõ Mn@GaN, Mn@AlGaN àáî Mn@InGaN ìîæå ìàòè á³ëüø âèðàçíó 
÷óòëèâ³ñòü äî ïðèéîìó åëåêòðîí³â ó ïðîöåñ³ àäñîðáö³¿ Ã³äðî´åíó. Êð³ì 
òîãî, Mn@GaN, Mn@AlGaN àáî Mn@InGaN º ïîòåíö³éíî âèã³äíèìè äëÿ 
ïåâíèõ âèñîêî÷àñòîòíèõ çàñòîñóâàíü, ÿê³ âèìàãàþòü ñîíÿ÷íèõ åëåìåí-
ò³â äëÿ çáåð³ãàííÿ åíåðã³¿. Ïåðåâàãè ìàí´àíó ïåðåä GaN, AlGaN àáî 
InGaN âêëþ÷àþòü éîãî âèùó ðóõëèâ³ñòü åëåêòðîí³â ³ ä³ðîê, ùî óìîæ-
ëèâëþº ëå´îâàíèì ìàí´àíîì ïðèñòðîÿì ïðàöþâàòè íà âèùèõ ÷àñòîòàõ, 
àí³æ íåëå´îâàíèì ïðèñòðîÿì. 

Key words: solar cells, hydrogen adsorption, energy storage, aluminium–
gallium nitride, indium gallium nitride, first-principles study. 
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1. INTRODUCTION 

A binary III/V direct bandgap semiconductor called gallium nitride 
(GaN) is a very hard material with wide bandgap applied in a varie-
ty of technologies, including optoelectronic, high-power electronics 
and light-emitting diodes, partly due to its favourable thermal 
properties [1, 2]. 
 The nitrides of group III in periodic table have low sensitivity to 
ionizing radiation that makes them appropriate materials for solar 
cell arrays for satellites. Therefore, space applications could also 
benefit as devices have shown stability in high radiation environ-
ments. 
 Ternary ‘AlGaN’ alloys have been recognized as promising mate-
rials for realizing deep ultraviolet ‘DUV’ optoelectronic devices 
with operating wavelengths down to 200 nm [1–3]. For the devel-
opment of high performance AlGaN-based ‘DUV’ devices, high-
conductivity p-type Al-rich AlxGa1 xN (x 0.4) is essential. Many 
studies have shown that enhancing the p-type conductivity has a 
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significant effect on the improvement of both the electrical and op-
tical properties of AlGaN DUV optoelectronics [4–8]. In an investi-
gation, the scientists have shown the Al0.1Ga0.9N/GaN heterojunc-
tion solar cells with a Mn-doped active layer. Under a 1-sun AM1.5 G 
illumination condition, the devices exhibited improved conversion 
efficiency by a magnitude of 5 compared to the cells without Mn 
doping in the active layer. This dramatic increase in conversion ef-
ficiency is attributed to the fact that the Mn-related energy states 
cause sub-band gap photon absorption and thereby contribute an ex-
tra photocurrent [9]. The investigations conducted on Mn-doped 
GaN have shown that the Mn impurity band could form approxi-
mately at the middle of the GaN band gap [10] (Fig. 1). 
 The researchers have estimated the suitability of Mn doped 
In1 xGaxN as an IB material. They predicted that the In1 xGaxN-
based solar cells with a Mn-doped absorption layer could achieve 
maximum efficiency [11]. 
 The ternary semiconductor of Indium gallium nitride (InGaN) as 
solar cells is remarkable owing to the adjustable direct band gap en-
ergy of InGaN veiling the total solar spectrum arraying from 0.7 to 
3.4 eV [12, 13], as well as preferable photovoltaic specifics of 
InGaN consisting of vast absorption coefficients [14] and high car-
rier dynamism. Furthermore, great fixity and excellent radiation 
persistence of InGaN alloys permit function of InGaN-based instru-
ments in uttermost situations such as space and geocentric usages 

 

Fig. 1. Application of Mn-doped hetero-clusters of GaN, AlGaN, InGaN for 
hydrogen storage in transistors using CAM–B3LYP–D3/6-311 G(d,p) cal-
culation (@ denotes doping). 
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[12, 15]. The solar cells of InGaN were constructed with low indium 
amounts of the InGaN alloy compounds [16–18] that conduces to an 
enhancement in the band gap energy of InGaN and then eventuates 
in the absorption of shorter wavelengths of solar radiation. There-
fore, to find out InGaN solar cells with high yield, the In amount in 
the InGaN active layer of these solar cells should be enhanced to 
compensate a large part of the solar spectrum. Recently, it has been 
suggested the application of dual nanogratings of Si and other or-
ganic solar cells, which are mostly in direct contact with the active 
area of the solar cells [19–25]. 
 Moreover, the researchers fabricated transition metal zinc doped 
InGaN nanorods arrays by radio-frequency plasma-assisted molecu-
lar beam epitaxy. Doping obviously reduces indium atoms composi-
tion, the aggregation of In–In and induces the deep energy level. 
This greatly decreases the defects and improves the valence band 
potential of InGaN nanorods [26]. 
 Recently, researchers have proposed an InGaN/GaN p–i–n thin-
film solar cell, which includes a dual nanograting compound: silver 
nanogratings on the back of the solar cell and GaN–NGs on the 
front. FDTD simulation parameters have exhibited that the dual NG 
compound connects the eventual sunlight to the plasmonic and pho-
tonic styles, so enhancing the absorption of the solar cell in a wide 
spectral span. It is perceived that the solar cells possessing the dou-
ble nanograting structures have a considerable increment in light 
absorption compared with cells either having no nanogratings or 
having only the front nanogratings or only the back nanogratings 
[27]. 
 In this paper, we propose the feasible semiconductors of GaN, 
AlGaN, InGaN, which are doped with manganese (Fig. 1). We car-
ried out molecular modelling considering the geometrical parame-
ters of doping atoms on the surface of Mn@GaN, Mn@AlGaN, and 
Mn@InGaN through hydrogen absorption status and current charge 
density of the solar cells was studied. Moreover, the effect of a rel-
ative chemical shift between GaN, AlGaN, InGaN and doped hetero-
clusters of the solar cell was also investigated. 

2. MATERIALS AND METHODS 

The Mn-doped GaN, AlGaN, InGaN nanocomposites were calculated 
within the framework of first-principles calculation based on densi-
ty functional theory (DFT) (Fig. 2). The rigid potential energy sur-
face using density functional theory [28–41] was performed due to 
Gaussian 16 revision C.01 program package [42] and GaussView 6.1 
[43]. The coordination input for energy storage on the solar cells 
has applied 6–311 G(d,p) and EPR-3 basis sets. 
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 First, we optimized the structural parameters of nanoclusters of 
GaN, AlGaN, InGaN which are doped with manganese towards for-
mation of heteroclusters of Mn@GaN, Mn@AlGaN, Mn@InGaN for 
obtaining the highest short circuit current density. Then, Figure 1 
shows the process of hydrogen adsorption on heteroclusters of 
Mn@GaN, Mn@AlGaN, Mn@InGaN, which are varied to maximize 
the absorption in the active region. This is a utility used to calcu-
late ring area and perimeter, since ring area is sometimes involved 
in wave-function analysis. In this function, it is needed to input the 
index of the atoms in the ring in clockwise manner including Mn5, 
N4, Ga15, N7, Ga6, N12 (Fig. 2, a, b, c). Then, it has be calculated to-
tal ring area and total ring perimeter for a tailored ring as 9.6981 

 

Fig. 2. Characterization of heteroclusters includes (a) Mn@GaN/Mn@GaN–
H; (b) Mn@AlGaN/Mn@AlGaN–H; (c) Mn@InGaN/Mn@InGaN–H through 
a labelled ring in clockwise manner including Mn5, N4, Ga15, N7, Ga6, N12 
towards H-adsorption. 
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Å2 and 11.6921 Å2, respectively (Fig. 2, a, b, c). 

3. RESULTS AND DISCUSSION 

In this article, the data has evaluated the efficiency of metal-doped 
hybrid nanoalloys of Mn@GaN, Mn@AlGaN, Mn@InGaN and their 
hydrated complexes of Mn@GaN–H, Mn@AGaN–H, Mn@InGaN–H 
energy saving in batteries, transistors and solar cells. 

3.1. Analysis of CDD, TDOS/PDOS/OPDOS and ELF 

The amounts of charge density differences ‘CDD’ is measured by 
considering isolated atoms or noninteracting ones. The mentioned 
approximation can be the lightest to use because the superposition 
value may be received from the primary status of the self-
consistency cycle in the code that carries out the density functional 
theory (Fig. 3, a, b, c) [44]. 
 Figure 2, a indicates the atom of Mn5 from Mn@GaN and Mn5, 
H18 from Mn@GaN–H accompanying gallium and nitrogen atoms 
fluctuating around –9 to 3 Bohr. In Figure 2, b, the atom of Mn5 
from Mn@AlGaN and Mn5, H18 from Mn@AlGaN–H accompanying 
aluminium, gallium and nitrogen atoms have shown the fluctuation 
around –9 to 3 Bohr and –8 to 4 Bohr, respectively. Moreover, 
the atom of Mn5 from Mn@InGaN and Mn5, H18 from Mn@InGaN–
H accompanying indium, gallium and nitrogen atoms have shown 
the fluctuation around –9 to 3 Bohr (Fig. 3, c). 
 To understand better the different adsorption characteristics of 
Mn@GaN, Mn@GaN–H, Mn@AlGaN, Mn@AlGaN–H, Mn@InGaN, 
Mn@InGaN–H, total density of states (TDOS) using Multiwfn pro-
gram [45] has been measured. This parameter can indicate the ex-
istence of important chemical interactions often on the convex side 
(Fig. 4, a, a , b, b , c, c ). In isolated system (such as molecule), the 
energy levels are discrete, the concept of density of state (DOS) is 
supposed completely valueless in this situation. Therefore, the orig-
inal total DOS (TDOS) of isolated system can be written as [45]: 

 TDOS( ) ii
E E , (1) 

 

2

22
1

( ) ,  where 
2 2 2ln

x

c
FWHM

G x e c
c x

. (2) 

 Moreover, the curve map of broadened partial DOS (PDOS) and 
overlap DOS (OPDOS) are valuable for visualizing orbital composi-
tion analysis, PDOS function of fragment A is defined as 
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 ,PDOS ( )A i A i
i

E F E , (3) 

where i, A is the composition of fragment A in orbital i. The OPDOS 
between fragment A and B is defined as: 

 
a 

 
b 

 
c 

Fig. 3. CDD graphs for heteroclusters through hydrogen adsorption includ-
ing (a) Mn@GaN/Mn@GaN–H, (b) Mn@AlGaN/Mn@AlGaN–H, and (c) 
Mn@InGaN/Mn@InGaN–H. 
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 , ,OPDOS ( ) ,i
A B A B ii

E X F E  (4) 

where ,
i
A BX  is the composition of total cross term between fragment 

A and B in orbital i. 
 In the TDOS map, each discrete vertical line corresponds to a mo-
lecular orbital (MO), the dashed line highlights the position of 
HOMO. The curve is the TDOS simulated based on the distribution 
of MO energy levels. In the negative part, the region around –0.40 
a.u. has obviously larger state density than other regions for 
Mn@GaN, Mn@GaN–H, Mn@AlGaN, Mn@AlGaN–H, Mn@InGaN, 

 
a 

 
a  

Fig. 4. TDOS/PDOS/OPDOS graphs of heteroclusters include (a) Mn@GaN, 
(a ) Mn@GaN–H, (b) Mn@AlGaN, (b ) Mn@AlGaN–H, (c) Mn@InGaN, (c ) 
Mn@InGaN–H. 
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Mn@InGaN–H (Fig. 4, a, a , b, b , c, c ). 
 However, Mn@InGaN–H (Fig. 4, c ) has shown larger state densi-
ty through pointed peaks than Mn@GaN–H (Fig. 4, a ) and 
Mn@AlGaN–H (Fig. 4, b ). It is remarkable that the excessive 
growth technique on doping manganese as noble transition metal is 
a potential approach to designing high efficiency hybrid semi-polar 
gallium nitride alloys devices on aluminium or indium layers in a 
long wavelength zone. 
 Fragment 1 has been defined for N2, X3 (X Ga, Al, In), N4, Mn5, 
Ga11, N12, N17 for Mn@GaN (Fig. 4, a), Mn@AlGaN (Fig. 4, b), 
Mn@InGaN (Fig. 4, c) and H18 for Mn@GaN (Fig. 4, a ), Mn@AlGaN 
(Fig. 4, b ), Mn@InGaN (Fig. 4, c ). Moreover, Fragment 2 has indi-

 
b 

 
b  

Continuation Fig. 4. 
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cated the fluctuation of N4, Mn5, Ga6, N10, N12, Y13 (Y Ga, Al, In), 
Ga15, N17 for Mn@GaN (Fig. 4, a), Mn@AlGaN (Fig. 4, b), 
Mn@InGaN (Fig. 4, c) and H18 for Mn@GaN (Fig. 4, a ), Mn@AlGaN 
(Fig. 4, b ), Mn@InGaN (Fig. 4, c ). Finally, it was considered the 
fluctuation of Ga1, N7, Z8 (Z Ga, Al, In), N9, Y13 (Y Ga, Al, In), 
N14, N16, N17 for Mn@GaN (Fig. 4, a), Mn@AlGaN (Fig. 4, b), 
Mn@InGaN (Fig. 4, c) and H18 for Mn@GaN (Fig. 4, a ), Mn@AlGaN 
(Fig. 4, b ), Mn@InGaN (Fig. 4, c ) through Fragment 3. 
 Furthermore, a type of scalar fields called electron localization 
function (ELF) may demonstrate a broad span of bonding samples. 
Nevertheless, the distinction between deduced/raised electron delo-
calization/localization into cyclic -conjugated sets stays encourag-

 
c 

 
c  

Continuation Fig. 4. 
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ing for ELF [46]. The grosser the electron localization is in an area, 
the more likely the electron movement is restricted within it. 
Therefore, they might be discerned from the ones away, if electrons 
are totally centralized. As Bader investigated, the zones with large 
electron localization possess extensive magnitudes of Fermi hole in-
tegration. However, with having a six-dimension function for the 
Fermi hole, it seems hard to be studied directly. Then, Becke and 
Edgecombe remarked that spherically averaged as if spin condition-
al pair probability possesses a direct correlation with the Fermi hole 
and proposed the parameter of electron localization function (ELF) 
in Multiwfn program [29] and popularized for spin-polarized proce-
dure [47]: 

 
0

1
ELF( )

1 ( ) / ( )
r

D r D r
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 For close-shell system, since (1/2) , D and D0 terms can 
be simplified as: 
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 Regarding kinetic energy, ELF was rechecked to be more punctu-
al for both Kohn–Sham DFT and post-HF wave-functions [48]. In 
fact, the excess kinetic-energy density caused by Pauli repulsion 
was unfolded by D(r) and D0(r) and may be inspected as Thomas–
Fermi kinetic-energy density. Because D0(r) is brought forward the 
ELF as origin, what the ELF shows is affiliate localization. The 
compounds of Mn@GaN, Mn@GaN–H, Mn@AlGaN, Mn@AlGaN–H, 
Mn@InGaN, and Mn@InGaN–H can be defined by ELF graphs ow-
ing to exploring their delocalization/localization characterizations 
of electrons and chemical bonds (Fig. 5, a, a , b, b , c, c ). 
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 The counter map of ELF for Mn@GaN, Mn@GaN–H (Fig. 5, a, a ), 
Mn@AlGaN, Mn@AlGaN–H (Fig. 5, b, b ), Mn@InGaN, Mn@InGaN–
H (Fig. 5, c, c ) has shown the electron delocalization through a la-
belled ring in clockwise manner including Mn5, N4, Ga15, N7, Ga6, 
N12 and H18 towards H-adsorption (Fig. 2, a, b, c). Then, hydration 
of Mn-doped GaN, AlGaN, InGaN indicates a larger isosurface map 
of electron delocalization due to labelling atoms of N4, Mn5, H18 in 
Mn@GaN–H (Fig. 5, a ), Mn@AlGaN–H (Fig. 5, b ), Mn@InGaN–H 
(Fig. 5, c ). 

   
a      a  

  
b      b  

Fig. 5. The graphs of ELF for heteroclusters include (a) Mn@GaN/Mn@GaN–
H, (b) Mn@AlGaN/Mn@AlGaN–H, and (c) Mn@InGaN/Mn@InGaN–H. 
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 A narrower connected area occupied by an isosurface map means 
that electron delocalization is relatively difficult. However, the 
large counter map of ELF for Mn@GaN, Mn@AlGaN, and 
Mn@InGaN can confirm that doping Mn nanoparticles on the sur-
face increases the efficiency of solar cells of GaN, AlGaN, and 
InGaN for energy storage (Table 1). 
 Besides, the changes of charge-density analysis have illustrated 
that GaN, AlGaN, InGaN have shown the Bader charge of 1.092, 
1.272, 1.131 coulomb before Mn-doping and 1.048, 1.252, 
1.098 coulomb after Mn-doping, respectively, that describes the 

tensity value of these heteroclusters for energy storage (Table 1). 

3.2. Analysis of Nuclear Magnetic Resonance Spectra 

Based on the resulted amounts, nuclear magnetic resonance (NMR) 
spectra of Mn@GaN, Mn@AlGaN, Mn@InGaN heteroclusters as the 
potential molecules for energy storage can unravel the efficiency of 
these complexes in solar cells through hydrogen adsorption. From the 
DFT calculations, it has been attained the chemical shielding (CS) 
tensors in the principal axes system to estimate the isotropic chemi-
cal-shielding (CSI) and anisotropic chemical-shielding (CSA) [49]: 

 iso 11 22 33 / 3, (10) 

 aniso 33 22 11 / 2. (11) 

   
c      c  

Continuation Fig. 5. 
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 The NMR data of isotropic ( iso) and anisotropic shielding tensors 
( aniso) for Mn-doped GaN, AlGaN and InGaN and their hydrated de-
rivatives of Mn@GaN–H, Mn@AlGaN–H, Mn@InGaN–H have been 
computed by Gaussian 16 revision C.01 program package [26] and 
been shown in Table 2. The notable fragile signal intensity close to 
the parallel edge of the nanocluster sample might be owing to man-
ganese binding induced non-spherical distribution of GaN (Fig. 6, a) 
and Mn@AlGaN (Fig. 6, b) heteroclusters. Figure 6, c exhibited the 
same tendency of shielding; however, a considerable deviation exists 
from doping atoms of manganese as electron acceptors on the sur-
face of Mn@InGaN heterocluster. 
 The observed increase in the chemical shift anisotropy spans for nanocag-
es of Mn@GaN/Mn@GaN–H (Fig. 6, a) and Mn@InGaN/Mn@InGaN–H 
(Fig. 6, c) is near N10 and N14, and for Mn@AlGaN/Mn@AlGaN–H 
is close to N10, N14, and N17 (Fig. 6, b). 

TABLE 1. Data of Bader charge (Q/Coulomb) for selected atoms of Mn@GaN, 
Mn@GaN–H, Mn@AlGaN, Mn@AlGaN–H, Mn@InGaN, Mn@InGaN–H 
heteroclusters. 

Mn@GaN Mn@GaN–H Mn@AlGaN Mn@AlGaN–H Mn@InGaN Mn@InGaN–H 
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Ga1 0.9961 Ga1 1.0084 Ga1 0.9852 Ga1 0.9960 Ga1 0.9511 Ga1 1.3172 

N2 1.0483 N2 1.0386 N2 1.1478 N2 1.1288 N2 1.0594 N2 1.4501 

Ga3 0.9744 Ga3 0.9936 Al3 1.2520 Al3 1.2506 In3 1.0827 In3 1.4791 

N4 1.0171 N4 0.9210 N4 1.0561 N4 0.9446 N4 1.0219 N4 1.3388 

Mn5 0.7522 Mn5 0.4224 Mn5 0.7651 Mn5 0.3908 Mn5 0.7195 Mn5 0.8126 

Ga6 0.9743 Ga6 0.9933 Ga6 0.9729 Ga6 0.9814 Ga6 0.9420 Ga6 1.2959 

N7 1.0482 N7 1.0489 N7 1.1444 N7 1.1129 N7 1.0627 N7 1.4452 

Ga8 0.9958 Ga8 1.0123 Al8 1.2493 Al8 1.2696 In8 1.0981 In8 1.5085 

N9 1.0455 N9 1.0148 N9 1.2162 N9 1.1616 N9 1.0715 N9 1.4269 

N10 0.6809 N10 0.6763 N10 0.7651 N10 0.7700 N10 0.7066 N10 0.8648 

Ga11 1.0012 Ga11 1.0242 Ga11 0.9972 Ga11 1.0024 Ga11 0.9750 Ga11 1.4177 

N12 0.9800 N12 0.9025 N12 1.0750 N12 0.9475 N12 0.9944 N12 1.3611 

Ga13 0.9259 Ga13 0.9193 Al13 1.2071 Al13 1.1771 In13 1.0188 In13 1.3032 

N14 0.6808 N14 0.6916 N14 0.7669 N14 0.7570 N14 0.7110 N14 0.9195 

Ga15 1.0012 Ga15 1.0272 Ga15 1.0015 Ga15 1.0088 Ga15 0.9812 Ga15 1.4087 

N16 0.5692 N16 0.5456 N16 0.6368 N16 0.6195 N16 0.5787 N16 0.8417 

N17 0.5512 N17 0.5327 N17 0.6220 N17 0.6003 N17 0.5623 N17 0.8212 

  H18 0.0285   H18 0.0345   H18 0.0735 
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 The yield of electromagnetic shifting can be directed by the men-
tioned active nitrogen atoms extracted from hybrid nanomaterials. 
Therefore, it can be observed that doped heteroclusters of 
Mn@GaN, Mn@AlGaN, or Mn@InGaN might ameliorate the capa-

 
a 

 
b 

 
c 

Fig. 6. The NMR spectra for heteroclusters of (a) Mn@GaN/Mn@GaN–H, 
(b) Mn@AlGaN/Mn@AlGaN–H, and (c) Mn@InGaN/Mn@InGaN–H. 
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bility of GaN-based nanocomposites in solar cells for energy stor-
age. 

3.3. Insight of Infrared Spectroscopy and Thermochemistry 

The infrared spectroscopy (IR) has been performed for nanocomposites 

of Mn@GaN/Mn@GaN–H (Fig. 7, a, a ), Mn@AlGaN/Mn@AlGaN–H 

 
a      a  

 
b      b  

 
c      c  

Fig. 7. The frequency (cm 1) changes through the IR spectra for hetero-
clusters of (a) Mn@GaN/Mn@GaN–H, (b) Mn@AlGaN/Mn@AlGaN–H, and 
(c) Mn@InGaN/Mn@InGaN–H. 
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(Fig. 7, b, b ), and Mn@InGaN/Mn@InGaN–H (Fig. 7, c, c ) through 
hydrogen adsorption. 
 The frequency value through the IR curves between 200–1000 
cm 1

 for Mn@GaN with one sharp peak around 414.78 cm
1
 (Fig. 7, a) 

has been shifted to two pointed peaks around 863.78 and 921.24 
cm 1 of Mn@GaN–H (Fig. 7, a ). However, Figure 7, b shows two 
sharp peaks around 389.02 and 713.88 cm 1 for Mn@AlGaN that 
have been shifted to one sharp peak around 952.45 cm 1 for 
Mn@AlGaN–H (Fig. 7, b ). Furthermore, Figure 7, c indicates one 
sharp peak around 366.88 cm 1 for Mn@InGaN that have been 
shifted to several sharp peaks around 640.30, 767.66, 783.92, and 
1311.73 cm 1 for Mn@InGaN–H (Fig. 7, c ). 
 Energy storage with heteroclusters has described that the frame 
of the overcoming cluster is related to Mn@GaN–H, Mn@AlGaN–
H, and Mn@InGaN–H in the high amounts of frequency. This prop-
erty makes these hybrid nanomaterials potentially advantageous for 
certain high-frequency applications requiring solar cells for energy 
storage. The advantages of manganese over GaN, AlGaN, or InGaN 
include its higher electron and hole mobility, allowing manganese 
doping devices to operate at higher frequencies than non-doping de-
vices. 
 Table 3 through the thermodynamic specifications concluded that 

heteroclusters of Mn@GaN, Mn@GaN–H, Mn@AlGaN, Mn@AlGaN–
H, Mn@InGaN, and Mn@InGaN–H might be more efficient struc-
ture for energy storage in the solar cells. 
 Thermodynamic parameters of heteroclusters of Mn@GaN/Mn@GaN–
H, Mn@AlGaN/Mn@AlGaN–H, and Mn@InGaN/Mn@InGaN–H have 
been assigned (Table 3). The changes of Gibbs free energy versus 
for all nanocomposites could detect the maximum efficiency of 
Mn@AlGaN–H Mn@GaN–H Mn@InGaN–H for energy storage in 
the solar cells through 0

fG  (Fig. 8). 
 The adsorption efficiency of Mn@GaN–H, Mn@AlGaN–H, Mn@InGaN–
H based on dipole moment has been evaluated by the 0

fG . The solar 
cells formed by Mn@GaN, Mn@AlGaN, Mn@InGaN feature a hier-
archical structure with the electron donor/acceptor layer sand-
wiched by anode and cathode, which raises the importance of con-
trolling the molecular crystal orientation, domain size, and vertical 
distribution to facilitate the charge collection at electrodes. In this 
paper, we have demonstrated that the nanocomposite semiconductor 
of gallium nitride-based structure can lead to a significant absorp-
tion enhancement in a broad spectral range of incident light in the 
presence of aluminium, indium and manganese. A comparison be-
tween solar cells containing 3d transition metal of Mn-doped GaN, 
AlGaN, InGaN shows that a solar cell containing these elements 
shows a more enhanced cell performance than the cells containing 
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only the bare gallium nitride-based structure. This efficient doping 
strategy not only bridges the gaps of heteroatom doped GaN-based 
semiconductor materials, but also can provide deep insights into 
controlling the electrical and optical properties of these doping hy-
brid nanoclusters. 

4. CONCLUSION 

In summary, hydrogen grabbing on the heteroclusters of Mn-doped 
GaN, AlGaN, and InGaN as solar cells was investigated by first-
principles calculations. We have provided gallium nitride-based 
semiconductors, which are doped with manganese. The geometrical 

TABLE 3. The thermodynamic characters of Mn@GaN, Mn@GaN–H, 
Mn@AlGaN, Mn@AlGaN–H, Mn@InGaN, Mn@InGaN–H nanoclusters us-
ing CAM–B3LYP–D3/6–311 G(d,p) calculation. 

Compound 
Dipole moment, 

Debye 
E0

ads 10–3, 
kcal/mole 

H0
ads 10–3, 

kcal/mole 
G0

ads 10–3, 
kcal/mole 

E0
H-binding, 

kcal/mole 

Mn@GaN 4.8247 383.439 383.439 383.483 — 
Mn@GaN–H 7.3741 383.596 383.595 383.636 157 

Mn@AlGaN 4.7914 383.095 383.094 383.136 —
Mn@AlGaN–H 7.3741 383.596 383.595 383.636 501 

Mn@InGaN 7.3629 383.035 383.035 383.082 —

Mn@InGaN–H 4.3037 383.472 383.472 383.513 437 

 

Fig. 8. Gibbs free energy, 
0
fG , for heteroclusters of Mn@GaN, Mn@GaN–H, 

Mn@AlGaN, Mn@AlGaN–H, Mn@InGaN, Mn@InGaN–H. 
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parameters of doping manganese on the surface of GaN, AlGaN, 
InGaN through the absorption status and current charge density of 
the solar cells were studied. Thermodynamic parameters have con-
structed a detailed molecular model for atom–atom interactions and 
a distribution of point charges, which can be utilized to reproduce 
the polarity of the solid material and the adsorbing molecules. En-
ergy storage with heteroclusters has described that the frame of the 
overcoming cluster is related to Mn@GaN, Mn@AlGaN or 
Mn@InGaN in the high amounts of frequency. This property makes 
Mn@GaN, Mn@AlGaN or Mn@InGaN potentially advantageous for 
certain high-frequency applications requiring solar cells for energy 
storage due to hydrogen adsorption by formation of Mn@GaN–H, 
Mn@AlGaN–H or Mn@InGaN–H. The advantages of manganese 
over GaN, AlGaN, or InGaN include its higher electron and hole 
mobility, allowing manganese doping devices to operate at higher 
frequencies than non-doping devices. Thus, it should be explored its 
unique properties, such as its ability to increase energy storage 
which could lead to advancements solar cells. 
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Preparation and Characterization of the MCM-41 Nanocatalyst 

Jasim Alebrahim, Mohammad Nour Alkhoder, and Reem Tulaimat 
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Homs, Syria 

In this research scope, the mesoporous nanocatalyst MCM-41 is synthe-
sized using a direct hydrothermal approach. The process initiated with the 
utilization of sodium metasilicate (Na2SiO3 5H2O) as the source of silica 
and cetyltrimethylammonium bromide (CTAB) playing a pivotal role as a 
surfactant and template. The hydrothermal reactor is employed, maintain-
ing a temperature of 120 C for the synthesis. The prepared catalysts are 
characterized through a comprehensive analysis involving Fourier-
transform infrared spectroscopy, scanning electron microscopy, and x-ray 
diffraction. The outcomes of this endeavour yield catalyst particles at the 
nanoscale, with the majority of them exhibiting dimensions of less than 
100 nanometres. Scanning electron microscopy images provide visual evi-
dence of the formation of a uniform and homogeneous mesoporous mate-
rial. Furthermore, XRD results conclusively verify the attainment of na-
noscale dimensions. This achievement is quantitatively determined 
through the Scherrer equation—a well-established method for estimating 
crystallite size based on XRD data. This research underscores the success-
ful preparation of MCM-41 nanocatalysts with exceptional mesoporous 
properties, making them potentially valuable for various applications. 

Ó ðàìêàõ öüîãî äîñë³äæåííÿ ìåçîïîðèñòèé íàíîêàòàë³çàòîð MCM-41 
áóâ ñèíòåçîâàíèé çà äîïîìîãîþ ïðÿìîãî ã³äðîòåðìàëüíîãî ï³äõîäó. 
Ïðîöåñ ðîçïî÷èíàâñÿ ç âèêîðèñòàííÿì ìåòàñèë³êàòó Íàòð³þ 
(Na2SiO3 5H2O) ÿê äæåðåëà êðåìíåçåìó, à áðîì³ä öåòèëòðèìåòèëàìîí³þ 
(CTAB) â³ä³ãðàâ êëþ÷îâó ðîëü ÿê ïîâåðõíåâî-àêòèâíà ðå÷îâèíà òà øàá-
ëîí. Äëÿ ñèíòåçè âèêîðèñòîâóâàëè ã³äðîòåðìàëüíèé ðåàêòîð, ÿêèé ï³ä-
òðèìóâàâ òåìïåðàòóðó ó 120 C. Ïðèãîòîâàí³ êàòàë³çàòîðè áóëè îõàðàê-
òåðèçîâàí³ øëÿõîì êîìïëåêñíî¿ àíàë³çè, ùî âêëþ÷àº ³íôðà÷åðâîíó 
ñïåêòðîñêîï³þ ç ïåðåòâîðåííÿì Ôóð’º, ñêàíóâàëüíó åëåêòðîííó ì³êðî-
ñêîï³þ òà ðåíò´åí³âñüêó äèôðàêö³þ. Ðåçóëüòàòè ö³º¿ ñïðîáè äàëè íàíî-
ðîçì³ðí³ ÷àñòèíêè êàòàë³çàòîðà, ïðè÷îìó á³ëüø³ñòü ³ç íèõ ìàëè ðîçì³-
ðè ìåíøå 100 íì. Çîáðàæåííÿ ñêàíóâàëüíî¿ åëåêòðîííî¿ ì³êðîñêîï³¿ 
íàäàëè â³çóàëüí³ äîêàçè óòâîðåííÿ ð³âíîì³ðíîãî é îäíîð³äíîãî ìåçîïî-
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ðèñòîãî ìàòåð³ÿëó. Êð³ì òîãî, ðåçóëüòàòè ðåíò´åí³âñüêî¿ äèôðàêö³¿ îñ-
òàòî÷íî ï³äòâåðäèëè äîñÿãíåííÿ íàíîðîçì³ð³â, ùî áóëî ê³ëüê³ñíî âè-
çíà÷åíî çà äîïîìîãîþ ð³âíÿííÿ Øåððåðà — äîáðå âñòàíîâëåíî¿ ìåòîäè 
îö³íêè ðîçì³ðó êðèñòàë³ò³â íà îñíîâ³ äàíèõ ðåíò´åí³âñüêî¿ äèôðàêö³¿. 
Öå äîñë³äæåííÿ ï³äêðåñëþº óñï³øíå ïðèãîòóâàííÿ íàíîêàòàë³çàòîð³â 
MCM-41 ç âèíÿòêîâèìè ìåçîïîðèñòèìè âëàñòèâîñòÿìè, ùî ðîáèòü ¿õ 
ïîòåíö³éíî ö³ííèìè äëÿ ð³çíèõ çàñòîñóâàíü. 

Key words: adsorption, zeolites, mesoporous silica, MCM-41, catalysis. 

Êëþ÷îâ³ ñëîâà: àäñîðáö³ÿ, öåîë³òè, ìåçîïîðèñòèé êðåìíåçåì, ÌÑÌ-41, 
êàòàë³çà. 
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1. INTRODUCTION 

Environmental and economic considerations have garnered increas-
ing interest in restructuring industrial processes in recent years. 
The aim is to minimize the use of harmful materials and reduce 
waste. Within this context, heterogeneous catalysis can significant-
ly develop eco-friendly processes in petroleum chemistry and chemi-
cal production. Heterogeneous catalysis is distinguished by its abil-
ity to separate easily the catalyst from the reactants and its poten-
tial for reuse multiple times. Porous materials have been extensive-
ly studied and applied in practical applications as catalysts or sup-
ports [1]. Porous materials, according to the International Union of 
Pure and Applied Chemistry (IUPAC), are categorized into three 
main groups [2]: 
1. microporous materials with pore diameters less than 2 nm; 
2. mesoporous materials with pore diameters ranging from 2 to 50 nm; 
3. macroporous materials with pore diameters larger than 50 nm. 
 Zeolite, a compound of aluminium silicates, is known for its crys-
talline structure. It is a type of microporous material that has been 
extensively studied. Zeolite crystals comprise interconnected three-
dimensional frameworks formed by tetrahedral units [AlO4]

5 and 
[SiO4]

4, creating various crystal structures. All of these fall under 
the chemical category of zeolites [3]. Despite their valuable proper-
ties, such as high adsorption capacity and large specific surface ar-
ea, zeolites have significant application limitations. They cannot 
effectively accommodate large molecules due to the limited pore siz-
es, typically ranging from 0.5 to 1.2 nm. 
 Research has thus been directed towards synthesizing materials 
structurally similar to zeolites but possessing mesopores with diam-
eters larger than 2 nm. This is crucial to enable the accommodation 
of larger molecules and expand the potential applications of these 
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materials [4]. 
 Silicate materials, primarily composed of silicon dioxide (SiO2), 
are known for their essential advantages, such as high thermal and 
chemical stability. These materials do not swell in solvents, making 
them highly desirable. They find numerous applications in hetero-
geneous catalysis, adsorption, separation, sensing devices, and re-
moving organic pollutants [2]. 
 Manufacturing porous materials derived from silica has gained 
significant importance since 1990 after researchers at Mobil Corpo-
ration discovered Molecular Sieves of the MMS type. The MCM 
symbol, ‘Mobil Composition of Matter’ represents these materials. 
Several forms of these materials have been synthesized, such as 
MCM-50 with a layered structure, MCM-48 with a cubic structure, 
and MCM-41 with a hexagonal shape. All of these materials are es-
sentially composed of (SiO2) polymeric units [5]. 
 It is worth mentioning that these prepared materials are general-
ly non-crystalline in their overall structure. However, specific order 
within narrow regions imparts a degree of regularity and organiza-
tion to them. This results in very sharp peaks in the low-angle X-
ray diffraction pattern (less than 10 ). The absence of peaks above 
10  indicates that the atomic arrangement within the pore walls is 
in a random and disordered state [6]. 
 MCM-41 has become the most commonly used material due to its 
flexible synthesis conditions and high specific surface area (1500 
m2/g). Additionally, its relatively large pore diameter (2–10 nm) 
this allows it to absorb a variety of hydrocarbons. It comprises an 
array of regularly structured hexagonal channels with adjustable 
sizes, making it versatile for catalysis, adsorption, separation, envi-
ronmental pollutant removal, and electronic and optical devices [7]. 
Notably, MCM-41 has been employed as an adsorbent to remove 
phenol and chlorophenol from wastewater [8]. 
 Nanocatalysts play a crucial role in various chemical applications 
due to their unique combination of homogeneous and heterogeneous 
catalysis properties. They offer the advantage of easy separation 
from the reaction product and possess a high specific surface area. 
This has led to significant research interest, resulting in various 
nanostructures, such as nanoclusters, nanospheres, and nanosheets 
[9, 10]. Therefore, this research paper aimed to synthesize MCM-41 
nanocatalysts with nanoscale dimensions. 

2. EXPERIMENTS 

2.1. Materials 

Sodium metasilicate (Na2SiO3 5H2O), with a purity of 97% produced 
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by BDH, was used as the source of silica. Cetyltrimethylammonium 
bromide (CTAB) (C19H42BrN) with a purity of 99%, also from BDH, 
served as the template. Sulfuric acid (H2SO4) was used as a pH-
modifying additive with a purity of 97% produced by BDH. Addi-
tionally, deionized water was employed as the solvent. 

2.2. Preparation of Catalysts 

The preparation process of the MCM-41 catalyst involves depositing 
silica around the micelles formed by the surface-active agent. A so-
lution of cetyltrimethylammonium bromide (CTAB) in deionized wa-
ter with a concentration of 10% by weight was prepared. 
 2.5 grams of sodium metasilicate (Na2SiO3 5H2O) were dissolved 
in diluted water, and the resulting solution was slowly added to the 
CTAB solution with vigorous stirring over 2 hours. The pH was ad-
justed to a value of 11 by adding a 1N sulfuric acid solution. For a 
further two hours, the mixture was constantly mixed. The resulting 
solution was transferred to a stainless-steel autoclave lined with 
Teflon, and it was then heated to 120 C and maintained at this 
temperature for 48 hours under autogenous hydrothermal pressure. 
 The formed precipitate, primarily consisting of the silica source 
along with the surface-active agent, was separated, washed with de-
ionized water, and dried at 80 C for 24 hours. 

Finally, the organic template was removed by calcination in a 
thermal furnace. The temperature was raised at a rate of 2 C per 
minute from room temperature to 550 C, and this temperature was 
maintained for 6 hours. 

 

Fig. 1. Diagram for the preparation of MCM-41 catalysts. 
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3. RESULTS AND DISCUSSION: 

3.1. FT–IR 

Infrared spectra were recorded using an (FT-IR-4100 type A) in-
strument from Jasco in the range of 400–4000 cm 1 employing the 
potassium bromide (KBr) pellet method, commonly used for solid 
sample analysis. Several milligrams of the MCM-41 catalyst powder 
were mixed with an equal amount of dry potassium bromide (KBr) 
powder. The mixture was then ground and transferred to a manual 
press to create a fragile disk placed in the instrument for spectral 
recording. 
 Figure 2 illustrates the resultant absorption spectra of the MCM-
41 catalyst before and after calcination. Thus, a distinct and broad 
absorption band appears at 3450 cm 1, attributed to the asymmetric 
stretching of the O–H bond in the silanol Si–OH groups and water 
molecules (H–O–H). Another band at 1635 cm 1 corresponds to the 
bending vibration of water molecules. The bands at 1081 cm 1 and 
804 cm 1 are related to the symmetric and asymmetric stretching of 
the Si–O–Si bond, respectively. Finally, the band at 456 cm 1 indi-
cates the bending vibration of the Si–O bond [6, 7, 11]. 

3.2. SEM Analysis 

It is a type of electron microscopy that generates detailed images of 
a sample by scanning its surface with a focused beam of high-
energy electrons. These electrons interact with the atoms in the 
sample, producing various signals containing information about 

 

Fig. 2. Infrared spectrum of the calcined MCM-41 catalyst. 
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surface topography and sample composition. The electron beam is 
scanned in a point-by-point raster pattern, and the beam’s position 
is correlated with the intensity of the detected signal to create an 
image. 
 Figure 3 illustrates scanning electron microscopy (SEM) images 
of the prepared catalyst. As shown in Figure 4, the SEM image of 

 

Fig. 3. Scanning electron microscopy (SEM) images of the MCM-41 materi-
al. 

 

Fig. 4. The scanning electron microscopy (SEM) image of the MCM-41 ma-
terial with nanoscale dimensions. 
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the catalyst reveals that most of the particles are relatively small, 
individual, and have dimensions within the range of approximately 
30–50 nm. They exhibit a regular spherical shape, high homogenei-
ty, and distinctiveness among the particles. 

3.3. XRD Analysis 

Figure 5 show the pattern XRD of the prepared and calcinated 
MCM-41 sample at 550 C for 6 hours, within the 2  range of 1–10 , 
revealing a prominent and robust peak (d100) at 2 1.1  calcula-
tions were performed to determine the dimensions of the resulting 
crystals using Scherrer equation [12]. 

cosFWHM

K
D , 

where K is a constant with a value of 0.94, —x-ray wavelength 
used in XRD and its value of 0.1540 nm for the copper element, 

FWHM—the peak width at half maximum is measured in radians, 
and (D) represents the crystal dimensions in nanometres, θ—x-ray 
diffraction angle. 
 The calculated and measured values in Table confirm the 

 

Fig. 5. X-ray diffraction pattern of calcinated MCM-41 catalyst. 

TABLE. Results of XRD data for MCM-41 catalyst. 

2  , rad FWHM FWHM D, nm 
1.1 0.009599 0.2131 0.003719 38.9397 
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achievement of nanoscale dimensions. By examining the values D, 
we find that the prepared catalyst MCM-41 has nanoscale dimen-
sions, with particle size in the order of 38.9397 nm. This is con-
sistent with the results obtained from the scanning electron micro-
scope. This will enhance its catalytic effectiveness in various chemi-
cal and industrial applications. 

4. CONCLUSIONS 

In this research, nanoscale silica-based MCM-41 catalysts were pre-
pared. The electron microscopy images confirmed the nanoscale 
structure of the prepared catalyst, with an average particle size 
ranging from approximately 30–50 nm. X-ray diffraction results 
indicated the nanoscale dimensions, with a particle size of about 39 
nm. These characteristics enhance their catalytic efficiency for var-
ious chemical and industrial applications. 
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This study explores the physical characteristics of graphene layers 
through the application of Raman spectroscopy and atomic force micros-
copy. Graphene samples are meticulously prepared by exfoliating natural 
graphite onto 300-nm SiO2/Si wafers. The analysis conducted at the 
Wolfson Nanomaterials and Devices Laboratory at Plymouth University in 
the UK focuses on examining the positions and intensities of the G and 
2D bands in Raman spectroscopy, as well as scrutinizing atomic force mi-
croscope images. The investigation is aimed to assess various physical pa-
rameters, including the number of layers, quality, purity, domain size, 
and full width at half maximum (FHWM) of each graphene sample, 
providing valuable insights into their structural properties. This study 
suggests that the graphene layers on a SiO2/Si substrate prepared by di-
rect exfoliating are suited for mechanical and electronic applications. 

Äîñë³äæåíî ô³çè÷í³ õàðàêòåðèñòèêè ãðàôåíîâèõ øàð³â çà äîïîìîãîþ ñïå-
êòðîñêîï³¿ Ðàìàíîâîãî ðîçñ³ÿííÿ é àòîìíî-ñèëîâî¿ ì³êðîñêîï³¿. Ãðàôåíî-
â³ çðàçêè áóëî ðåòåëüíî ï³äãîòîâëåíî øëÿõîì â³äëóùóâàííÿ ïðèðîäíüîãî 

ãðàô³òó íà ïëàñòèíè SiO2/Si ó 300 íì. Àíàë³çó, ïðîâåäåíó ó Âîëüôñîíîâ³é 

ëàáîðàòîð³¿ íàíîìàòåð³ÿë³â ³ ïðèñòðî¿â Ïë³ìóòñüêîãî óí³âåðñèòåòó ó Âå-
ëèê³é Áðèòàí³¿, áóëî çîñåðåäæåíî íà âèâ÷åíí³ ïîëîæåííÿ é ³íòåíñèâíîñòè 

G- é 2D-ñìóã ó ñïåêòðîñêîï³¿ êîìá³íàö³éíîãî ðîçñ³ÿííÿ, à òàêîæ íà ðåòå-
ëüíîìó âèâ÷åíí³ çîáðàæåíü àòîìíî-ñèëîâî¿ ì³êðîñêîï³¿. Äîñë³äæåííÿ 

ìàëî íà ìåò³ îö³íèòè ð³çí³ ô³çè÷í³ ïàðàìåòðè, â òîìó ÷èñë³ ê³ëüê³ñòü øà-
ð³â, ÿê³ñòü, ÷èñòîòó, ðîçì³ð äîìåíè òà ïîâíó øèðèíó íà ïîëîâèí³ ìàêñè-
ìóìó (FHWM) êîæíîãî ãðàôåíîâîãî çðàçêà, ùî íàäàº ö³ííó ³íôîðìàö³þ 

ïðî ¿õí³ ñòðóêòóðí³ âëàñòèâîñò³. Öå äîñë³äæåííÿ ñâ³ä÷àòü ïðî òå, ùî ãðà-
ôåíîâ³ øàðè íà ï³äêëàäèíö³ SiO2/Si, âèãîòîâëåí³ ïðÿìèì â³äëóùóâàí-
íÿì, ï³äõîäÿòü äëÿ ìåõàí³÷íèõ ³ åëåêòðîííèõ çàñòîñóâàíü. 

Key words: graphene, graphite, Raman spectroscopy, exfoliation. 
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1. INTRODUCTION 

Graphene, a two-dimensional manifestation of graphite, was first 
isolated by Novoselov et al. at Manchester University [1]. This re-
markable material is a single-atom-thick sheet of carbon, crystal-
lized in a honeycomb structure monolayer. Widely recognized as the 
foundational building block for all sp2 graphitic materials, it en-
compasses (0D) fullerenes, (1D) carbon nanotubes, and contributes 
to the composition of (3D) graphite [2]. These materials have 
unique electrical, mechanical, and thermal properties that make 
them promising for a wide range of applications. Due to these prop-
erties, graphene is a unique material that has exceptional attrib-
utes, which make it a versatile material for various applications. It 
has thermal conductivity reaching 5000 W/(m K), which is ten 
times higher than copper, and surpasses carbon nanotubes (CNTs) 
and diamond, setting a new standard. Graphene’s charge carrier 
mobility is 200.000 cm2/(V S), which indicates minimal scattering 
or resistance when electrons traverse it. Additionally, graphene has 
a remarkable specific surface area of 2630 m2/g and outstanding 
mechanical properties, boasting an elastic modulus of 1 TPa and ul-
timate tensile strength of 130 GPa, making it the strongest materi-
al known to date. These features make graphene a promising candi-
date for advanced applications in nanoelectronics, heat dissipation, 
sensors, field emission, and transparent conductors. Notably, a sin-
gle graphene layer achieves 97.7% transparency to incident light 
and absorbs only 2.3%, making it almost entirely transparent [6, 
7]. 
 Graphite is composed of multiple layers of graphene that are 
linked by two distinct types of bonds. The first bond is a weak Van 
der Waals attraction between the layers, which is approximately 
0.34 nm long. This weak bond allows the layers to be easily separat-
ed. The second bond is a covalent bond between the carbon-carbon 
atoms within each layer, spanning a distance of 0.14 nm. Extensive 
theoretical and experimental studies have shown that the properties 
of graphene are largely determined by its geometric structures, as 
illustrated in Fig. 1. 

2. MECHANICAL EXFOLIATION OF GRAPHENE 

Exfoliation of graphene refers to the process of separating individ-
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ual layers of graphene from a bulk material. There are several 
methods for exfoliating graphene, including mechanical exfoliation, 
chemical exfoliation, and liquid-phase exfoliation [9]. To separate 
two layers of graphite, the Van der Waals attraction between them 
needs to be overcome. One way to achieve this is by applying normal 
force, demonstrated in micromechanical cleavage using Scotch tape. 
Graphite's inherent self-lubricating ability in the lateral direction 
can be exploited to apply lateral force and facilitate relative motion 
between the layers. The force generated through the exfoliation 
technique serves the dual purpose of fragmenting large graphite 
particles or graphene layers into smaller ones. This fragmentation 
effect has a two-fold strategy. On one hand, it can decrease the lat-
eral size of graphene, which may not be desirable for achieving 
large-area graphene. On the other hand, it aids in exfoliation, as 
smaller graphite flakes are more easily exfoliated due to the re-
duced collective Van der Waals interaction force between layers in 
these smaller flakes. 
 The total energy (ET) required to exfoliate graphite in a liquid 
environment is the sum of Van der Waals forces (Evwf) and the 
change in surface energies (Es), as expressed by the following equa-
tion [12]: 

 ET E Evwf, (1) 

 T vwf g sE E E E . (2) 

 

Fig. 1. The geometric structures for graphite [8]. 



72 Laith M. Al TAAN and Nawfal Y. JAMIL 

 In the context of exfoliation, the total energy required (ET) en-
compasses the Van der Waals force between graphite layers (Evwf), 
the changes in surface energies (E), and the surface energy associ-
ated with the mixing organic solvent (Es). The exfoliation process 
involves overcoming these energies. Typically, graphene layers ad-
here to each other through a weak Van der Waals attraction, and 
this attraction is sufficiently robust to facilitate the exfoliation of a 
single graphene layer from the graphite. 

3. RAMAN SPECTROSCOPY TECHNIQUE 

There are several methods for discovering graphene layers in a ma-
terial; one of these is Raman spectroscopy, which is a powerful tool 
for analysing the vibrational modes of graphene and can be used to 
determine the number of graphene layers present in a material. This 
technique is particularly useful for identifying the number of gra-
phene layers samples and determining the size, shape of the gra-
phene layers and their properties. Raman spectrum is a graph of 
the intensity of scattering of light from the sample as a function of 
the incident light frequency. The interpretation of Raman results 
for exfoliated graphene samples is less complicated than the other 
methods [13]. 
 Two distinct spectral features characterize the Raman spectrum 
of graphene. The most prominent is the G-band, which corresponds 
to the in-plane vibration of the carbon atoms in the graphene lat-
tice. It lies close to (1580 cm 1). The G-band serves as the predomi-
nant mode in both graphene and graphite, symbolizing the planar 
arrangement of sp2-bonded carbon that defines graphene. Its utility 
in determining the thickness of graphene layers is notable. The sec-
ond feature is the D-band ( 2700 cm 1), which corresponds to the 
out-of-plane vibrations caused by defects, such as vacancies or edges 
of the graphene sheet. The D-band, also known as the disorder or 
defect band, is a subtle feature in graphite and a less noticeable 

 

Fig. 2. Attractions in the layers of graphene [12]. 



 RAMAN SPECTROSCOPY-BASED STUDYING THE PHYSICAL DIFFERENCES 73 

band in graphene. Its significance lies in its ability to indicate the 
presence of defects within a material. As per Ref. [14], the intensi-
ty of the D-band is directly proportional to the degree of defects 
present in the sample. In addition, there are two small peaks (G* 
and G ). It is well known that the D band originates from disordered 
carbon atom symmetry. In well-ordered graphene and graphite, the 
D band is absent. 
 The 2D-band in graphene spectra is sometimes called the G -band, 
but it is more commonly referred to as the 2D band. Unlike the D-
band, the 2D-band is the second order and consistently appears as a 
robust feature in graphene, even in the absence of the D-band. This 
indicates that the 2D band is independent of defects. The 2D-band 
is crucial in determining the thickness of graphene layers, as high-
lighted in [15]. The position and shape of the 2D band offer a 
straightforward means of determining the number of graphene lay-
ers. For example, a shift of the 2D band peak position to higher 
values indicates an increase in the number of graphene layers, that 
means there are more layers of graphene [16]. 
 In this work, the variations in graphene layers were studied us-
ing Raman spectroscopy (RS) and atomic force microscope (AFM). 
Four graphene samples were prepared by exfoliation of the graphite 
on the wafer of 300-nm SiO2/Si. The positions and the intensities of 
G-band, 2D-band and (G/2D) ratio of (RS) and (AFM) images were 
checked to estimate the different layers, quality, purity, domain 
size, Grüneisen parameters, and FHWM of the graphene sample. 
The experiments and preparations were conducted in Wolfson Na-
nomaterials and Devices Laboratory–Plymouth University (UK). 

4. EXPERIMENT AND MATERIALS 

The basic mechanical way to separate the layers from the bulk 
graphite surface is called exfoliation. To obtain one, two or a few 
layers of graphene on the silicon wafer by exfoliation method: 
scotch tape is pressed onto a surface of the bulk graphite and then 
pulled off very carefully; 
after numerous repetitions, the graphite layer becomes thinner af-
ter each pull until there is just a single layer of graphene left (Fig. 
4); 
four samples of graphene by exfoliating graphite flakes, and were 
lied on 300 nm SiO2/Si substrates (L1, L2, L3, and L4). 
 The number of graphene layers was identified approximately with 
an optical microscope. Although the graphene layers could be esti-
mated, the number of graphene layers through the colour and the 
contrast is caused by the interference between the graphene and the 
SiO2 layers [18]. Then the number of graphene layers was exactly 
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identified using an AFM, and the Raman spectrum of the graphene 
samples was obtained with a micro-Raman spectroscopy system 
( 532 nm, E 2.33 eV). 

5. RESULTS AND DISCUSSION 

Figure 5, a (the Raman spectrum of graphene) shows that there are 
two prominent peaks G and 2D. The D band is absent in the Raman 
spectrum of single-layer graphene. (b) An optical microscope image 
shows the variation of colour due to the thickness variation in a 
thin graphite flake. The purple area is the SiO2 substrate, and the 
variation of the colour originates from the interference between the 
graphene and the SiO2 layer. It is observed that the sample consists 
of monolayer graphene. The first-order D peak itself is not visible 
in pristine graphene because of crystal symmetries [19]. The second-
order prominent peak, 2D, is always allowed because the second 

 

Fig. 3. Raman spectrum of graphene [17]. 

   

Fig. 4. The scotch-tape-based exfoliation. 
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scattering (the e–h process) is also an inelastic scattering from a 
second phonon, [20, 21]. 
 In Figure 5, there is a small D-peak at the centre of the graphene 
layers, indicating minimal significant defects. 
 The G band is a defining spectral feature of graphene, which is 
found at approximately 1580 cm 1. This characteristic is highly sen-

Samples Raman spectroscopy AFM image 

L1 

  

L2 

  

L3 

  

L4 

  
a      b   

Fig. 5. (a) Raman spectroscopy and (b) optical microscope images for the 
graphene samples. 
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sitive to strain effects and provides an indication of the number of 
layers present in graphene. It is worth noting that the position of 
the G band shifts towards lower frequencies as the number of layers 
increases. 
 The thickness of a graphene layer can be determined using the 
following equation: C 0.0046 0.0925N 0.00255N2, where N is 
the number of layers ( 10). These results can be applied directly to 
a 300-nm SiO2 capping layer, which is also commonly used [22]. 
 Below, Table summarized the physical properties of graphene 
samples (L1, L2, L3, and L4) on SiO2/Si. These parameters calculated 
from RS and AFM. Here, the strain ratios were taken from Ferrari 
2008 for each sample. 

TABLE. The physical properties of graphene samples calculated from RS 
and AFM. Under condition ( Laser 532 nm and ELaser 2.33 eV). 

Samples’ 
parameters 

L1 L2 L3 L4 

D-position 1350 cm 1 1350 cm 1 1350 cm 1 1350 cm 1 

G-position 1565 cm 1 1580 cm 1 1580 cm 1 1580 cm 1 

2D-position 2670 cm 1 2685 cm 1 2700 cm 1 2680 cm 1 

I(D) intensity 70 70 70 70 

I(G) intensity 770 290 270 390 

I(2D) intensity 1800 650 600 650 

2D/G ratio 2.32 2.22 2.22 1.51 

or G/2D ratio 0.43 0.45 0.45 0.66 

D/G ratio 0.1 0.24 0.26 0.18 

Layer mono mono mono Bi-layer 

C  0.1 0.095 0.095 0.184 

Quality Hi medium medium hi 

Domain size 18.03 nm 6.88 nm 6.41nm 9.25 nm 

Clamda 16.61 16.61 16.61 16.61 

FHWM(G) 16 cm 1 21.3 cm 1 26 cm 1 32.8 cm 1 

Strain, % 
(from [23–25]) 
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 Table shows that there are three monolayers and one bilayer out 
of four samples prepared on SiO2/Si. The domain size and quality of 
these samples have high quality and are good for electronic applica-
tions. Note that the FWHM for the peaks were broadened due to 
disorder. 

6. CONCLUSION 

The combination of Raman spectroscopy and atomic force microsco-
py (AFM) has demonstrated its efficacy as a valuable tool in gra-
phene research for assessing its physical properties. The analysis of 
the positions, widths, and intensities of the D, G, and 2D peaks al-
lows for exploring various attributes such as strain, quality, impu-
rity, thickness, and disorder within the Raman spectrum of gra-
phene, provided optimal conditions are maintained. This tandem 
approach of Raman spectroscopy and AFM imaging proves instru-
mental in examining diverse facets of graphene structure and quali-
ty, providing an efficient means to ascertain the number of gra-
phene layers. Furthermore, our study suggests that the graphene 
layers on a SiO2/Si substrate are well suited for mechanical and 
electronic applications. 
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The power of surface Raman scattering is determined by the strength of the 
electromagnetic field. The field strength can be enhanced under waveguide 
resonance, which occurs when a plane optical wave interacts with a dielec-
tric grating on a dielectric substrate. The resonant interaction is possible, 
when the optical wavelength and the grating period are carefully matched 
for fixed parameters of the periodic structure. Studies are carried out to 
determine the parameters of the grating and the parameters of the dielec-
tric substrate, which provide significant field enhancement at the surface 
of the grating. The studies are performed under the normal incidence of a 
plane wave of TE polarization only with a wavelength of 0.6328 μm. The 
grating period is approximated based on the waveguide-mode constant 
propagation. The approximate grating period is always slightly smaller than 
the resonant grating period, greatly facilitating the search for the period, 
at which the reflection coefficient equals to one. The value of the refined 
grating period is obtained using rigorous coupled-wavelength analysis 
(RCWA). At this period, ‘full resonance’ is achieved. The reflection coeffi-
cient from the grating equals to one, and the field on the grating is en-
hanced tens or hundreds of times. As shown, the substrate does not have to 
be completely homogeneous with a low refractive index, but can be a com-
bination, namely, a thin layer of a low-refractive-index dielectric deposited 
to the main part of a high-refractive-index substrate. As found, reducing 
the refractive index of the substrate and reducing the modulation of the 
refractive index of the grating medium lead to an increase in the fields at 
the grating–homogeneous medium interfaces. This method can be used to 
obtain a field gain of 256 times the amplitude of the incident optical wave 
for structures, which can be realized in practice. 
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Íàäðóêîâàíî â Óêðà¿í³. 
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ï³äêëàäèíö³. Ðåçîíàíñíà âçàºìîä³ÿ ìîæëèâà çà ðåòåëüíîãî óçãîäæåííÿ 
îïòè÷íî¿ äîâæèíè õâèë³ òà ïåð³îäó ´ðàòíèö³ äëÿ ô³êñîâàíèõ ïàðàìåò-
ð³â ïåð³îäè÷íî¿ ñòðóêòóðè. Áóëî ïðîâåäåíî äîñë³äæåííÿ äëÿ âèçíà÷åí-
íÿ ïàðàìåòð³â ´ðàòíèö³ òà ïàðàìåòð³â ä³åëåêòðè÷íî¿ ï³äêëàäèíêè, ÿê³ 
çàáåçïå÷óþòü çíà÷íå ïîñèëåííÿ ïîëÿ íà ïîâåðõí³ ´ðàòíèö³. Äîñë³äæåí-
íÿ ïðîâîäèëè çà íîðìàëüíîãî ïàä³ííÿ ïëàñêî¿ õâèë³ TE-ïîëÿðèçàö³¿ 
ëèøå ç äîâæèíîþ õâèë³ ó 0,6328 ìêì. Ïåð³îä ´ðàòíèö³ áóâ àïðîêñèìî-
âàíèé íà îñíîâ³ ïîñò³éíîãî ïîøèðåííÿ õâèëåâîäíî¿ ìîäè. Ïðèáëèçíèé 
ïåð³îä ´ðàòíèö³ çàâæäè òðîõè ìåíøèé çà ïåð³îä ðåçîíàíñíî¿ ´ðàòíèö³, 
ùî çíà÷íî ïîëåãøóº ïîøóê ïåð³îäó, çà ÿêîãî êîåô³ö³ºíò â³äáèâàííÿ 
äîð³âíþº îäèíèö³. Çíà÷åííÿ óòî÷íåíîãî ïåð³îäó ´ðàòíèö³ áóëî îäåðæà-
íî çà äîïîìîãîþ ñòðîãî¿ ïàðíî¿ àíàë³çè äîâæèí õâèëü. Ó öåé ïåð³îä 
äîñÿãàºòüñÿ «ïîâíèé ðåçîíàíñ». Êîåô³ö³ºíò â³äáèâàííÿ â³ä ´ðàòíèö³ 
äîð³âíþº îäèíèö³, à ïîëå íà ´ðàòíèö³ ïîñèëþºòüñÿ â äåñÿòêè òà ñîòí³ 
ðàç³â. Ïîêàçàíî, ùî ï³äêëàäèíêà íå îáîâ’ÿçêîâî ìàº áóòè ïîâí³ñòþ îä-
íîð³äíîþ ç íèçüêèì ïîêàçíèêîì çàëîìëåííÿ, àëå ìîæå áóòè êîìá³íàö³-
ºþ — òîíêèé øàð ä³åëåêòðèêà ç íèçüêèì ïîêàçíèêîì çàëîìëåííÿ, íà-
íåñåíèé íà îñíîâíó ÷àñòèíó ï³äêëàäèíêè ç âèñîêèì ïîêàçíèêîì çàëîì-
ëåííÿ. Âñòàíîâëåíî, ùî çìåíøåííÿ ïîêàçíèêà çàëîìëåííÿ ï³äêëàäèí-
êè òà çìåíøåííÿ ìîäóëÿö³¿ ïîêàçíèêà çàëîìëåííÿ ñåðåäîâèùà ´ðàòíè-
ö³ ïðèâîäÿòü äî çá³ëüøåííÿ ïîë³â íà ìåæ³ ïîä³ëó ´ðàòíèöÿ–îäíîð³äíå 
ñåðåäîâèùå. Öåé ìåòîä ìîæíà âèêîðèñòîâóâàòè äëÿ îäåðæàííÿ ïîñè-
ëåííÿ ïîëÿ â 256 ðàç³â á³ëüøå àìïë³òóäè ïàäíî¿ îïòè÷íî¿ õâèë³ äëÿ 
ñòðóêòóð, ÿê³ ìîæíà ðåàë³çóâàòè íà ïðàêòèö³. 

Key words: dielectric grating, RCWA, waveguide resonance, grating re-
flection, field enhancement under resonance. 
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1. INTRODUCTION 

Combined Raman scattering is widely used to study vibrational 
spectra of molecules and optical vibrations of solids and liquids [1, 
2]. The sample with the medium under investigation is irradiated by 
a light source with a narrow radiation spectrum. 
 There are mainly lasers, in particular He–Ne with a radiation 
wavelength of 632.8 nm or YaG:Nd3  with a second harmonic of 
532 nm. The scattered light is shifted up or down in frequency 
when the laser radiation interacts with the molecules of the testing 
sample. The frequency shift is equal to the frequency of the oscilla-
tions occurring in the molecules, and there can be quite some such 
oscillation modes. A substance can be determined by frequency 
shifts because the molecules of each substance have only their own 
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vibrational modes. If the frequencies of the scattered laser radiation 
are shifted downward, such scattering is called Stokes scattering; if 
the frequency of the scattered light is shifted upward, anti-Stokes 
scattering is obtained [3]. The power of anti-Stokes scattering is 
several orders of magnitude smaller than the power of Stokes scat-
tering. 
 However, even the power of Stokes radiation is quite small with 
limited laser power, which requires high characteristics of the opti-
cal spectrometer in terms of sensitivity and resolution. It is ex-
pected that the power of the scattered light will increase with the 
increase of the electromagnetic field surrounding the sample located 
on the substrate. A field enhancement on the substrate is possible 
due to the resonant interaction of the laser radiation with the sub-
strate, which may have a complex surface structure. Surface en-
hanced Raman scattering (SERS) is often achieved with a 
nanostructured silver surface [4, 5], which is formed by electro-
chemical etching. The resulting signal enhancement was more than 
4000 times [4]. The increase in Raman signal is explained by the 
increase in electromagnetic field on silver nanoparticles due to sur-
face plasmon resonance [6]. 
 Field enhancement methods based on resonance phenomena in pe-
riodic nanostructures are well known. There are resonances of 
waveguide modes by dielectric gratings on a dielectric substrate [7], 
resonances of surface plasmon–polariton waves by a periodic struc-
ture: a dielectric or metal grating on a metal substrate [8, 9], reso-
nances of surface plasmons by the structure of a metal grating on a 
dielectric substrate [10]. 
 However, during the resonant interaction of the electromagnetic 
field with structures containing metal elements, the enhanced field 
occurs at the metal–dielectric interface in a narrow spatial region 
adjacent to the metal [6, 9, 10]. Therefore, in this case, the scat-
tered laser radiation will not be maximally possible due to the in-
teraction in a small volume. 
 It should be noted that in the structure of a silver grating on a 
dielectric substrate, in which the resonance of surface plasmons oc-
curs, it is possible to obtain a maximum field enhancement of sev-
eral hundred times [10]. 
 The enhanced field occurs in a significant part of the period un-
der the resonance of waveguide modes in the structure of a dielec-
tric grating on a metal substrate. Therefore, we have carried out a 
study to identify the grating parameters and the dielectric sub-
strate parameters, which give rise to a significant field enhance-
ment at the grating surface. The study was performed at the nor-
mal incidence of a plane wave of only TE-polarization with a wave-
length of 0.6328 μm. 
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2. RESULTS AND DISCUSSION 

Precise fabrication of gratings is required to achieve waveguide 
resonance since the resonance response for TM-polarization is very 
narrow spectrally [11]. In order to identify trends in changing the 
parameters of the periodic structure to achieve the maximum field 
at the surface of the grating, the thickness of the grating was var-
ied within sufficiently wide ranges from 300 to 1300 nm. The re-
fractive indices of the substrate 1.457 (SiO2) and 1.3245 (NaF) were 
used. The refractive indices of the grating were 21 148n , 

22 1.52n  and 21 149n , 22 1.51n , respectively. The grating fill-
ing factor F l/ 0.5 was the same for all numerical experiments. 
The numerical modelling was performed by rigorous coupled-
wavelength analysis (RCWA) [12]. This makes it possible to study 
in detail how light propagates and interacts with materials [13]. 
 The simplest periodic structure (a dielectric grating on a dielectric 
substrate) is shown in Fig. 1. It can provide a significant field at the 
surface of the grating (z 0) under waveguide resonance, and the field 
amplitude will be many times larger than the unit amplitude of an in-
cident plane wave. The reflection coefficient from the grating is equal 
to unity with careful selection of the parameters of the periodic struc-
ture, i.e., thickness and period of the grating, modulation of the re-
fractive index of the grating medium, and the refractive index of the 
substrate at resonance [11]. If the refractive indices of periodic 
structure materials are given, then, each thickness d at waveguide 
resonance corresponds to a certain grating period . The approxi-
mate period can be found using the following expression [11]: 

 1 3 22 ( , , , )d n n n , (1) 

 

Fig. 1. Dielectric grating on a dielectric substrate where  is grating 
thickness, l is width of the part of the grating with refractive index n22,  
is grating period, –l — part of the grating with refractive index n21, and 
n22  n21, n1 and n3 are refractive indices of the surrounding medium and 
the substrate, respectively. 
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where  is the propagation constant of the waveguide mode of a 
non-symmetric waveguide that has a periodic structure. 
 The average value of the refractive index of the grating medium 
n2 is determined in the numerical analysis as follows: 

 
2 2
21 22

2 2

n n
n . (2) 

 If 22 21 0n n , then,  calculated by Eq. (1) goes to the period, 
in which the reflection coefficient is unity. Having the value of  
according to Eq. (1), and this value is very close to the resonance 
value, we find  that ensures the reflection coefficient 0.9999R . 
after several steps of numerical analysis. It should be noted that the 
grating period calculated by Eq. (1) is always slightly smaller than 
the resonance period of the grating. It greatly facilitates the search 
for the period, at which the reflection coefficient is equal to unity. 
The approximate and exact values of t period for different thick-
nesses and different n3, n21, n22 are given in Table. It is possible to 
judge the accuracy of the analysis according to Eq. (1) from this 
Table. 
 The propagation constants of the waveguide modes  have been 
determined by the method described in [12], which ensures precise 
accuracy [14]. It should be noted that this method is suitable for 
the analysis of gradient planar waveguides and all discrete propaga-
tion constants and corresponding field distributions in the wave-
guide can be found in one calculation cycle. 
 The field distributions in the waveguide with a grating thickness 
of 500 nm for 21 1.49,n  22 1.51n  and for two values of n3 are 
shown in Fig. 2. 
 The field distribution, corresponding the power of the waveguide 
mode propagating along the waveguide, is more concentrated in the 
layer with refractive index n2, when 3 1.3245n , as shown in 
Fig. 2. Therefore, it can be expected that a stronger field can be 
obtained under waveguide resonance on the grating surface (z 0) 
for 3 1.3245n . The magnitude of the field at the grating surface 
can be predicted using the following expression: 

 
(0)

.
( )

E
K

E d
 (3) 

 As a result, we obtain K 0.321 at 3 1.457n  and K 0.632 at 
3 1.3245n . This means that the K-ratio is about twice as high at 
3 1.3245n  compared to 3 1.457n . These preliminary findings 

confirm the calculated results of the fields at the grating surface 
and the grating/substrate interface using RCWA. The correspond-
ing field distribution is shown in Fig. 3 for the same structure pa-
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rameters as in Fig. 2. It can be seen that the field with the magni-
tude ( ) (0) / 2E x E  occupies most of the grating period, which is 
important for SERS. In addition, a decrease in the refractive index 
of the substrate leads to a significant increase in the fields under 
other identical conditions. 
 It should be noted that it is unnecessary to make the substrate 
with a low refractive index completely homogeneous. It is possible 
to make a combined one: a thin layer of dielectric with low refrac-
tive index applied on the main part of the substrate with high re-
fractive index. The layer thickness of 1000 nm with a low refrac-
tive index of 1.3245 is sufficient as shown in Fig. 2, b. 
 The grating periods pr calculated with Eq. (1) and the refined 
periods Λ  determined with RCWA, as well as the fields at x 0 for 
z 0 (0,0)  E  and for z d (0, )  E d are presented in Table. Calcula-

TABLE. Resonance parameters for the periodic structure. 

d, μm , μm 1 pr, μm , μm |E(0, 0)| E(0, d)| 
n3 1.3245, n21 1.49, n22 1.51 

0.6 14.419938 0.435729 0.435756 95 153 
0.5 14.286058 0.439812 0.439840 265 419 
0.4 14.090589 0.445914 0.445943 83 130 
0.3 13.798510 0.455352 0.455377 55 89 

n3 1.457, n21 1.48, n22 1.52 
1.3 14.778269 0.425164 0.425275 58 175 
1.0 14.724143 0.426727 0.426831 27 90 
0.9 14.698037 0.427485 0.427588 49 150 
0.8 14.666097 0.428416 0.428518 25 77 
0.7 14.627004 0.429561 0.429655 19 64 
0.6 14.579813 0.430951 0.431029 27 90 
0.5 14.525943 0.432549 0.432611 36 112 

0.435 14.491739 0.433570 0.433615 54 163 
0.4 14.476808 0.434017 0.434048 34 105 

n3 1.457, n21 1.49, n22 1.51 
1.3 14.77732 0.425191 0.425219 113 350 
0.9 14.697162 0.427510 0.427536 97 301 
0.8 14.665265 0.428440 0.428465 49 153 
0.7 14.626232 0.429583 0.429606 39 127 
0.6 14.579137 0.430971 0.430990 55 179 
0.5 14.525426 0.432564 0.432579 72 224 

0.435 14.491388 0.433581 0.433591 106 325 
0.4 14.476580 0.4340244 0.434031 68 209 
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tions, which are more detailed, have been made for the parameters 
in bold in the table, and the results are shown in Figs. 3, 4 and 5. 
 As shown in Table, the strongest fields on the grating surface 
and at the grating/substrate interface are obtained with a smaller 
modulation of the refractive index (n21 1.49, n22 1.51) and for 
the substrate refractive index of 1.3245. At the same time, the op-
timal grating thickness d is of 500 nm. As a result, (0,0) 265E , 
under the condition that the amplitude of the incident grating wave 
is unity, i.e., we have a 265-fold field enhancement under resonance. 
 Spectral dependences of the reflection coefficient and spectral de-

  
a      b 

Fig. 2. Field distribution in a periodic structure (red curves), as in a pla-
nar waveguide, with n1 1 and with n3 1.457 (a), and with n3 1.3245 
(b). The green lines define the boundaries of the grating. 

  
a      b 

Fig. 3. Field distribution in the periodic structure along the grating period 
at n1 1, the grating thickness of 500 nm and n3 1.457 (a), and 
n3 1.3245 (b). 



86 V. FITIO, S. HOLYBORODA, and ². YAREMCHUK 

pendences of the field amplitude module for z 0 and z d at x 0 
are shown in Figs. 4 and 5, respectively. 
 As can be seen from the comparison of Fig. 4 and Fig. 5, the 
width of the spectral response of both the reflection coefficient of 

  
a      b 

Fig. 4. Spectral dependences of the reflection coefficient (a) and the fields 
on the grating surface (dashed curves) and at the grating/substrate inter-
face (solid curves) (b). The red colour of the curves corresponds to parame-
ters d 1300 nm, n3 1.457, n21 1.48, n22 1.52; the green colour of the 
curves corresponds to parameters d 435 nm, n3 1.457, n21 1.48, 
n22 1.52. 

  
a      b 

Fig. 5. Spectral dependences of the reflection coefficient (a) and the fields 
on the grating surface (dashed curves) and at the grating/substrate inter-
face (solid curves) (b). The red colour of the curves corresponds to parame-
ters d 1300 nm, n3 1.457, n21 1.49, n22 1.51; the green colour of the 
curves corresponds to parameters d 500 nm, n3 1.3245, n21 1.49, 
n22 1.51. 
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the grating and the modulus of the field amplitude decreases as the 
modulation of the refractive index of the grating medium is re-
duced. We can also see that the resonance widths at half the re-
sponse height are quite narrow, about nm, which requires precision 
fabrication of such gratings. However, it is quite possible to fabri-
cate such periodic structures by recording holograms on photopoly-
mer compositions [15, 16] with a modulation amplitude of the re-
fractive index of the photopolymer composition of 0.017 [15]. 

3. CONCLUSIONS 

Significant field enhancement of 256 times can be obtained at the 
air–grating interface with an optimal choice of the grating thick-
ness and other parameters of the structure in the periodic structure 
of type the dielectric grating on the dielectric substrate under the 
waveguide resonance. Numerical studies have shown that the field 
on the grating increases as the refractive index of the substrate de-
creases and as the modulation of the refractive index of the grating 
medium decreases. The resonant period of the grating can be ap-
proximated by the propagation constant of the waveguide mode in a 
periodic structure such as a waveguide for the given wavelength. 
The exact value of the grating resonance period can be determined 
using RCWA. It should be noted that the period of the grating cal-
culated by Eq. (1) is always slightly smaller than the resonant peri-
od of the grating. It greatly facilitates the search for the period at 
which the reflection coefficient is equal to one. 
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The Co and Cu co-doped thin ZnO films are successfully deposited on glass 
substrate by spray pneumatic method. In this work, it is obtained a semi-
conductor as Co and Cu co-doped thin ZnO films with good optical and 
electrical properties. XRD patterns of the Co and Cu co-doped thin ZnO 
films indicate that the obtained thin films are hexagonal ZnO (wurtzite, 
JCPDS 36-1451). Structural, optical, and electrical properties of thin 
films are studied as functions of atomic percentage (Co/Cu) co-doping thin 
ZnO films. It is fixed the doping level of atomic percentage of 2% Cu and 
various Co-doping atomic percentage (1.5%, 2%, 3%, 5%, 7%) in order 
to find out the influence of Co/Cu co-doping on thin ZnO film properties. 

Òîíê³ ïë³âêè ZnO, ëå´îâàí³ Co ³ Cu, áóëè óñï³øíî íàíåñåí³ íà ñêëÿíó 
ï³äêëàäèíêó ïíåâìàòè÷íèì ìåòîäîì ðîçïîðîøåííÿ. Ó äàí³é ðîáîò³ îäå-
ðæàíî íàï³âïðîâ³äíèê ó âèãëÿä³ òîíêèõ ïë³âîê ZnO, ëå´îâàíèõ Co ³ Cu, 
ç õîðîøèìè îïòè÷íèìè é åëåêòðè÷íèìè âëàñòèâîñòÿìè. Ðåíò´åíîãðàìè 
òîíêèõ ïë³âîê ZnO, ëå´îâàíèõ Co ³ Cu, âêàçóþòü íà òå, ùî îäåðæàí³ 
òîíê³ ïë³âêè º ãåêñàãîíàëüíèì ZnO (âþðöèò, JCPDS 36-1451). Ñòðóêòó-
ðí³, îïòè÷í³ é åëåêòðè÷í³ âëàñòèâîñò³ òîíêèõ ïë³âîê âèâ÷åíî ÿê ôóíê-
ö³¿ àòîìîâîãî â³äñîòêà (Co/Cu)-ëå´óâàííÿ òîíêèõ ïë³âîê ZnO. Çàô³êñî-
âàíî ð³âåíü àòîìîâîãî â³äñîòêà ëå´óâàííÿ ó 2% Cu òà ð³çí³ àòîìîâ³ â³ä-
ñîòêè ëå´óâàííÿ Co (1,5%, 2%, 3%, 5%, 7%), ùîá ç’ÿñóâàòè âïëèâ íà 
âëàñòèâîñò³ òîíêî¿ ïë³âêè ZnO ñï³ëüíîãî (Co/Cu)-ëå´óâàííÿ. 

Key words: ZnO, thin films, Co and Cu co-doping, spray pneumatic method. 
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1. INTRODUCTION 

ZnO is a natural semiconductor with a straight band gap of 3.37 eV 
and a huge exciton binding energy of 60 meV. It is one of the most 
important and increasingly popular semiconductor materials [1, 2]. 
ZnO has been widely employed in a variety of fields, including the 
automobile industry, medical equipment, communications, comput-
ers, spintronics, optoelectronics, biomaterials, data storage, energy 
conversion, and even architecture, due to its unique features [1–5]. 
 It is crucial to figure out what element or elements ZnO has to be 
doped with in order to manage the band gap, electrical conductivity, 
and carrier concentration. 
 Because of the potential uses in spintronics, several researchers 
have recently focused on doping ZnO with transition metals (TMs) 
such as Mn, Ni, Fe, Cu, Co, and Cr [1–7]. 
 Cu is virtually optimal for changing the characteristics of ZnO 
among the other doping elements because Cu atoms have a radius and 
electronic shell that are comparable to those of Zn atoms; conse-
quently, replacing Zn with Cu does not result in a change in the lat-
tice constant. Cu-doping effects on magnetism, photoluminescence, 
band gap, and transmittance of ZnO films generated by magnetron 
RF sputtering, magnetron DC sputtering, spray pyrolysis, pulsed la-
ser deposition, and sol-gel methods have all been researched exten-
sively [6–10]. 
 This work seeks to obtain a semiconductor from Co and Cu co-
doped ZnO thin films with good optical and electrical properties. 
We investigated the effect of different Co and Cu concentrations on 
the structural and optical properties of Co and Cu co-doped ZnO 
thin films. The ZnO thin films were deposited onto glass substrate 
by using the spray pneumatic method at 400 C for 2 ml/min of 
deposition rate. 

2. MATERIALS AND METHODS 

Prepared Zn1 (0.02 y)Cu0.02CoyO thin films were deposited by using the 
spray pyrolysis technique onto glass substrates. The solution was 
prepared by dissolving zinc acetate (Zn(CH3CO2)2, 2H2O) in distilled 
water to a 0.1 M solution, with cobalt chloride (CoCl2, 6H2O) and 
copper nitrate (Cu(NO3)2, 3H2O). The atomic percentage of [Co–Cu] 
was varied as 1.5%, 2%, 3%, 5%, and 7 at.%. The solution was 
sprayed onto the preheated substrates at and held at optimized sub-
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strate temperature (380 C) substrate temperature, the distance be-
tween the nozzle and substrates (25 cm) was kept constant for all 
experiments. 
 The structural characterization of deposited thin films was car-
ried out by analysing the x-ray diffraction patterns recorded by 
(XRD, Bruker AXS-8D) with ( CuK 0.15406 nm) by varying the 
scanning range of (2 ) from 20  and 90 . The ultraviolet visible 
spectrophotometer (JASCO V-770 UV-Vis/NIR)) to find the trans-
mittance, band gap and Urbach energy. 

2. RESULTS AND DISCUSSION 

2.1. Structural Properties 

To determine the structure of Co and Cu co-doped ZnO thin films, 
spray pyrolysis samples were deposited on glass substrates at atomic 
percentage of Cu was 2 at.% and Co was varied as 1.5, 2, 3, 5 and 
7 at.%. The films’ XRD patterns were captured using a diffractom-
eter and CuK . Source of radiation (with wavelength 1.506 nm). 
The XRD scan was performed on a scale of 20  to 90 . The XRD 
diffraction patterns of Co and Cu co-doped ZnO thin films deposited 
at different atomic percentage of Cu using the spray pyrolysis tech-
nique are shown in Fig. 1. 
 In all the Co and Cu co-doped ZnO thin films, XRD diffraction 
peaks from the (100), (002), and (101) planes were found. For all 
the samples, the observations revealed three diffraction peaks, the 
greatest at 2 31.6 , 2 34.4  and 36.1 , matching to the follow-
ing plans (100), (002) and (101), respectively. This indicates that Co 

  

Fig. 1. X-ray diffraction spectra of fabricated Zn0.965Cu0.02Co0.015O thin 
films. 
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and Cu co-doping have no effect on the structure of ZnO. There are 
no additional peaks (such as Co, CoO, Cu, CuO, Cu2O). Furthermore, 
with the Cu ions doping, all of the diffractive peaks in the XRD 
patterns gradually shift to the lower angle side [11]. 
 The lattice constants a for 100  plane and c for 002  plane are 
computed from Refs. [12, 13]: 

 
2 2 2

2 2 2

1 4

3hkl

h hk k l

d a c
. (1) 

 The average crystallite sizes determined in Table 1 were calcu-
lated from following relation: 

 100 002 101 102

4m

D D D D
D , (2) 

where hkl is the FWHM, K is a constant equal to 0.90,  is the 

  

 

Continuation Fig. 1. 
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wavelength of the incident x-rays ( 0.15406 nm), D is the crys-
tallite size, and  is the Bragg angle. 
 The mean strain ε in the films in the direction of the c-axis cal-
culated from the following relation: 

 film 0

0

100%
C C

C
, (3) 

where C0 5.206 Å. 
 It can observed the average crystallite size Dm increase when Co 
(at.%) 1.5% to 2% and decrease with Co (at.%) 3% to 5%, 
then, increase Co (at.%) 7%. 
 It can be seen the change in cell parameters caused by (Cu, Co) 
co-doped ZnO thin film. 
 The texture coefficient (TChkl), in terms of each directional inten-
sity (Ihkl) is calculated to the corresponding intensity of the JCPDS 
card (I0hkl). From it, we take information about the growth potential 
according to the trend [hkl]. 
 The parameter (TChkl) is given by the following relationship [14]: 

 0

1
0

1

hkl

hkl
hkl

n hkl
i

hkl

I
I

TC
I

N I

, (4) 

where N is the number of diffraction peaks. 
 The texture modulus values for the peaks of thin films of ZnO 
and Zn0.98–yCo0.02CuyO are shown in Fig. 2. 
 It should be noted, the value of the largest texture coefficient for 
all films corresponds to the peak (002), indicating that it is the pre-
ferred orientation except for the film Zn0.965Cu0.02Co0.015O whose ori-
entation was according to the peak (100). 

TABLE 1. Lattice parameters, average crystallite size Dm and mean strain 
 in Zn0.98Cu0.02CoxO thin films 

Sample name a, Å c, Å 
Average crystallite 

size Dm, nm 
Mean strain  % 

ZnO 3.260 5.223 35.607 0.33 
Zn0.965Cu0.02Co0.015O 3.253 5.250 27.701 0.85 
Zn0.96Co0.02Cu0.02O 3.274 5.226 29.760 0.38 
Zn0.95Cu0.02Co0.03O 3.2484 5.239 25.697 0.63 
Zn0.93Cu0.02Co0.05O 3.380 5.214 23.376 0.15 
Zn0.91Cu0.02Co0.07O 3.249 5.233 33.074 0.52 
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2.2. Optical Properties 

In the wavelength range from over 300 nm to 1200 nm, optical 
transmittance and absorbance versus wavelength curves of the Co 
and Cu co-doped ZnO deposited onto glass substrates at different 
atomic percentage of Cu were measured. Thin film transmittance 
and absorbance are depicted in Figs. 3 and 4, where the highest 
transmittance values are around 95%. The transmittance initially 
decreases with Co 2 at.%), then, increase, but with fewer fringes. 

 

Fig. 2. Texture coefficient values for all peaks of fabricated ZnO and 
Zn0.98 xCu0.02CoxO thin films. 

 

Fig. 3. Transmission spectra of fabricated Zn0.98 xCu0.02CoxO thin films. 
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It should be noted that the optical transmission spectra recorded in 
the visible region are related to electronic transitions and help to 
understand the electronic band structure of semiconducting films 
[15, 16]. 
 The absorption edge corresponds to the electronic excitation of 
the valence band at the conduction band, which determines the di-
rect optical band gap value. The well-known equation [17] connects 
incident photon energy h  and absorption coefficient . Thin films’ 
direct optical band-gap values are calculated by extrapolating the 
straight-line portion of the ( 2 f( ) (Fig. 5). By drawing ln  
versus h , we can determine Eu value as the reciprocal of the linear 
part slope graph in Fig. 6. The direct optical band gap and the Ur-
bach energy values of thin films are shown in Table 2. 
 The variation of optical band gap Eg and Urbach energy Eu of fab-
ricated Zn0.98 xCu0.02CoxO thin films versus Co (at.%) shown in Fig. 7. 
 The structural, optical and electrical properties of Co and Cu co-
doped ZnO thin films were studied. Samples were deposited from Co 
and Cu co-doped ZnO thin films using the pneumatic spray tech-
nique, where, in the first samples Zn0.98 yCo0.02CuyO, we fixed the 
percentage of Co at 2% and varied the percentage of Cu at 1.5, 2, 
3.5 and 7%, and in the second samples Zn0.98 xCu0.02CoxO, we fixed 
the percentage of Cu at 2% and varied the percentage of Co at 1.5, 
2, 3.5 and 7%. The crystal sizes of all samples were estimated using 
Scherer’s equation and were in the nanometer range. The optical 
properties of the samples were determined by ultraviolet visible 
spectrophotometer. The average crystal size was between 14.668 and 
31.820 nm for Zn0.98 yCo0.02CuyO and between 23.376 and 33.074 nm 
for Zn0.98 xCu0.02CoxO. The average crystal size for Zn0.98 yCo0.02CuyO 

 

Fig. 4. Absorbance spectra of fabricated Zn0.98 xCu0.02CoxO thin films. 
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samples was slightly smaller than the average crystal size for 
Zn0.98 xCu0.02CoxO. The band gap energy of Zn0.98 yCo0.02CuyO samples 
was between 3.31 and 3.50 eV. The band gap energy of the 
Zn0.98 xCu0.02CoxO samples is between 3.39 and 3.50 eV. The band gap 
energy of Zn0.98 yCo0.02CuyO samples was slightly smaller than the 
band gap energy of Zn0.98 xCu0.02CoxO samples. 
 Comparisons of two Zn0.965Co0.02Cu0.015O and Zn0.93Co0.02Cu0.05O 

  

  

 

Fig. 5. ( h )2 versus h  for fabricated Zn0.98 xCu0.02CoxO thin films. 
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samples with two samples Zn0965Cu0.02Co0.015O and Zn0.91Cu0.02Co0.07O 
that have less Dm and less Eg are shown in Table 3. 

3. CONCLUSION 

In this work, we investigated the effect of atomic doping ratio on 

  

  

 

Fig. 6. ln  versus h  for fabricated Zn0.98 xCu0.02CoxO thin films. 
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optical properties. 
 The structural and electrical properties of films deposited by 
spray pyrolysis technique were investigated. The XRD results 
showed that the precipitated films are single-phase and polycrystal-
line, and have a hexagonal structure with high-density peaks along 
the [002] direction, except for the film Zn0.965Cu0.02Co0.015O has a 
high peak along the direction (100). The average crystal size Dm was 

TABLE 2. Band gap energy Eg and Urbach energy Eu. 

Sample name Eg, eV Eu, eV 
Zn0965Cu0.02Co0.015O 3.40 0.30 
Zn0.94Cu0.02Co0.02O 3.50 0.27 
Zn0.95Cu0.02Co0.03O 3.43 0.29 
Zn0.93Cu0.02Co0.05O 3.42 0.29 
Zn0.91Cu0.02Co0.07O 3.39 0.30 

 

Fig. 7. The variation of optical band gap Eg and Urbach energy Eu of fabri-
cated Zn0.98 xCu0.02CoxO thin films versus Co (at.%). 

TABLE 3. Comparison of structural and optical properties. 

Sample 
Average crystallite size 

Dm, nm 
 % Eg, eV Eu, eV , s/m 

Zn0.965Co0.02Cu0.015O 31.820 0.30 3.35 0.31  
Zn0.93Co0.02Cu0.05O 27.4222 0.21 3.31 0.33  
Zn0965Cu0.02Co0.015O 27.701 0.85 3.40 0.30  
Zn0.91Cu0.02Co0.07O 33.074 0.52 3.39 0.30  
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found to be increasing with Co (at.%) 1.5% to 2% and decreasing 
with Co (at.%) 3% to 5%, then, increasing with Co (at.%) 7%. 
Optical properties analysis showed that the direct optical band gap 
values of the fabricated thin films are varied from 3.39 eV to 3.5 
eV. 
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Thin films of ZnGa2O4:Cr3  and ZnGa2O4:Mn2  are obtained by high-
frequency (RF) ion-plasma sputtering in an argon atmosphere. The surface 
morphology is studied by AFM, and the sizes of nanocrystallites forming 
the films are analysed. Based on the interference technique, the refractive 
index is determined. As found, in films of both types in the visible re-
gion, a normal dispersion of the refractive index is observed. The analysis 
of the single-oscillator three-parameter model used to describe the disper-
sion dependence is carried out, and the static refractive index n0, the 
characteristic energy E0, the approximation parameter A, and the plasma-
oscillations’ energy for valence electrons h p are determined. 

Ìåòîäîì âèñîêî÷àñòîòíîãî (Â×) éîííî-ïëàçìîâîãî ðîçïîðîøåííÿ â àò-
ìîñôåð³ àð´îíó îäåðæàíî òîíê³ ïë³âêè ZnGa2O4:Cr3  ³ ZnGa2O4:Mn2 . Ìå-
òîäîì ÀÑÌ ïðîâåäåíî äîñë³äæåííÿ ìîðôîëîã³¿ ïîâåðõí³ òà ïðîàíàë³çî-
âàíî ðîçì³ðè íàíîêðèñòàë³ò³â, ÿê³ ôîðìóþòü îäåðæàí³ ïë³âêè. Íà îñíî-
â³ ³íòåðôåðåíö³éíî¿ ìåòîäèêè ïðîâåäåíî âèçíà÷åííÿ âåëè÷èíè ïîêàç-
íèêà çàëîìëåííÿ òà âñòàíîâëåíî, ùî â ïë³âêàõ îáîõ òèï³â ó âèäèì³é 
îáëàñò³ ñïîñòåð³ãàºòüñÿ íîðìàëüíà äèñïåðñ³ÿ ïîêàçíèêà çàëîìëåííÿ. 
Ïðîâåäåíî àíàë³çó îäíîîñöèëÿòîðíîãî òðèïàðàìåòðè÷íîãî ìîäåëþ, êîò-
ðîãî áóëî âèêîðèñòàíî äëÿ îïèñó äèñïåðñ³éíî¿ çàëåæíîñòè, òà âèçíà÷å-
íî ñòàòè÷íèé ïîêàçíèê çàëîìëåííÿ n0, õàðàêòåðèñòè÷íó åíåðã³þ E0, 
ïàðàìåòåð àïðîêñèìàö³¿ A é åíåðã³þ ïëàçìîâèõ êîëèâàíü äëÿ âàëåíò-
íèõ åëåêòðîí³â h p. 

Key words: zinc gallate, thin films, RF sputtering, surface morphology, 
refractive index dispersion. 
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1. INTRODUCTION 

ZnGa2O4-based thin films are promising materials for practical ap-
plications in optoelectronics and instrumentation. Due to their opti-
cal, dielectric, and performance characteristics, both nominally pure 
and activated ZnGa2O4 thin films are used in electron-optical devic-
es, vacuum fluorescent and field emission displays, and gas sensors 
[1–10]. 
 In general, the optical and electrical properties of thin films are 
determined by the preparation methods, deposition modes, the pres-
ence of heat treatment in different environments, and the introduc-
tion of impurities that can change the properties of thin oxide films 
in the desired direction. In this work, we studied ZnGa2O4:Cr and 
ZnGa2O4:Mn thin films prepared by the RF ion-plasma sputtering 
method, which is considered optimal for the deposition of multi-
component semiconductor and dielectric films [11]. 
 The study of the optical properties of such films, including the 
dispersion properties and their relation to the energy structure and 
crystal-chemical properties, seems relevant. This is because they are 
used to illuminate optical parts, manufacture optical light filters, 
or create luminescent screens. The value of the refractive index de-
termines the reflective properties of films, and, accordingly, the 
dispersion properties determine their spectral distribution. 

2. EXPERIMENTAL TECHNIQUE 

Thin films of ZnGa2O4 activated with Cr3  and Mn2  ions with a 
thickness of 0.3–1 μm were obtained by RF ion-plasma sputtering 
in an argon atmosphere on amorphous substrates of fused quartz -
SiO2. The starting material for the target was a mixture of ZnO and 
Ga2O3 oxides of stoichiometric composition (purity 99.99%). The 
activator concentration of Cr3  and Mn2  was of 1 mol.%. 
 The phase composition and structure of the obtained thin films 
were studied by x-ray diffraction analysis (Shimadzu XDR-600). X-
ray diffraction studies have shown the presence of a polycrystalline 
structure with a predominant orientation in the (002), (113), (004), 
and (333) planes. The diffractograms and their analysis are de-
scribed in more detail in [12]. All diffraction maxima are identified 
according to the selection rules and belong to the Fd3m space 
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group. This indicates the cubic structure of the obtained films. 
 The surface morphology of the obtained thin films was studied 
using an ‘Integra TS-150’ atomic force microscope (AFM). 
 The optical transmittance spectra of the thin films were meas-
ured on a CM 2203 spectrofluorimeter with a Hamamatsu R928 
measuring head. Spectrophotometric techniques are the most com-
mon for determining the refractive index n, absorption coefficient, 
and film thickness h in semiconductor and dielectric films. The 
technique of Ref. [13] is quite often used, and we used it to deter-
mine the optical parameters of ZnGa2O4:Cr and ZnGa2O4:Mn thin 
films. 

3. RESULTS AND DISCUSSION 

The surface morphologies of ZnGa2O4:Cr and ZnGa2O4:Mn thin films 
were studied by AFM. Characteristic micrographs of the surface of 
freshly deposited thin films are shown in Fig. 1. 

  
a      c 

  
b      d 

Fig. 1. Images of the surface morphology of freshly deposited ZnGa2O4:Cr 
(a, b) and ZnGa2O4:Mn (c, d) thin films. Images a and c are two-
dimensional, b and d are three-dimensional. 
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 The surface topography of the samples was analysed based on 
standard parameters listed in Table 1. These values were calculated 
based on AFM images for areas on the surface of the films of the 
same size 5000 5000 nm. 
 The obtained results show that the formation of the structure of 
ZnGa2O4:Cr thin films occurs from significantly larger nanocrystal-
lites, the average volume of which is almost 5 times higher than the 
average volume of nanocrystallites in ZnGa2O4:Mn thin films. The 
volume growth is due to both the increase in the size of nanocrys-
tallites perpendicular to the film surface and the growth of nano-
crystallites in the film plane. In particular, the root mean square 
roughness of ZnGa2O4:Cr films is almost 3 times higher than the 
root mean square roughness of ZnGa2O4:Mn films, and the average 
grain diameter, respectively, is almost 2 times higher than the av-
erage grain diameter in ZnGa2O4:Mn films. 
 The characteristic optical transmission spectra T( ) of freshly de-
posited ZnGa2O4:Cr and ZnGa2O4:Mn thin films are shown in Fig. 2. 
 According to the results obtained, films of both types have simi-
lar transmission spectra and the edge absorption region is observed 

TABLE 1. Parameters of crystalline grains on the surface of ZnGa2O4 thin 
films activated with Cr3  and Mn2  ions. 

Parameter ZnGa2O4:Cr3+ thin film ZnGa2O4:Mn2+ thin film 
RMS roughness, nm 9.6 3.9 

Average  
grain diameter, nm 

211 113 

Average  
grain volume, nm3 

67600 11400 

 

Fig. 2. Transmittance spectra of ZnGa2O4:Cr (1) and ZnGa2O4:Mn (2) thin 
films; T 295 K. 
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at 260 nm. At the same time, a slight increase in light transmission 
is observed in ZnGa2O4:Mn films. Given that, the interference pat-
tern is evident in the transmission spectra for both types of films, 
we calculated the optical constants of the films using the interfer-
ence technique [13]. 
 The obtained dispersion dependences of the refractive index n( ) 
for the studied films are shown in Fig. 3. 
 As can be seen in Fig. 3, both types of thin films obtained are 
characterized by a normal dispersion of the refractive index. To de-
scribe such dispersion dependence, we used a single oscillatory 
three-parameter model of the Zelmeyer type [14], which is used to 
describe normal dispersion: 

 
22

0 0
2

1
1

n

n A
. (1) 

In relation (1), the value 0 determines the characteristic wave-
length of ultraviolet absorption or the average wavelength between 
the oscillator bands. This characteristic absorption is typical for 
most semiconductor and dielectric materials and thin films [14–17]. 
The value A is the approximation factor, and n0 is the static refrac-

 

Fig. 3. Refractive index dispersion of ZnGa2O4:Cr (1) and ZnGa2O4:Mn (2) 
thin films. 

TABLE 2. Energy parameters of the dispersion curve of freshly deposited 
thin films in relation (1) and (2). 

Thin film A n0 0, nm E0, eV h p, eV 
ZnGa2O4:Cr3+ 2.35 1.41 250 4.96 4.93 
ZnGa2O4:Mn2+ 2.48 1.38 260 4.78 4.58 
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tive index, which gives some idea of the structure and density of 
the material. The values of n0 and 0 are determined by the depend-
ence 2 1( )n A  on –2. The obtained values of A, n0, 0, and the os-
cillator energy E0, which was determined from 0, are shown in Ta-
ble 2. 
 The difference of the coefficient A from 1 in relation (1) indi-
cates the presence of other absorption bands besides the band with a 
maximum of E0, which determines the course of the dispersion de-
pendence. Such bands can be observed in both the UV and IR spec-
tral ranges. At the same time, such additional absorption bands are 
more characteristic of ZnGa2O4:Mn thin films. 
 Previous studies have shown that the band gap in ZnGa2O4 is 
about 4.4 eV [18, 19]. At the same time, according to the calcula-
tions of the electronic structure of ZnGa2O4 [20, 21], the bottom of 
the conduction band is formed by hybridized 4s4p states of Zn and 
4s4p states of Ga. The top of the valence band is formed by 2p oxy-
gen orbitals and 3d zinc orbitals. 
 Taking into account our E0 values for the obtained thin films, it 
can be argued that the dispersion dependence in the visible region 
of the spectrum of ZnGa2O4 thin films activated by Cr and Mn im-
purities is mainly determined by electronic transitions from the 
zone of 2p-states of O and 3d-states of Zn, which form the upper 
filled level of the valence band, to the bottom of the conduction 
band formed by hybridized 4s4p-states of Zn and 4s4p-states of Ga 
with impurities of electronic levels Cr3  and Mn2 , respectively. 
 According to Ref. [22], the average value of the oscillator energy 
E0 is related to the static refractive index n0 by the relation 

 
2

2
0 2

0

( )
1 ph

n
E

, (2) 

where h p is the energy of plasma oscillations for valence electrons. 
As can be seen from expression (2), there is an inversely propor-
tional relationship between the static refractive index and the aver-
age oscillator energy and a directly proportional relationship be-
tween the static refractive index and the plasma oscillation energy. 
 The determined characteristic values of h p for the obtained thin 
films are given in Table 2. Comparison of the E0 and h p values 
shows that in ZnGa2O4:Cr thin films these values are quite close to 
each other. For ZnGa2O4:Mn films, a slightly larger discrepancy is 
observed, which may be due to a disorder or defect in the structure. 
In particular, given that thin ZnGa2O4:Mn films are formed from 
smaller nanocrystalline grains, it is clear that they are character-
ized by greater imperfection due to a larger number of grain 
boundaries. 
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4. CONCLUSIONS 

The studies show that polycrystalline thin films of ZnGa2O4:Cr and 
ZnGa2O4:Mn are obtained by RF ion-plasma sputtering in an argon 
atmosphere. At the same time, ZnGa2O4:Cr films are formed from 
significantly larger crystallites than ZnGa2O4:Mn films. In particu-
lar, the average grain diameter on the surface of the ZnGa2O4:Cr 
film is 211 nm, and the root mean square roughness of the films is 
9.6 nm. For ZnGa2O4:Mn films, these values are 113 nm and 3.9 
nm, respectively. 
 It was found that both types of films are characterized by a nor-
mal dispersion of the refractive index, which is determined mainly 
by transitions from the zone of 2p states of O and 3d states of Zn, 
which form the upper filled level of the valence band, to the bottom 
of the conduction band formed by hybridized 4s4p states of Zn and 
4s4p states of Ga with impurities of electronic levels of Cr3  or Mn2  
ions, respectively. The energy parameters of the approximation sin-
gle-oscillator three-parameter model of normal dispersion depend-
ence, which is typical for these films, are analysed. 
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The pure membranes of TiO2 and manganese Mn are prepared in propor-
tions of 5, 3, 1 using the method of pulsed laser deposition (PLD), as the 
sedimentation process is carried out on glass bases at room temperature, 
and a thickness of 200 nm; here, the effect of manganese distortion on 
the structural and optical properties is studied, as the results of x-ray 
diffraction show that all the membranes are prepared as having a quater-
nary based structure (tetragonal) as well as within the structural charac-
teristics. The surface topography is studied with an atomic force micro-
scope, and the results show a decrease in the values of surface roughness 
and mean square root of it with increasing the percentage of distortion; 
the values of the roughness rate are of 3.935–2.983 nm, but, through 
visual examinations, it is noted that the values of absorption and absorp-
tion coefficient increase with increasing the percentage of distortion, 
while the optical energy gap decreases with increasing distortion with 
manganese as 3–2.25 eV. 

×èñò³ ìåìáðàíè TiO2 ³ Ìàí´àíó Mn áóëè âèãîòîâëåí³ â ïðîïîðö³ÿõ 5, 3, 
1 çà äîïîìîãîþ ìåòîäó ³ìïóëüñíîãî ëàçåðíîãî îñàäæåííÿ, îñê³ëüêè 
ïðîöåñ ñåäèìåíòàö³¿ ïðîâîäèâñÿ íà ñêëÿíèõ îñíîâàõ çà ê³ìíàòíî¿ òåì-
ïåðàòóðè, òà òîâùèíîþ ó 200 íì; òóò âèâ÷àâñÿ âïëèâ ñïîòâîðåííÿ Ìà-
í´àíîì íà ñòðóêòóðí³ é îïòè÷í³ âëàñòèâîñò³, îñê³ëüêè ðåçóëüòàòè ðåíò-
´åí³âñüêî¿ äèôðàêö³¿ ïîêàçóþòü, ùî âñ³ ìåìáðàíè, ÿêèõ áóëî îäåðæàíî 
ÿê òàê³, ùî ìàþòü ÷åòâåðòèííó ñòðóêòóðó (òåòðàãîíàëüíó), à òàêîæ ó 
ìåæàõ ñòðóêòóðíèõ õàðàêòåðèñòèê. Òîïîãðàô³þ ïîâåðõí³ äîñë³äæóâàëè 
çà äîïîìîãîþ àòîìíî-ñèëîâîãî ì³êðîñêîïà, ³ ðåçóëüòàòè ïîêàçàëè çìå-
íøåííÿ çíà÷åíü øåðñòêîñòè ïîâåðõí³ òà ñåðåäíüîêâàäðàòè÷íîãî çíà-
÷åííÿ ¿¿ ç³ çá³ëüøåííÿì â³äñîòêà ñïîòâîðåííÿ; çíà÷åííÿ ð³âíÿ øåðñòêî-
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ñòè ñòàíîâèëè 3,935–2,983 íì, àëå ï³ä ÷àñ â³çóàëüíèõ äîñë³äæåíü áóëî 
çàçíà÷åíî, ùî çíà÷åííÿ ïîãëèíàííÿ òà êîåô³ö³ºíòà ïîãëèíàííÿ çá³ëü-
øóþòüñÿ ç³ çá³ëüøåííÿì â³äñîòêà ñïîòâîðåííÿ, òîä³ ÿê îïòè÷íà åíåðãå-
òè÷íà ù³ëèíà çìåíøóºòüñÿ ç³ çá³ëüøåííÿì ñïîòâîðåííÿ ç Ìàí´àíîì ÿê 
3–2,25 åÂ. 

Key words: titanium oxide, jamming, deposition, pulsed laser, optical 
properties, compositional properties. 
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1. INTRODUCTION 

Thin films are one of the most important newly innovative technol-
ogies in materials science and technology [1]. Thin films have a 
small thickness ranging from several nanometers (nm) to several 
micrometers (μm) [1, 2]. 
 Thin films are used in a variety of applications, such as medical 
devices, thin electronics, renewable energy, precision manufactur-
ing and many other fields [3, 4]. 
 Titanium dioxide (TiO2) membranes have played a large and wide-
spread role in scientific applications due to their great potential in 
various functional applications such as solar photovoltaics [5], envi-
ronmental purification [7] and hydrogen production through water 
splitting [5, 7]. The energy gap of pure TiO2 oxide provides effec-
tive absorption of ultraviolet radiation with a wavelength of less 
than 400 nm [8], preventing it from obtaining visible light-induced 
functions [9]. To expand the functions of the visible light region of 
TiO2, significant attempts have been made to reduce the bandgap in 
TiO2, using non-metallic elements and transition metals as grafting 
and chopping elements [10]. 
 Titanium oxide (TiO2) or Titania is one of the most widely used 
metal oxide semiconductors because it possesses interesting physical 
and chemical properties. From a technological point of view, this 
material has the following unique properties: corrosion resistance, 
non-toxicity, high dielectric constant, high refractive index, high 
permeability, wide blocked gap, high sensing capabilities, inert sur-
face characteristics, long-term stability and biocompatibility [11, 
12]. 
 TiO2 has found extensive applications in the field of photocataly-
sis [13], solar cells [14], gas sensors [15], corrosion protective coat-
ings [61], anti-reflective coatings [71], memory devices [81], self-
cleaning [91], water treatment [20], antibacterial application [12]. 
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2. WORKING METHOD AND MATERIALS 

The used materials are presented in Table 1, which shows the char-
acteristics of these materials. 

3. PREPARATION OF MODELS 

A sensitive balance of 0.001 of German origin was used to weigh 
the samples, as a total weight of 2 gm of titanium oxide and man-
ganese was taken, where the percentages of manganese were 1, 3, 5 
of the total weight and the rest of the percentage is due to the base 
material titanium oxide. 
 After preparing the samples and taking the proportions, the hy-
draulic press device manufactured by Sky Spring was used; the 
samples are placed in a mold with a diameter of 12 mm and exposed 
to high pressure by 5 Tons. 
 The pressure and time are carefully adjusted to ensure that co-
herent and homogeneous samples are obtained, and Fig. 1 shows the 
hydraulic piston device. 

TABLE 1. Specifications of the materials used. 

Company Density, g/cm3 Purity Material 
Titanium industries 4.5 99.9% TiO2 

BHP Billiton 7.2 99.7% Mn 

 

Fig. 1. Hydraulic press. 
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4. SEDIMENTATION PROCESS 

After the pressing process, the samples are processed to prepare 
them for membrane formation, a pulsed laser device of the type of 
laser Nidemum–Yak shown in Fig. 2 was used, pulsed laser deposi-
tion technology was used with a capacity of 500 mJ to heat the sur-
face of the sample tightly and form a thin layer of material on the 
surface of the glass base with dimensions 50 20 1.2 of Chinese 
origin. In the laser deposition process, laser parameters such as 
power, frequency and time are precisely controlled to ensure accu-
rate membrane formation and high quality. Table 2 explain the 
specifications of the laser device used in the sedimentation process. 
Using the sampling and laser sampling process, Mn-impregnated 
titanium oxide samples are prepared to form the membrane and 
achieve excellent results in manufacturing applications and tech-
nical research that require precise, high-quality installations, such 
as electronic devices, solar panels and optical technologies. 

5. THICKNESS MEASUREMENT 

Thin film thickness measurement helps to understand the physical 
properties of membranes and their behaviour. This information can 
be used to improve membrane design and improve the performance 

 

Fig. 2. UV spectrophotometer. 

TABLE 2. Specifications of pulsed laser device used in sedimentation. 

Value Properties 
100–1000 mJ Energy 
532–1064 nm Wave length 

1–6 Hz Frequency 
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of associated applications. The diffraction method of the laser beam 
was used to measure the thickness of the prepared membranes using 
a helium-ion laser source He–Ne, lens and sample, after the laser 
light passes from the lens to the eye, there will be optical input 
(which is dark and luminous lines), and the thickness is calculated 
as follows: 

 
2

y
d

y
, (1) 

where D means membrane thickness, y is the path of laser light 
deviation y interference hem width, —wavelength of helium–neon 
laser of 632.8 nm. 

6. OPTICAL MEASUREMENTS 

Optical examinations of titanium oxide membranes with percentages 
of 1, 3, 5% of manganese were measured using ultraviolet rays us-
ing the SP-8001 spectrometer and its wavelength is between 200–
1100 nm, and Fig. 2 shows an image of the device used in measur-
ing visual examinations, the sample is highlighted and the amount 
of light absorbed at a specified wavelength is measured. This meas-
urement can give information about the level of light absorption 
and changes in the electronic structure of the material, and then 
through these measurements, we can calculate the rest of the visual 
examinations such as transmittance, energy gap and reflectivity. 

7. STRUCTURAL MEASUREMENTS WITH X-RAYS 

X-ray diffraction test was measured for membranes prepared from 
manganese-tinged titanium oxide, the device was used type 6100Lab 
X, to perform the x-ray diffraction examination process, the follow-
ing steps can be carried out: 
1) sample preparation of pure manganese-tinged titanium oxide 
membranes by pulsed laser deposition (PLD) method; 
2) the XRD device prepared is properly equipped and set the neces-
sary parameters such as the deviation angle, the deviation range 
and the appropriate x-ray source; 
3) in the x-ray reflexology, x-rays are directed towards the sample 
and reflected rays are measured; x-rays are guided by control of the 
angle of deviation and proper recording of reflected rays; 
4) the data obtained from the XRD device (Table 3) are analysed 
using special analysis programs to analyse the results, including 
comparing the resulting patterns with the approved international 
databases of known crystal patterns, determining the crystal struc-
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ture, and information related to atomic arrangement and distances 
between crystal layers. 

8. ATOMIC FORCE MICROSCOPY 

AFM examination is a technique used to analyse and examine sur-
faces at the atom and particle level. AFM relies on the use of a sen-
sitive needle to interact with the sample surface and measure the 
forces between them. A small compressive force is applied to the 
surface using a needle, and by measuring the change in height and 
interacting forces, a detailed map of the surface is created and var-
ious properties are analysed. The atomic force microscopy examina-
tion of the prepared membranes was performed using the Bruker 
dimension icon atomic device force microscope. 

9. RESULTS AND DISCUSSION 

9.1. Structural Properties 

The structural properties of pure manganese-tinged titanium oxide 
(TiO2) films were studied by x-ray diffraction technique to know the 
crystal structural changes of the materials, the crystal size, the 
homogenization process of the constituent elements of the prepared 
membranes, the topography of the membranes with the technique of 
atomic force microscopy, the knowledge of particle roughness and 
grain size. 

9.1. X-Ray Diffraction 

The results of an examination using x-ray diffraction technology 
for pure titanium oxide membranes TiO2, as titanium oxide appears 
in the case of pure sample, show through Fig. 3 that the x-ray spec-
trum of Ti membranes as having a quaternary structure (tetrago-
nal), by observing the diffraction pattern and knowing the locations 
of peaks of the membranes prepared by pulsed laser deposition 
method, the appearance of levels (101), (111), (211), (002), (301) 
and (202). As shown in Table 3, this corresponds to the internation-
al card (ASTM) (ICDD) numbered )1197-001-00( . After the distor-
tion with manganese, manganese appeared at two levels, namely 
(210) at the angle 29.547  and (221) at the angle 43.395 , when 
adding larger percentages of manganese, the intensity of manganese 
peaks increases and the intensity of titanium oxide peaks decreases, 
and according to the international card numbered (00-154-1139), 
the crystal structure of manganese is a cubic structure, but after 
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adding it to titanium oxide, it has the same crystal structure as ti-
tanium oxide. Consistent with the results of the crystal size, as the 
crystal size decreases with increasing the percentage of manganese 
grabbing, and Table 3 shows the results of diffraction of x-rays of 
membranes prepared from titanium oxide tinged with manganese 
and for all ratios of distortion, and this is consistent with the find-
ings of the researcher Kharoubi and his group, but they were the 
crystal size in their study is larger and a slight difference in some 
peaks and their intensity [22]. Through the results of the x-ray dif-
fraction examination, it was observed that there is crystal growth 
due to the tendency of titanium oxide peaks to decrease their inten-
sity by adding manganese, which is explained by the crystal growth 
that occurs during the sedimentation process, and this is consistent 
with the researcher Bhandarkar and his group [23]. However, in 
their study, the addition hinders the crystal growth of some peaks 
as a result of the change in surface energy [24]. 

9.1.2. Results of Atomic Force Microscopy (AFM) 

The study of membranes prepared from manganese-tinged titanium 
oxide was carried out using atomic force microscopy analysis. 
 Figure 4 shows pictures of the membranes prepared for pure ti-
tanium oxide and tinged with manganese for all proportions, as it 
can be seen that the nests have a closely homogeneous granular sur-
face and that the surface is very uniform without any cracks. 
 The AFM image of the sample shows that the addition of manga-

 

Fig. 3. X-ray diffraction patterns of prepared membranes. 
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nese on the titanium oxide membranes leads to improved roughness 
and this is consistent with what the researcher came and this is 
consistent with the results of the researcher Yang et al. [52], as the 
crystal size began to increase and roughness began to decrease. 
 These results indicate the process of improvement in the mem-
branes because the increase in roughness reduces the number of self 
on the surface and collects them to be in the form of larger assem-

TABLE 3. Test results for x-ray diffraction of the prepared membranes. 

No. Card a, b, c; Phase hkl C.S., nm FWHM, deg. 2Theta, deg. Sample 
 
 
 

No. Card TiO2 
(00-001-1292) 

 
 
 

Crystal system 
Tetragonal 

 
 
 
 

No. Card Mn 
(00-154-1139) 

 
 
 
 
 
 

Crystal system 
Cubic 
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 Å
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T
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111 97.947 0.109 41.228 
211 67.076 0.204 54.070 
002 86.071 0.200 62.160 
301 71.947 0.308 68.727 
202 81.711 0.413 76.235 

a
b

4
7
.6

7
 Å

 
c

5
.7

7
 Å

 
T
et

ra
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al
 

210 65.223 0.142 29.547 

1
%

 M
n

 

101 51.896 0.192 36.134 
111 62.713 0.170 41.175 
221 73.614 0.150 43.395 
211 52.392 0.261 54.094 
002 61.950 0.285 62.950 
301 66.517 0.328 68.375 
202 68.425 0.495 76.276 

a
b

5
.8

8
 Å

 
c

5
.0

9
9
 Å

 

210 52.012 0.178 29.631 

3
%

 M
n

 

101 34.512 0.290 36.699 
111 50.730 0.211 41.280 
221 52.256 0.212 43.466 
211 2.325 5.901 54.187 
002 1.580 11.115 62.791 
301 3.362 6.561 68.650 
202 4.399 7.680 76.252 
210 51.917 0.178 29.446 

a
b

8
.8

5
 Å

 
c

9
.3

5
 Å

 
T
et

ra
g
on

al
 

101 25.567 0.390 36.397 

5
%

 M
n

 111 25.993 0.411 41.210 
221 35.601 0.312 43.651 
211 1.970 6.998 54.372 
002 1.546 11.115 62.140 
301 3.186 6.981 68.834 
202 4.257 7.865 76.124 
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blies. 
 This improvement is due to the effect of manganese on the crys-
tal growth process of titanium oxide membranes and the change in 
the crystal structure of manganese too because it has a cubic struc-
ture as shown in Table 4. 

  
a      b 

  
c      d 

Fig. 4. Atomic force microscopy images of membranes prepared for all al-
loy ratios: a—TiO2 pure; b—1% Mn; c—2% Mn; d—3% Mn. 

TABLE 4. Results of the examination of atomic force microscopy. 

Average dimeter, nm r.m.s, nm Average roughness, nm Content, % 
18.451 6.981 3.935 TiO2 pure 
18.987 6.036 3.794 1% Mn 
19.768 5.249 3.201 3% Mn 
20.341 4.780 2.983 3% Mn 
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9.2. Optical Measurements 

9.2.1. Absorption 

The results of the absorbance values of pure titanium oxide TiO2 
membranes tinged with manganese Mn prepared by pulsed laser 
deposition decrease with increasing wavelength and the process of 
distortion with manganese, as Fig. 5 shows that the value of ab-
sorbance is the greatest possible at short wavelengths 300 nm and 
then the absorbance values gradually decrease with increasing wave-
length until the absorbance reaches its lowest value at the wave-
length 1100 nm, indicating that the membranes The preparation of 
manganese-tinged titanium oxide has a large absorbency at the visi-
ble light area, which makes it suitable in some electronic applica-
tions such as solar cells, and decreases with increasing wavelength, 
and the reason is that the energy of the incident photon is less than 
the value of the energy gap of the semiconductor and this prevents 
the electron from moving from the valence beam to the conduction 
beam [26].The reason for the increase in absorption values with in-
creased manganese distortion ratios is due to the generation of de-
fect sites and thus the creation of additional energy states within 
the energy band gap. The high concentration of the defect site with 
the concentration of Mn thus contributes to increased absorption 
[27]. 

9.2.2. Absorption Coefficient (A) 

Figure 6 shows the relationship between the absorption coefficient 
and photon energy of membranes prepared by pure pulsed laser 

 

Fig. 5. Absorbency spectrum of titanium oxide membranes. 
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deposition method with distortion percentages 5, 3, 1. It was found 
that the values of the absorption coefficient of the membranes are 
equal to ( 10.000) and this indicates the electronic transfers that 
occurred are of the type of direct transitions [28]. Through this 
figure, we notice that the process of morphism with manganese 
leads to an increase in the values of the absorption coefficient, and 
this means that the membrane material began to crystallize and 
homogeneity when it was saturated with manganese and that the 
process of distortion led to a reduction in crystal defects and a re-
duction in the levels of localized crystal that exist within the pro-
hibited energy gap that was generated due to defects or defects 
within the crystal structure, and this is consistent with the re-
searcher [29]. 

9.2.3. Transmittance 

Figure 7 shows the relationship between permeability and wave-
length, if the results show there is a decrease in permeability values 
whenever the percentage of manganese distortion increases as in 
Fig. 7, titanium oxide membranes have the highest permeability of 
about 80–90 at room temperature within the visible spectrum re-
gion, and Fig. 7 shows the transmittance spectrum with the wave-
length of pure titanium oxide membranes tinged with manganese 
with smearing percentages of 1, 3, 5%. It is noted from the figure 
that the transmittance decreases with increasing distortion rates, 
but it begins to increase gradually and for all the prepared mem-
branes when the wavelength increases, and this is consistent with 
Ref. [30], as the transmittance spectrum of these prepared mem-
branes can be used in the manufacture of the photodetector because 

 

Fig. 6. Relationship between absorption coefficient and photon energy of 
titanium oxide films. 
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it is a window to the visible and infrared regions. 

9.2.4. Energy Gap 

The optical energy gap of the membranes prepared from TiO2 and 
pure and tinged with manganese was calculated and a graphical re-
lationship was drawn between 2 h  with the energy of the incident 
photon (h ) as shown in Fig. 8, as this figure shows that the change 
is linear in a certain range of photon energies (the range of the vis-

 

Fig. 7. Permeability spectrometry of prepared titanium oxide membranes. 

 

Fig. 8. Energy gap values of prepared titanium oxide membranes. 
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ible region). The energy gap value of the pure TiO2 membrane was 
equal to 3 eV, but when titanium oxide was imbued with manga-
nese, the energy gap began to decrease, and this is consistent with 
what the researchers came up with Ref. [31], the increase in distor-
tion led to a decrease in the energy gap value from 3 eV for pure 
membranes to 2.25 eV for the retained membrane showing that the 
energy gap ratios for all distortion ratios and the reason is due to 
the presence of surface defects to the tail of the absorption curve 
[32]. 
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PACS numbers: 51.50.+v, 52.80.Mg, 52.80.Tn, 52.90.+z, 79.60.Jv, 81.16.-c, 82.33.Xj 

Óìîâè ñèíòåçè óëüòðàäèñïåðñíîãî âîëüôðàìó 
ó âèñîêîâîëüòíîìó íàíîñåêóíäíîìó ðîçðÿä³ 
ì³æ åëåêòðîäàìè ç âîëüôðàìó â ³íåðòíèõ ãàçàõ 

Î. Ê. Øóà³áîâ, Ð. Â. Ãðèöàê, Î. É. Ìèíÿ, Ç. Ò. Ãîìîê³, Ì. ². Âàòðàëà 

ÄÂÍÇ «Óæãîðîäñüêèé íàö³îíàëüíèé óí³âåðñèòåò»,  
ïë. Íàðîäíà, 3,  
88000 Óæãîðîä, Óêðà¿íà 

Íàâåäåíî åëåêòðè÷í³ é îïòè÷í³ õàðàêòåðèñòèêè âèñîêîâîëüòíîãî íàíî-
ñåêóíäíîãî ðîçðÿäó (ÂÍÐ) ì³æ åëåêòðîäàìè ç âîëüôðàìó çà àòìîñôåð-
íèõ òèñê³â ³íåðòíèõ ãàç³â (Íå, Ar, Kr). Óòâîðåííÿ óëüòðàäèñïåðñíèõ 
÷àñòèíîê âîëüôðàìó â³äáóâàëîñÿ â ïðîöåñ³ âíåñåííÿ ïàð³â âîëüôðàìó â 
ðîçðÿäíèé ïðîì³æîê âíàñë³äîê ì³êðîâèáóõ³â íåîäíîð³äíîñòåé ïîâåð-
õîíü åëåêòðîä ó ñèëüíîìó åëåêòðè÷íîìó ïîë³ é óòâîðåííÿ åêòîí³â. Öå 
ñòâîðþâàëî ïåðåäóìîâè äëÿ ñèíòåçè óëüòðàäèñïåðñíèõ ÷àñòèíîê âîëüô-
ðàìó â ðîçðÿäí³é êàìåð³. Äîñë³äæåíî îñöèëîãðàìè íàïðóãè, ñòðóìó, 
³ìïóëüñíó ïîòóæí³ñòü ðîçðÿäó é åíåðã³þ, ÿêà âíîñèëàñÿ ó ïëàçìó çà 
îäèí ðîçðÿäíèé ³ìïóëüñ. Îïòè÷í³ õàðàêòåðèñòèêè ðîçðÿäó äîñë³äæóâà-
ëèñÿ ç öåíòðàëüíî¿ ÷àñòèíè ðîçðÿäíîãî ïðîì³æêó âåëè÷èíîþ ó 2 ìì. 
Âñòàíîâëåíî îñíîâí³ çáóäæåí³ ñêëàäîâ³ ïëàçìè ïàðîãàçîâèõ ñóì³øåé 
He (Ar, Kr)–W çà âèñîêèõ çíà÷åíü ïàðàìåòðà Å/N (E — íàïðóæåí³ñòü 
åëåêòðè÷íîãî ïîëÿ, N — ñóìàðíà êîíöåíòðàö³ÿ ÷àñòèíîê ó ïëàçì³). 

The electrical and optical characteristics of a high-voltage nanosecond dis-
charge (HVND) between tungsten electrodes at atmospheric pressures of 
inert gases (Ne, Ar, Kr) are presented. The formation of ultrafine tung-
sten particles occurred during the introduction of tungsten vapour into 
the discharge gap as a result of the microexplosions of electrode-surface 
inhomogeneities in a strong electric field and the formation of ectons. 
This creates prerequisites for the synthesis of ultrafine tungsten particles 
in the discharge chamber. The voltage and current oscillograms, the pulse 
discharge power, and the energy introduced into the plasma during one 
discharge pulse are studied. The optical characteristics of the discharge 
are studied from the central part of the discharge gap of 2 mm. The main 
excited components of the plasma of vapour–gas mixtures He (Ar, Kr)–W 
at high values of the parameter E/N (where E is the electric-field 
strength, N is the total concentration of particles in the plasma) are de-

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
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termined. 

Êëþ÷îâ³ ñëîâà: âèñîêîâîëüòíèé íàíîñåêóíäíèé ðîçðÿä, âîëüôðàì, ³íå-
ðòí³ ãàçè, åêòîíè, ïëàçìà. 

Key words: high-voltage nanosecond discharge, tungsten, noble gases, ec-
tons, plasma. 

(Îòðèìàíî 28 áåðåçíÿ 2024 ð.) 
  

1. ÂÑÒÓÏ 

Íåçâàæàþ÷è íà âåëèêó ê³ëüê³ñòü ð³çíèõ ìåòàëåâèõ íàíî÷àñòèíîê 
(Í×), ÿê³ áóëè óñï³øíî îäåðæàí³ ð³çíèìè ìåòîäàìè, çíàííÿ ïðî 
ìåõàí³çìè çàðîäæåííÿ òà ðîñòó ¿õ ó äàíîìó ðîçðÿä³ âñå ùå îáìå-
æåí³ ãîëîâíèì ÷èíîì ÷åðåç â³äñóòí³ñòü åêñïåðèìåíòàëüíèõ äàíèõ 
in situ. 
 Ó ñòàòò³ [1] ïîâ³äîìëÿëîñÿ ïðî áåçð³äèííó ñèíòåçó Í× ì³ä³ ³ç 
çàñòîñóâàííÿì ìàãíåòðîííîãî ðîçðÿäó ó õîëîäíîìó áóôåðíîìó 
ãàç³. Òóò ïðåäñòàâëåíî ðåçóëüòàòè ì³ðÿíü ðåíò´åí³âñüêîãî ðîçñ³-
ÿííÿ ï³ä ìàëèì êóòîì in situ, âèêîíàíèõ ïîáëèçó ìàãíåòðîííî¿ 
ì³øåí³ ç ì³ä³ â áóôåðíîìó ãàç³ àð´îí³. Ïîêàçàíî, ùî ôîðìóâàííÿ 
Í× ì³ä³ â³äáóâàëîñÿ ïåðåâàæíî â îáëàñò³, îáìåæåí³é ìàãíåòðîí-
íèì ïëàçìîâèì ê³ëüöåì. Ó ö³é çîí³ ä³ÿìåòåð Í× ì³ä³ çðîñòàâ â³ä 
10 äî 90 íì. 
 Ðåçóëüòàòè ñèíòåçè Í× âîëüôðàìó ç âèêîðèñòàííÿì ãàçîâîãî 
à´ðå´àö³éíîãî êëàñòåðíîãî äæåðåëà íà îñíîâ³ ìàãíåòðîííîãî ðîç-
ðÿäó íàâåäåíî â ñòàòò³ [2]. Íàíî÷àñòèíêè ìàëè ðîçì³ðè ó 70–100 
íì, à ¿õíþ ôîðìó áóëî çóìîâëåíî äåíäðèòíîþ ìîðôîëîã³ºþ ç ðîç-
ãàëóæåííÿìè, ÿê³ âèõîäèëè ³ç öåíòðó òà ðîçâèâàëèñü ó âèãëÿä³ 
êâ³òêè. Ñòðóêòóðí³ äîñë³äæåííÿ âèÿâèëè íàÿâí³ñòü -W-ôàçè òà 
çàëèøêîâî¿ -W-ôàçè. 
 Ó ñòàòò³ [3] ïîâ³äîìëÿëîñÿ ïðî îäåðæàííÿ îäíîôàçíèõ íàíîïî-
ðîøê³â -W ç âèêîðèñòàííÿì ïàðàâîëüôðàìàòó àìîí³þ ÿê âèõ³ä-
íîãî ìàòåð³ÿëó é îïòèìàëüíèõ óìîâ ñèíòåçè. Ïðîöåñ âêëþ÷àâ äâà 
åòàïè: ðàä³î÷àñòîòíå ³íäóêö³éíå òåðì³÷íå ïëàçìîâå îáðîáëåííÿ òà 
òåðìîõåì³÷íå â³äíîâëåííÿ çà 600–900 C. Îö³íþâàâñÿ âïëèâ òåì-
ïåðàòóðè â³äïàëó íà ôàçó òà íà ðîçì³ð ÷àñòèíîê âîëüôðàìó. Êîëè 
âèñîêî÷àñòîòíå ³íäóêö³éíå òåðì³÷íå ïëàçìîâå îáðîáëåííÿ ïðîâî-
äèëîñÿ ç Ã³äðî´åíîì ³ áåç íüîãî, òî ñïîñòåð³ãàëîñü óòâîðåííÿ 
çì³øàíî¿ ôàçè -W òà -W-íàíîïîðîøêó ³ WO3-íàíîïîðîøêó â³ä-
ïîâ³äíî. Îäíîôàçíèé íàíîïîðîøîê -W áóâ îäåðæàíèé øëÿõîì 
â³äïàëó WO3-íàíîïîðîøêó ó âîäí³ (çà òåìïåðàòóðè ó 700 C óïðî-
äîâæ 10 õâ.), â ðåçóëüòàò³ ÷îãî óòâîðèëèñÿ ãîìîãåíí³ Í× âîëüô-
ðàìó ìàëèõ ðîçì³ð³â ( 21 íì) áåç ãàçîâî¿ à´ðå´àö³¿. 
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 Â ñòàòò³ [4] íàâåäåíî îãëÿä îñòàíí³õ äîñÿãíåíü ó ôîðìóâàíí³ é 
îñàäæåíí³ Í× ìåòîäîì ãàçîâî¿ à´ðå´àö³¿. Ïðèêëàäè âàð³þþòüñÿ 
â³ä øëÿõåòíèõ ìåòàë³â (Ag, Au) äî ðåàêòèâíèõ ìåòàë³â (Al, Ti òà 
Si) ³ â³äïîâ³äíèõ îêñèä³â. Àêöåíò çðîáëåíî íà ìåõàí³çì³ ðîñòó 
íàíî÷àñòèíîê ³ ¿õí³õ âëàñòèâîñòÿõ. Ïîâ³äîìëÿëîñÿ òàêîæ ïðî ðî-
çðîáêó ìîäåëþâàííÿ ìåòîäîì Ìîíòå-Êàðëî ïîÿñíåííÿ ìåõàí³çìó 
ðîñòó òà äèíàì³êè óòâîðåííÿ Í× çàëåæíî â³ä óìîâ åêñïåðèìåíòó. 
Ðîçãëÿäàëàñÿ ðîëü ñë³äîâèõ ê³ëüêîñòåé ðåàêòèâíèõ ãàç³â òà ³ìïó-
ëüñíî¿ ðîáîòè ïëàçìè íà ïðîöåñ çàðîäæåííÿ Í× òà îáãîâîðþâà-
ëîñü îáðîáëåííÿ Í× ó ïëàçìîâîìó ñåðåäîâèù³, ÿêå ïðèâîäèëî äî 
çàðÿäæàííÿ Í×. 
 Ïðî äâà ñïîñîáè îäåðæàííÿ íàíîâîëüôðàìó õåì³÷íèìè ìåòîäà-
ìè ïîâ³äîìëÿëîñÿ â ñòàòò³ [5]. Í× âîëüôðàìó îäåðæóâàëèñÿ 
øëÿõîì âîäíåâîãî òåðì³÷íîãî â³äíîâëåííÿ îêñèäó Âîëüôðàìó çà 
òåìïåðàòóð ó 500–600 Ñ àáî øëÿõîì ïðîâåäåííÿ ï³ðîë³çè. Çà äî-
ïîìîãîþ ðåíò´åíîñòðóêòóðíî¿ àíàë³çè òà ñêàíóâàëüíî¿ åëåêòðîí-
íî¿ ì³êðîñêîï³¿ áóëî äîñë³äæåíî ñòðóêòóðó òà ìîðôîëîã³þ çðàçê³â 
íàíîâîëüôðàìó. Îäåðæàí³ íàíîïîðîøêè âîëüôðàìó ìàëè ðîçì³ðè 
â ä³ÿïàçîí³ 7–30 íì (çàëåæíî â³ä òåìïåðàòóðè ñèíòåçè). 
 Â ñòàòò³ [6] ïîâ³äîìëÿëèñÿ ðåçóëüòàòè ïðÿìîãî îäåðæàííÿ Í× 
âîëüôðàìó ç âîëüôðàìîâîãî çëèâêà ìåòîäîì åëåêòðîííî-
ïðîìåíåâîãî âèïàðîâóâàííÿ. Ñèíòåçó íàíî÷àñòèíîê áóëî çä³éñíå-
íî ó âèñîêîâàêóóìí³é óñòàíîâö³ ç ô³çè÷íèì îñàäæåííÿì ïàðè âî-
ëüôðàìó é åëåêòðîííî-ïðîìåíåâèì âèïàðîâóâàííÿì. Ðîçì³ðè ñè-
íòåçîâàíîãî íàíîâîëüôðàìó áóëè â ä³ÿïàçîí³ â³ä 50 äî 120 íì. 
 Ðåçóëüòàòè äîñë³äæåííÿ ÓÔ-âèïðîì³íåííÿ âèñîêîâîëüòíîãî 
áàãàòîåëåêòðîäíîãî ðîçðÿäó íàíîñåêóíäíî¿ òðèâàëîñòè ïî ïîâåðõ-
í³ ä³åëåêòðèêà ó ïîâ³òð³, ÿêèé º ïåðñïåêòèâíèì äëÿ óòâîðåííÿ 
ì³êðî- òà íàíî÷àñòèíîê îêñèä³â ïåðåõ³äíèõ ìåòàë³â, íàâåäåíî â 
ñòàòò³ [7]. Ðîçðÿä çàïàëþâàâñÿ â ôîðì³ íàáîðó ïîñë³äîâíèõ ì³ê-
ðîïëàçìîâèõ óòâîðåíü ç ïèòîìèì åíåðãåòè÷íèì âíåñêîì íà ð³âí³ 
1 êÄæ/ñì3 ³ êîíöåíòðàö³ºþ åëåêòðîí³â ó 1017 ñì 3. Ó âèïðîì³-
íåíí³ ïëàçìè äîì³íóâàëî âèïðîì³íåííÿ àòîì³â ³ éîí³â ìàòåð³ÿëó 
åëåêòðîä (ì³äü àáî íå³ðæàâ³éíà êðèöÿ). Ðåçóëüòàòè ì³ðÿííÿ ³íòå-
íñèâíîñòè ÓÔ-âèïðîì³íåííÿ ïëàçìè ïîêàçàëè, ùî ÊÊÄ ÓÔ-
âèïðîì³íþâàííÿ â³äíîñíî åíåðã³¿, ÿêó áóëî âíåñåíî â ðîçðÿä, ñÿ-
ãàâ 1%. 
 ßê âèïëèâàº ç âèùåíàâåäåíèõ ìàòåð³ÿë³â ç ñèíòåçè íàíîïîðî-
øê³â âîëüôðàìó, äëÿ ñèíòåçè ¿õ âèêîðèñòîâóþòü ìàãíåòðîíí³ ðî-
çðÿäè íèçüêîãî òèñêó, õåì³÷í³ ìåòîäè, ³ñêðîâ³ ðîçðÿäè íàíîñåêó-
íäíî¿ òðèâàëîñòè é åëåêòðîííèé æìóò. Ö³ ìåòîäè, êð³ì ³ìïóëüñ-
íîãî ðîçðÿäó, ïîòðåáóþòü âèêîðèñòàííÿ âèñîêîâàêóóìíî¿ òåõí³-
êè, åëåêòðîííèõ æìóò³â àáî ñêëàäíèõ õåì³êî-òåõíîëîã³÷íèõ ðåà-
êòîð³â. 
 Äëÿ ñïðîùåííÿ òåõí³êè òà òåõíîëîã³¿ ñèíòåçè íàíîâîëüôðàìó 
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ìîæëèâî âèêîðèñòàòè ðåàêòîð íà îñíîâ³ ïåðåíàïðóæåíîãî íàíî-
ñåêóíäíîãî ðîçðÿäó ç åêòîííèì âíåñåííÿì ïàð³â ìàòåð³ÿëó åëåê-
òðîä ó ïëàçìó [8, 9], çà äîïîìîãîþ ÿêîãî áóëè ñèíòåçîâàí³ ì³êðî- 
òà íàíîñòðóêòóðè îêñèä³â ïåðåõ³äíèõ ìåòàë³â. 
 Â äàí³é ñòàòò³ íàâåäåíî ðåçóëüòàòè äîñë³äæåííÿ óìîâ ñèíòåçè 
íàíîâîëüôðàìó â ïåðåíàïðóæåíîìó íàíîñåêóíäíîìó ðîçðÿä³ àò-
ìîñôåðíîãî òèñêó ç åêòîííèì ìåõàí³çìîì âíåñåííÿ ïàð³â ì³æ 
åëåêòðîäàìè ç âîëüôðàìó â ³íåðòíèõ ãàçàõ. 

2. ÒÅÕÍ²ÊÀ É ÓÌÎÂÈ ÅÊÑÏÅÐÈÌÅÍÒÓ 

Äîñë³äæåííÿ õàðàêòåðèñòèê âèñîêîâîëüòíîãî íàíîñåêóíäíîãî ðî-
çðÿäó (ÂÍÐ) ì³æ åëåêòðîäàìè ç âîëüôðàìó â ³íåðòíèõ ãàçàõ ïðî-
âîäèëîñÿ ç âèêîðèñòàííÿì åêñïåðèìåíòàëüíîãî ñòåíäà, ñõåìó é 
îñíîâí³ õàðàêòåðèñòèêè ÿêîãî òà ñèñòåìó âèì³ðþâàííÿ õàðàêòå-
ðèñòèê ðîçðÿäó íàâåäåíî â ñòàòò³ [7]. Â³ääàëü ì³æ åëåêòðîäàìè 
ñêëàäàëà d 2 ìì. Åëåêòðîäè áóëè âñòàíîâëåí³ â ðîçðÿäíó êàìå-
ðó, ÿêó âèãîòîâëåíî ç îðãñêëà. 
 Äëÿ çàïàëþâàííÿ ÂÍÐ íà åëåêòðîäè ðîçðÿäíî¿ êàìåðè ïîäàâà-
ëèñÿ á³ïîëÿðí³ ³ìïóëüñè âèñîêî¿ íàïðóãè òðèâàë³ñòþ ó 100–150 
íñ, àìïë³òóäîþ ó 20–40 êÂ. ×àñòîòà ñë³äóâàííÿ ³ìïóëüñ³â íà-
ïðóãè çíàõîäèëàñÿ â ä³ÿïàçîí³ 80–1000 Ãö. Òèñê ³íåðòíèõ ãàç³â 
ñêëàäàâ 101,2 ³ 13,3 êÏà. 
 Ðîçðÿäíèé ïðîì³æîê áóëî ïåðåíàïðóæåíî, ùî ñòâîðèëî ñïðèÿ-
òëèâ³ óìîâè äëÿ ôîðìóâàííÿ æìóòà «åëåêòðîí³â-âò³êà÷³â» âèñî-
êî¿ åíåðã³¿ òà ñóïóòíüîãî ðåíò´åí³âñüêîãî âèïðîì³íåííÿ [10]. 
 Ðîçðÿäíó êàìåðó â³äêà÷óâàëè ôîðâàêóóìíîþ ïîìïîþ äî çàëè-
øêîâîãî òèñêó ó 5–10 Ïà, à ï³ñëÿ â êàìåðó íàïóñêàëè ³íåðòí³ ãà-
çè. Ä³ÿìåòåð öèë³íäðè÷íèõ åëåêòðîä ç âîëüôðàìó ñêëàäàâ 5 ìì. 
Ðàä³þñ çàîêðóãëåííÿ ¿õíüî¿ ðîáî÷î¿ òîðöåâî¿ ïîâåðõí³ áóâ îäíà-
êîâèì ³ äîð³âíþâàâ 3 ìì. 

3. ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÍÀÍÎÑÅÊÓÍÄÍÎÃÎ ÐÎÇÐßÄÓ 

Çà àòìîñôåðíîãî òèñêó ³íåðòíèõ ãàç³â ³ â³ääàë³ ì³æ åëåêòðîäàìè 
d 2 ìì ÂÍÐ ìàâ âèãëÿä ÿñêðàâî¿ öåíòðàëüíî¿ ÷àñòèíè ä³ÿìåò-
ðîì áëèçüêî 2–3 ìì ³ íèçêè á³ëüø ñëàáêèõ ñòðóìåí³â ïëàçìè, ùî 
â³äõîäèëè â³ä ¿¿ öåíòðàëüíî¿ ÷àñòèíè. Â ³íåðòíèõ ãàçàõ àòìîñôå-
ðíîãî òèñêó âèãëÿä ÂÍÐ áóâ ïîä³áíèì äî ÂÍÐ ì³æ åëåêòðîäàìè ç 
ñóëüô³äó Àð´åíòóìó â öèõ ãàçàõ [11]. 
 Îñöèëîãðàìè íàïðóãè, ñòðóìó, ³ìïóëüñíà ïîòóæí³ñòü äëÿ ÂÍÐ 
ì³æ åëåêòðîäàìè ç âîëüôðàìó çà ð³çíèõ òèñê³â êðèïòîíó íàâåäå-
íî íà ðèñ. 1 çà âåëè÷èíè íàïðóãè íà àíîä³ òèðàòðîíà âèñîêîâîëü-
òíîãî ìîäóëÿòîðà ³ìïóëüñ³â ó 13 êÂ. 
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 Îñöèëîãðàìè íàïðóãè òà ñòðóìó áóëè â ôîðì³ çãàñíèõ ó ÷àñ³ 
îñöèëÿö³é òðèâàë³ñòþ áëèçüêî 80–100 íñ, ùî çóìîâëåíî íåóçãî-
äæåí³ñòþ âèõ³äíîãî îïîðó âèñîêîâîëüòíîãî ìîäóëÿòîðà ç îïîðîì 
íàâàíòàæåííÿ. Ïîâíà òðèâàë³ñòü îñöèëÿö³é íàïðóãè íà ïðîì³æêó 
òà ðîçðÿäíîãî ñòðóìó äîñÿãàëà 500 íñ. 
 Çà àòìîñôåðíîãî òèñêó êðèïòîíó ìàêñèìàëüíà ³ìïóëüñíà ïî-
òóæí³ñòü ñêëàäàëà 1,6 ÌÂò (çà t2 115 íñ), à åíåðãåòè÷íèé âíåñîê 
ó ïëàçìó ñêëàäàâ 263 ìÄæ (ðèñ. 1, à). Ç³ çìåíøåííÿì òèñêó êðè-
ïòîíó äî 13,3 êÏà ö³ õàðàêòåðèñòèêè çìåíøóâàëèñÿ äî 1 ÌÂò (çà 
t4 280 íñ) ³ Å 115,4 ìÄæ (ðèñ. 1, á) â³äïîâ³äíî. 
 Íà ðèñóíêó 2 íàâåäåíî åëåêòðè÷í³ õàðàêòåðèñòèêè ÂÍÐ â àð-
´îí³. Äëÿ ÂÍÐ â àð´îí³ àòìîñôåðíîãî òèñêó àìïë³òóäè ïåðøî¿, 
äðóãî¿ òà òðåòüî¿ ï³âõâèëü íàïðóãè çíàõîäèëèñÿ â ìåæàõ 20–22 

 
à 

 
á 

Ðèñ. 1. Îñöèëîãðàìè ñòðóìó, íàïðóãè é ³ìïóëüñíî¿ ïîòóæíîñòè ÂÍÐ 
ì³æ åëåêòðîäàìè ç âîëüôðàìó çà ì³æåëåêòðîäíî¿ â³ääàë³ ó 2 ìì ³ òèñê³â 
êðèïòîíó ó 101,3 (à) ³ 13,3 êÏà (á) (Uçàð 13 êÂ).1 
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êÂ çà ÷àñ³â t1 50, t2 175 ³ t3 300 íñ â³äïîâ³äíî, à ìàêñèìóì 
ñòðóìó ñêëàäàâ áëèçüêî 110 À (t1 60 íñ). Ìàêñèìóì ³ìïóëüñíî¿ 
ïîòóæíîñòè ÂÍÐ ñÿãàâ 2,7 ÌÂò çà t1 35 íñ, à åíåðãåòè÷íèé âíå-
ñîê ó ïëàçìó çà îäèí ðîçðÿäíèé ³ìïóëüñ ñêëàäàâ  239 ìÄæ. 
 Ç³ çìåíøåííÿì òèñêó àð´îíó äî 13,3 êÏà àìïë³òóäà ïåðøîãî 
íå´àòèâíîãî ³ìïóëüñó íàïðóãè çìåíøóâàëàñÿ äî 15 êÂ, ³ â³í ñïî-
ñòåð³ãàâñÿ çà t1 100 íñ. Ìàêñèìàëüíà âåëè÷èíà ï³âõâèë³ ñòðóìó 
äîñÿãàëà 100 À çà ÷àñ, áëèçüêèé äî t 90–100 íñ. Ìàêñèìàëüíà 
âåëè÷èíà ³ìïóëüñíî¿ ïîòóæíîñòè äîñÿãàëàñÿ çà ÷àñ ó 110 íñ — 1 
ÌÂò (ðèñ. 2, á), à âíåñîê åíåðã³¿ ó ÂÍÐ çà îäèí ðîçðÿäíèé ³ì-
ïóëüñ äîð³âíþâàâ 160,7 ìÄæ. 
 Åëåêòðè÷í³ õàðàêòåðèñòèêè ÂÍÐ ó ãåë³¿ çà òèõ æå óìîâ çáó-

 
à 

 
á 

Ðèñ. 2. Îñöèëîãðàìè ñòðóìó, íàïðóãè é ³ìïóëüñíà ïîòóæí³ñòü ÂÍÐ 
ì³æ åëåêòðîäàìè ç âîëüôðàìó çà òèñê³â àð´îíó ó 101 (à) ³ 13,3 (á) 
êÏà.2 
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äæåííÿ ðîçðÿäó, ùî ³ â êðèïòîí³ é àð´îí³, çà ôîðìîþ áóëè ïîä³-
áíèìè äî â³äïîâ³äíèõ õàðàêòåðèñòèê ÂÍÐ â êðèïòîí³ é àð´îí³, 
àëå âåëè÷èíè ñòðóì³â ³ íàïðóã áóëè ìåíøèìè, ùî ïðèâåëî äî 
çìåíøåííÿ åíåðã³¿ ðîçðÿäíîãî ³ìïóëüñó â 2–3 ðàçè. Òàêèé ðîçïî-
ä³ë åëåêòðè÷íèõ õàðàêòåðèñòèê ÂÍÐ â ð³çíèõ ³íåðòíèõ ãàçàõ 
éìîâ³ðíî çóìîâëåíèé ð³çíèì îïîðîì ïëàçìè òà ð³çíèìè óìîâàìè 
éîãî óçãîäæåííÿ ç âèõ³äíèì îïîðîì âèñîêîâîëüòíîãî ìîäóëÿòîðà. 
 Ðåçóëüòàòè êîíòðîëüíèõ åêñïåðèìåíò³â ç ÂÍÐ àòìîñôåðíîãî 
òèñêó â ïîâ³òð³ òà êèñí³ ïîêàçàëè, ùî ¿õí³ åíåðãåòè÷í³ õàðàêòå-
ðèñòèêè ñóì³ðí³ ç â³äïîâ³äíèìè äàíèìè äëÿ ÂÍÐ ó êðèïòîí³ é 
àð´îí³: åíåðã³ÿ, ùî âíîñèëàñÿ çà îäèí ðîçðÿäíèé ³ìïóëüñ ó ÂÍÐ 
â ïîâ³òð³ ñêëàäàëà 312,6 ìÄæ, â êèñí³ — 245,4 ìÄæ. 
 Ñïåêòðè âèïðîì³íåííÿ ÂÍÐ â ð³çíèõ ãàçîïàðîâèõ ñóì³øàõ íà 
îñíîâ³ ïàð³â âîëüôðàìó íàâåäåíî íà ðèñ. 3. Ðåçóëüòàòè ðîçøèô-
ðóâàííÿ ñïåêòð³â âèïðîì³íåííÿ ïëàçìè ãàçîïàðîâèõ ñóì³øåé Kr–
W, Íå–W íàâåäåíî â òàáëèöÿõ 1 ³ 2. Äëÿ ³äåíòèô³êàö³¿ ñïåêòðà-
ëüíèõ ë³í³é ó ñïåêòðàõ âèêîðèñòîâóâàëèñÿ äîâ³äíèêè [12, 13]. 
 Ñïåêòðàëüí³ ë³í³¿ àòîì³â ³ éîí³â ó ÂÍÐ ó âñ³õ ãàçîïàðîâèõ ñó-
ì³øàõ íà îñíîâ³ âîëüôðàìó ñïîñòåð³ãàëèñÿ íà ôîí³ íåïåðåðâíîãî 
âèïðîì³íþâàííÿ ïëàçìè. Íàéá³ëüø ÿñêðàâî öåé êîíòèíóóì áóâ 
âèðàæåíèé ó âèïðîì³íåíí³ ÂÍÐ íà îñíîâ³ êðèïòîíó àòìîñôåðíîãî 
òèñêó. Â³í ñïîñòåð³ãàâñÿ â ñïåêòðàëüíîìó ³íòåðâàë³ 400–500 íì. 
Øèðîêèé êîíòèíóóì ó ñïåêòðàëüí³é îáëàñò³ 200–1100 íì 
ïîâ’ÿçàíèé ç òåïëîâèì ³ ðåêîìá³íàö³éíèì âèïðîì³íåííÿìè éîí³â 
âàæêèõ ³íåðòíèõ ãàç³â [14]. Â³í òàêîæ ïðîÿâëÿâñÿ â ïëàçì³ íà 
îñíîâ³ ïîâ³òðÿ òà êèñíþ (ðèñ. 3). Êîíòèíóóì áóâ ïðàêòè÷íî â³ä-
ñóòí³é ó ñïåêòð³ âèïðîì³íåííÿ ÂÍÐ íà îñíîâ³ ãåë³þ çà òèõ æå 
ñàìèõ óìîâàõ åêñïåðèìåíòó (ðèñ. 3). 

 

Ðèñ. 3. Ñïåêòðè âèïðîì³íåííÿ ïëàçìè ÂÍÐ â ãàçîïàðîâèõ ñóì³øàõ àò-
ìîñôåðíîãî òèñêó.3 
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 Ó ñòàòò³ [15], äå âèâ÷àëèñÿ õàðàêòåðèñòèêè ³ñêðîâîãî ðîçðÿäó â 
àð´îí³ àòìîñôåðíîãî òèñêó ì³æ ìåòàëåâèìè åëåêòðîäàìè, â ñïåê-
òð³ âèïðîì³íåííÿ ïëàçìè òàêîæ áóëî çàðåºñòðîâàíî ³íòåíñèâíèé 
êîíòèíóóì ó ä³ÿïàçîí³ äîâæèí õâèëü 350–460 íì ç ìàêñèìóìîì 
äëÿ 420 íì. 
 Ñïåêòðàëüí³ ë³í³¿ àòîìà Âîëüôðàìó 395,53, 400,87, 407,43 WI 
íì (âèä³ëåí³ â òàáëèöÿõ êóðñèâîì) ñïîñòåð³ãàëèñü ó ÂÍÐ ó âñ³õ 
ðîáî÷èõ ñåðåäîâèùàõ. Íåâåëèêà ê³ëüê³ñòü ñïåêòðàëüíèõ ë³í³é 
àòîìà Âîëüôðàìó ó ÂÍÐ ìîæå áóòè çóìîâëåíà òèì, ùî çáóäæåí-
í³ àòîìè òà éîíè Âîëüôðàìó âñòóïàþòü ó øâèäê³ ðåàêö³¿ óòâî-
ðåííÿ ìàëèõ êëàñòåð³â ³ íàíî÷àñòèíîê âîëüôðàìó. ²íòåíñèâí³ñòü 
âèïðîì³íåííÿ ñïåêòðàëüíèõ ë³í³é àòîìà Âîëüôðàìó ïîñë³äîâíî 
çìåíøóâàëàñü ³ç çàì³íîþ êðèïòîíó íà àð´îí ³ àð´îíó íà ãåë³é, 
ùî óçãîäæóºòüñÿ ç âåëè÷èíîþ åíåðã³¿, ÿêà âíîñèëàñü ó ðîçðÿä ó 
öèõ ïëàçìîâèõ ñåðåäîâèùàõ. 
 Â ñïåêòðàõ âèïðîì³íåííÿ ÂÍÐ ó ãàçîïàðîâèõ ñóì³øàõ ó âèäè-
ì³é ³ áëèçüê³é ³íôðà÷åðâîí³é ä³ëÿíêàõ äîâæèí õâèëü ñïîñòåð³ãà-
ëèñÿ õàðàêòåðèñòè÷í³ ñïåêòðàëüí³ ë³í³¿ àòîì³â Íå, Ar ³ Kr. 
 Ìåõàí³çì óòâîðåííÿ çáóäæåíèõ àòîì³â ³íåðòíèõ ãàç³â ó öèõ 
åêñïåðèìåíòàõ ç âåëèêîþ éìîâ³ðí³ñòþ âèçíà÷àºòüñÿ ïðîöåñàìè 
çáóäæåííÿ òà éîí³çàö³¿ åëåêòðîíàìè àòîì³â ³íåðòíèõ ãàç³â ó ìå-

ÒÀÁËÈÖß 2. Ðåçóëüòàòè ³äåíòèô³êàö³¿ ñïåêòðó âèïðîì³íåííÿ ïëàçìè 
ÂÍÐ ì³æ åëåêòðîäàìè ç âîëüôðàìó çà òèñêó ãåë³þ ó 101 êÏà (d 2 ìì, 
f 1000 Ãö).5 
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1 388,86 326 HeI 7,42 23,00 1s2s 3S1 1s3p 3P1 
2 395,53 51 WI 2,43 5,57 5d5(6G)6s 5S6 5d46s(6D)7s 5D6 
3 400,87 55 WI 0,365 3,45 5d5(6S)6s 7S3 5d5(6S)6p 7P4 
4 407,43 63 WI 0,365 3,40 5d5(6S)6s 7S3 5d5(6S)6p 7P3 
5 447,14 176 HeI 20,96 23,73 1s2p 3P1 1s4d 3D2 
6 471,31 33 HeI 20,96 23,59 1s2p 3P2 1s4s 3S1 
7 492,19 69 HeI 21,21 23,73 1s2p 1P1 1s4d 1D2 
8 501,56 152 HeI 20,61 23,08 1s2s 1S0 1s3p 1P1 
9 587,59 2136 HeI 20,96 23,07 1s2p 3P2 1s3d 3D2 
10 656,28 449 H  10,20 12,09 2p 2P 3d 2D 
11 667,81 525 HeI 21,21 23,07 1s2p 1P1 1s3d 1D2 
12 706,51 228 HeI 20,96 22,71 1s2p 3P2 1s3s 3S1 
13 728,13 64 HeI 21,21 22,92 1s2p 1P1 1s3s 1S0 
14 777,19 231 OI 9,14 10,74 2s2p3(4S)3s 5S0

2 2s2p3(4S)3p 5P3 
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òàñòàá³ëüíèõ ñòàíàõ ³ éîí³â ³íåðòíèõ ãàç³â â îñíîâíîìó åíåðãåòè-
÷íîìó ñòàí³, à òàêîæ ïðîöåñàìè ¿õíüî¿ ðåêîìá³íàö³¿ ç åëåêòðîíà-
ìè. 

4. ÂÈÑÍÎÂÊÈ 

Âñòàíîâëåíî, ùî çà àòìîñôåðíîãî òèñêó ãåë³þ, àð´îíó òà êðèïòî-
íó ì³æ åëåêòðîäàìè ç âîëüôðàìó çà ì³æåëåêòðîäíî¿ â³ääàë³ ó 2 
ìì çàïàëþâàâñÿ îäíîð³äíèé ÂÍÐ ç ìàêñèìàëüíîþ àìïë³òóäîþ 
íàïðóãè îäíî¿ ïîëÿðíîñòè äî 30 êÂ ³ ñòðóìó äî 100 À ó ïîâ³òð³ çà 
ð 101 êÏà. ÂÍÐ çàïàëþâàâñÿ é ³ñíóâàâ ó ôîðì³ öóãó îêðåìèõ 
ï³âõâèëü òðèâàë³ñòþ ïî  100 íñ ç ìàéæå ñòàëîþ àìïë³òóäîþ çà 
òðèâàëîñòè öóãó â ìåæàõ 500 íñ, ùî îïòèìàëüíî äëÿ ðóéíóâàííÿ 
ïîâåðõí³ åëåêòðîä ³ ñèíòåçè òîíêèõ ïë³âîê ç òàêî¿ ïëàçìè. Ìàê-
ñèìàëüíà ³ìïóëüñíà ïîòóæí³ñòü ÂÍÐ äîñÿãàëàñÿ â êðèïòîí³ — 
2,6 ÌÂò çà íàéá³ëüøî¿ åíåðã³¿ â îäíîìó åëåêòðè÷íîìó ³ìïóëüñ³ ó 
263 ìÄæ. Çìåíøåííÿ òèñêó áóôåðíèõ ãàç³â ç 101 äî 13,3 êÏà 
ïðèâîäèëî äî çíà÷íîãî çìåíøåííÿ åíåðãåòè÷íèõ õàðàêòåðèñòèê 
ðîçðÿä³â. 
 Äîñë³äæåííÿ ñïåêòðàëüíèõ õàðàêòåðèñòèê ÂÍÐ ó ãàçîïàðîâèõ 
ñóì³øàõ Kr (Ar, He)–W ïîêàçàëî, ùî â ãàçîïàðîâèõ ñóì³øàõ íà 
îñíîâ³ êðèïòîíó é àð´îíó ñïîñòåð³ãàâñÿ êîíòèíóóì, íà ôîí³ ÿêîãî 
ðåºñòðóâàëèñü îáìåæåíà ê³ëüê³ñòü ë³í³é àòîìà Âîëüôðàìó òà õà-
ðàêòåðèñòè÷í³ ë³í³¿ ³íåðòíèõ ãàç³â. ²íòåíñèâí³ñòü âèïðîì³íåííÿ 
ë³í³é àòîìà Âîëüôðàìó çìåíøóâàëàñÿ ïîñë³äîâíî ç ïåðåõîäîì â³ä 
áóôåðíîãî ãàçó êðèïòîíó äî ãåë³þ. Çìåíøåííÿ òèñêó ³íåðòíèõ 
ãàç³â ³ ÷àñòîòè ñë³äóâàííÿ ³ìïóëüñ³â ñòðóìó ç 1000 äî 80 Ãö ïðè-
âîäèëî äî çíà÷íîãî çìåíøåííÿ ³íòåíñèâíîñòè âñ³õ ñïåêòðàëüíèõ 
ë³í³é ³ êîíòèíóóìó. Íàéá³ëüø éìîâ³ðíèìè ïðîöåñàìè óòâîðåííÿ 
çáóäæåíèõ àòîì³â ³ éîí³â áóôåðíîãî ãàçó ìîæóòü áóòè ïðîöåñè 
ñòóïåíåâîãî çáóäæåííÿ òà éîí³çàö³¿, äèñîö³ÿòèâíîãî çáóäæåííÿ 
òà éîí³çàö³¿, çáóäæåííÿ àòîìàðíèõ éîí³â åëåêòðîíàìè òà ïðîöåñè 
ðåêîìá³íàö³¿ åëåêòðîí³â ç éîíàìè. 
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1 Fig. 1. Oscillograms of current, voltage, and pulse power of the HVND between tungsten 
electrodes at an interelectrode distance of 2 mm and krypton pressures of 101.3 (a) and 
13.3 kPa (á) (Uch 13 kV). 
2 Fig. 2. Oscillograms of current, voltage and pulse power of the HVND between tungsten 
electrodes at argon pressures of 101 (a) and 13.3 (á) kPa. 
3 Fig. 3. Radiation spectra of the HVND plasma in atmospheric pressure gas–vapor mixtures. 
4 TABLE 1. Results of identification of the emission spectra of the HVND plasma between 
tungsten electrodes at a krypton pressure of 101.3 kPa (d 2 mm, f 1000 Hz). 
5 TABLE 2. Results of identification of the emission spectrum of the HVND plasma between 
tungsten electrodes at a helium pressure of 101 kPa (d 2 mm, f 1000 Hz). 
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The influence of carbon nanospheres (CNS) on the electromagnetic proper-
ties of composite materials is investigated. CNS are fabricated by high-
frequency electrical-discharge treatment of propane–butane mixture in 
the ratio of 0.5:0.5. The structural characteristics of the synthesized ma-
terials are investigated through high-resolution electron microscopy and 
x-ray diffraction analysis. As revealed, the individual particles measured 
as of 20–40 nm in size assemble into agglomerates exhibiting a predomi-
nantly spherical morphology. Each particle is composed of multilayered, 
partially closed graphene shells with structural defects. As found, the 
synthesized material has graphite-like type of short-range atomic order. 
As shown, the addition of 10–20 wt.% of CNS into epoxy matrix results 
in increase of dielectric permittivity and shielding properties of compo-
sites in frequency range 26–40 GHz. 

Äîñë³äæåíî âïëèâ âóãëåöåâèõ íàíîcôåð (ÂÍÑ) íà åëåêòðîìàãíåòí³ âëàñ-
òèâîñò³ êîìïîçèòíèõ ìàòåð³ÿë³â. ÂÍÑ îäåðæóâàëè øëÿõîì âèñîêî÷àñòî-
òíîãî åëåêòðîðîçðÿäíîãî îáðîáëåííÿ ïðîïàí-áóòàíîâî¿ ñóì³ø³ ó ñï³ââ³ä-
íîøåíí³ 0,5:0,5. Ñòðóêòóðí³ õàðàêòåðèñòèêè ñèíòåçîâàíèõ ìàòåð³ÿë³â 
äîñë³äæåíî ìåòîäàìè åëåêòðîííî¿ ì³êðîñêîï³¿ âèñîêî¿ ðîçä³ëü÷î¿ çäàò-
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íîñòè òà ðåíò´åíîñòðóêòóðíî¿ àíàë³çè. Âèÿâëåíî, ùî îêðåì³ ÷àñòèíêè 
ðîçì³ðàìè ó 20–40 íì çáèðàþòüñÿ â à´ëîìåðàòè, ùî ìàþòü ïåðåâàæíî 
ñôåðè÷íó ìîðôîëîã³þ. Êîæíà ÷àñòèíêà ñêëàäàºòüñÿ ç áàãàòîøàðîâèõ, 
÷àñòêîâî çàìêíåíèõ ãðàôåíîâèõ îáîëîíîê ç³ ñòðóêòóðíèìè äåôåêòàìè. 
Âñòàíîâëåíî, ùî ñèíòåçîâàí³ ìàòåð³ÿëè õàðàêòåðèçóþòüñÿ ãðàô³òîïîä³á-
íèì òèïîì áëèçüêîãî àòîìîâîãî ïîðÿäêó. Ïîêàçàíî, ùî äîäàâàííÿ 10–
20 ìàñ.% ÂÍÑ äî åïîêñèäíî¿ ìàòðèö³ ïðèâîäèòü äî ï³äâèùåííÿ ä³åëåê-
òðè÷íî¿ ïðîíèêíîñòè é åêðàíóâàëüíèõ âëàñòèâîñòåé êîìïîçèò³â ó ä³ÿïà-
çîí³ ÷àñòîò 26–40 ÃÃö. 

Key words: carbon nanospheres, permittivity, dielectric loss, electrical 
conductivity, electromagnetic shielding. 

Êëþ÷îâ³ ñëîâà: âóãëåöåâ³ íàíîñôåðè, ä³åëåêòðè÷íà ïðîíèêí³ñòü, åëåêò-
ðîïðîâ³äí³ñòü, ä³åëåêòðè÷í³ âòðàòè, åëåêòðîìàãíåòíå åêðàíóâàííÿ. 
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1. INTRODUCTION 

The tremendous development of mobile communications, high-speed 
electronic switching components and circuits, radars, and systems 
of navigation operating in microwave range requires the effective 
protection of various electronic devices against the destructive im-
pact of electromagnetic interference and ensuring electromagnetic 
compatibility. To solve this problem, the development of polymer 
composites filled with various nanoparticles is a perspective alter-
native way for efficient electromagnetic shielding [1, 2] compared 
with traditional metallic materials. 
 Among all the conductive nanofillers in polymer matrix, the 

nanocarbon is the most used as a component of polymer composites 

with carbon nanotubes, graphene, carbon black, carbon nanofibers and 

porous carbon due to the combined lightweight and remarkable me-
chanical, electrical and thermal properties as well as high corrosion 

resistance [3–5]. Nanocarbon fillers introduced in polymer matrix 

promote a significant increase in permittivity, and low dielectric loss 

at a low filler volume fraction, that is prospective for the development 

of high energy-density capacitors and electric field grading materials, 
owing to the unique property of dramatic increase in their dielectric 

constants near the percolation threshold [6, 7]. 
 The observed enhancement in the permittivity can be attributed to 

the formation of a large network, which is composed of local microca-
pacitors with carbon particles as electrodes. Due to the high aspect ra-
tio of nanocarbon fillers, carbon-based composites also exhibit en-
hanced microwave shielding properties and have demonstrated en-
hanced attenuation of electromagnetic radiation (EMR) due to the two 
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most important loss mechanisms, dielectric (dipolar) and conduction 

losses [8]. On the other hand, the good conductivity of carbon nanopar-
ticles used as a microwave absorbing material has the shortcoming of 

poor impedance matching that results in high reflection of EMR on the 

first boundary ‘air–composite’. To change the balance between the 

electromagnetic reflection and absorption into high microwave absorp-
tion capability of polymer-filled composite, some alternative ways are 

used, such as combining dielectric and magnetic fillers [9], the special 
microstructure design of composite [10], the development of uniform 

core–shell microstructures [11], carbon micro- and nanospheres [12, 
13, 14], or carbon nanoonions (CNOs) particles [15, 16] that open up 

new perspectives for the creation the lightweight and highly efficient 

carbon-based microwave absorbing materials. 
 The special structure and high chemical activity of surface of the 

mentioned globular carbon particles, which are embedded in a polymer 

matrix results in the formation of a large number of active interfaces as 

centres for the multiple reflection and scattering of electromagnetic 

waves enhancing the microwave shielding–absorption capability of the 

composite. The electrical and electromagnetic properties of polymer 

composites filled with globular carbon particles significantly depend on 

the type, structure and morphology of carbon filler. For example, in 

Ref. [17], it was found that composites with content of mesoporous car-
bon hollow nanospheres (MCHS) lower than the percolation threshold 

possess excellent EMR absorbing behaviour, while composites with a 

MCHS content close to or higher than the percolation threshold reveal 
outstanding EM interference (EMI) shielding. Therefore, the EMR 

shielding effectiveness (SE) achieved an average value of 84.50 dB at 

MCHS content of 12 wt.%. On the other hand, for onion-like carbon 

(OLC)/polydimethylsiloxane composites with an average aggregate size 

of 250 nm, the percolation threshold was 10 vol.% and consequently, 

the electromagnetic shielding efficiency value is low [18]. 
 This paper is focused on the synthesis of carbon nanomaterial by 
high-frequency electrical discharge treatment of hydrocarbon gases 
and study of their structural and morphology properties. In addi-
tion, we have prepared the epoxy composite materials (CMs) filled 
with synthesized nanocarbon materials—carbon nanospheres (CNS) 
to establish the influence of this type of nanocarbon filler on dielec-
tric and shielding properties of two-phase CNS/epoxy CMs in a wide 
frequency ranges: 1–500 MHz and 26–40 GHz. 

2. MATERIALS AND METHODS 

2.1. Synthesis of Carbon Nanospheres 

The studied carbon nanospheres were synthesized by high-frequency 
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electrical discharge treatment of propane–butane mixture 

(C3H8 C4H10) in the ratio of 0.5:0.5. This technique was developed at 

the in the Institute for Pulse Research and Engineering of the National 
Academy of Sciences of Ukraine. The main idea is to create non-
equilibrium electric discharge plasma due to the high frequency of 

passing short high-voltage pulses in the medium of gaseous hydrocar-
bons [19]. Providing high temperature and pressure gradients as nec-
essary conditions for the synthesis of carbon nanomaterials is achieved 

through the high rate of energy input into the plasma channels. Non-
equilibrium plasma, generated by discharges with a frequency of kilo-
hertz, makes it possible to involve rather large volumes of gas in the 

synthesis process. In a reactor with special electrode systems, at at-
mospheric or slightly elevated pressure, the reaction products con-
dense in the gas environment near the plasma channels. Visual obser-
vation showed that the reaction products condense in a gaseous medi-
um at one or more centimetres from the plasma channel. Synthesis 

products were collected sometime after the equipment was turned off, 

allowing enough time for synthesis products to settle. 

2.2. Composite Fabrication 

The preparation of epoxy-filled composites was performed via ultra-
sonic dispersing of carbon nanospheres and epoxy resin (L285) mix-
ture with subsequent curing in Teflon forms for complete polymeri-
zation. The preparation procedure was described in detail in Ref. 
[20]. The composite mixture is placed in an ultrasonic bath BAKU 
for dispersion during 2 hrs at power of 50 W. Ultrasound allows 
increase the homogeneity of filler particles distribution and to re-
duce the agglomeration of nanocarbon filler. After ultrasonic dis-
persing the curing agent H285 was added in the amount of 40% by 
the weight of the epoxy resin L285 and then the composite mixture 
was subjected to mechanical mixing. After that, the mixture was 
poured into suitable Teflon moulds. The polymerization took place 
at least 24 hrs at room temperature. After that, for the complete 
polymerization, the samples were treated at a temperature that 
gradually increased from 40 to 80 C for 5 hrs. After cooling the 
samples, they are ready for the measurements. The content of 
nanocarbon filler (CNS) was fixed at 10 and 20 wt.%. The samples 
are accordingly marked as xCNS/epoxy, where õ is the weight con-
tent of CNS in the composite. 

2.3. Methods 

The structure of the synthesized carbon materials has been analysed 
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using high-resolution electron microscopy, XRD analysis, and the ra-
dial distribution function method. X-ray analysis was performed on a 

standard DRON-4 diffractometer with MoK  monochromatic radiation 

in the Debye–Scherrer geometry. Electron microscopy was carried out 

on a JEOL JEM-2100F high-resolution electron microscope. 
 The study of the complex permittivity ( r , r ) in the frequency 
range of 1–500 MHz was performed using Keysight Impedance Ana-
lyzer E4991B. The samples for the measurements were in the form 
of tablets with a diameter of 15 mm and a thickness of 1 mm. The 
shielding properties and complex permittivity spectra in the fre-
quency range of 26.5–40 GHz were measured by Keysight PNA 
N5227A vector network analyser using the transmission–reflection 
method. The specimens were in the form of a plates with size 
7.1 3.5 1.3 mm3. The complex relative permittivity was derived 
from measured S-parameters (Sij) of material using 85071 Agilent 
technology software [20]. 
 Using S-parameters, the overall EMR shielding SET, shielding due 

to EMR reflection SER and absorption SEA were determined [21]: 

 
2

1110lg(1 )RSE S , 
2

2110lg( )TSE S , A T RSE SE SE . (1) 

And the EMR reflection R, transmission T and absorption A indices 
are related to scattering parameters, respectively, as follow: 

 
2

11  R S , 
2

21T S , 
2 2

11 211  A S S . (2) 

3. RESULTS AND DISCUSSION 

3.1. Structure and Morphology of Synthesized Carbon Nanomaterials 

High-resolution electron microscopy was used to determine the 
structure of individual particles. Figure 1 shows the typical micro-
graphs of carbon nanospheres obtained by electric discharge treat-
ment of propane–butane. It can be seen, that particles are collected 
into agglomerates (Fig. 1, a) and exhibit a globular shape with a 
size of 20–40 nm. It was also found that CNS have a complex hi-
erarchical structure. The internal structure of a single particle con-
sists of non-closed defective graphene layers (Fig. 1, b). This is typ-
ical of amorphous carbon. 
 Figure 2 represents typical XRD diffraction spectra from the crys-
talline graphite and obtained carbon nanospheres. The XRD spectrum 

for the sample synthesized by electric discharge treatment of gaseous 

hydrocarbon shows an intense broad peak at 11.1  coming from the 

(001) graphite crystal lattice plane (Fig. 2, b). This indicates that the 

material is characterized by an amorphous state and has a graphite-like 
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type of short-range atomic order. However, it should be noted that the 

maximum shifts to a smaller value 2  relative to the position of the 

(002) peak of crystalline graphite (Fig. 2, a). 
 For a more detailed analysis of the material structure synthesized 
by electric discharge treatment of propane–butane mixture from 
XRD scattering intensities were calculated experimental structure 
factors (SF) and radial distribution functions (RDF) using the pro-
cedure described in Ref. [22]. The results of the calculated SF for 
the study samples are shown in Fig. 3, a. 
 On the SF of CNS, there is an intense peak with a maximum of 

1 1.74 Å 1, which corresponds to the graphite-like component. It 
confirms the conclusion that the obtained material possesses a 

  
a      b 

Fig. 1. High-resolution micrographs of carbon nanospheres obtained by 
electric discharge processing of propane–butane mixture. 

 

Fig. 2. Typical XRD patterns of graphite (a) and carbon nanospheres syn-
thesized by electric discharge treatment of propane–butane mixture (b). 
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graphite-like type of short-range atomic order. For crystalline 
graphite, the first peak has a position of s1 1.87 Å 1. By the width 
of the first maximum on the structure factor, using the formula 
given in Ref. [23], the size of ordering regions R0 was determined. 
The calculation results obtained for all samples are presented in Ta-
ble 1. It can be seen that the R0 value for the CNS is of 38 Å. 
 The first and second peaks in the radial distribution function of 
crystalline graphite are located at position of 1.43 and 2.48 Å, re-
spectively. The positions of these peaks on the RDF for the synthe-
sized CNS shift to higher values of 1.46 and 2.54 Å, respectively. A 
slight increase in the positions of the first and second co-ordination 
spheres indicates a partial disordering of the structure in compari-
son with that of crystalline graphite. The co-ordination number N1 
and bond angle  [22] are determined for samples from experi-
mental RDF. The obtained data are represented in Table 1. The 
bond-angle  value for CNS is close to graphite (120 ). However, 
the coordination number for them is much larger compared to 
graphite. Such an increase in the value of the coordination number 
may indicate that the CNS have a randomly close-packed structure. 

3.2. Dielectric Properties of Epoxy Composites with Carbon Nanofiller 

The complex permittivity ( *
r r ri ) spectra of CNS–epoxy com-

posites in the frequency range 1–500 MHz were determined using 
Impedance analyser E4991B. In the frequency range 26–40 GHz, 
permittivity spectra were derived from the measured s-parameters 
spectra using PNA N5227A vector network analyser. The results 

  
a     b 

Fig. 3. Structure factors (a) and radial distribution function (b) of graphite 
and CNS. 
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are presented in Fig. 4. 
 As seen in Fig. 4, the adding CNS particle into epoxy matrix results 

in an increase in permittivity  up to the values of 8 and 17 (at 1 MHz) 
for 10 wt.% and 20 wt.% of CNS in composite, respectively. Such in-
crease of permittivity is related to the electric nature of nanocarbon 

particles, acting as dipoles and enhanced interfacial polarization due 

to large difference between the electrical conductivity of filler and ma-
trix phase and accumulation of charge carriers on ‘nanocarbon–epoxy’ 
interfaces. The observed gradual decrease of permittivity is explained 

by the relaxation of dipole polarization and stimulation of hopping 

(tunnel) conductivity with increasing EMR frequency. The imaginary 

part of permittivity r  is also increased with CNS content, especially 

for the microwave range 26–40 GHz that testifies the increase of A.C. 
conductivity of the composite. It should be noted that the permittivity 

values for the studied epoxy composites with 3D CNS nanoparticles 

(content 10 and 20 wt.%) are significantly lower compared with epoxy 

composites filled with 2D graphite nanoplatelets and 1D carbon nano-
tubes (content up to 5 wt.%). Such a difference in permittivity value 

may be explained by the high aspect ratio of GNP and CNT particles 

and agrees with Maxwell Garnett model predictions for the composites 

with carbon fibres [24, 25]. 
 Since the ratio between the real and imaginary parts of permit-
tivity is often more convenient for determining the nature of com-
posite interaction with the electric field than the value of the imag-
inary part of the dielectric permittivity , the dielectric-loss tan-
gent tan /  is used for the analysis of dielectric loss. Figure 4, 
b displays the dielectric-loss tangent tan  values for studied epoxy 
composites and as seen dielectric loss significantly increases with 

  
a      b 

Fig. 4. Complex permittivity (a) and dielectric loss tangent (b) for CNS–
epoxy CMs. 
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frequency, which is related to the increased conduction loss due to 
enhanced A.C. conductivity. 
 The conduction losses in composites occur from the electric leak-
age between electroconductive fillers and are described by the fol-
lowing equation [26]: 

 D.C. 0(2 )rC f . (3) 

Using the relation (3) the values of A.C. conductivity was calculat-
ed, and A.C.(f) dependences for the samples with 10 and 20 wt.% 
CNS are presented in Fig. 5. 
 As seen in this figure, the electrical conductivity increases with 
increasing frequency for all investigated frequency ranges. Such 
behaviour of A.C. conductivity (f) can be described by an empirical 
Jonscher’s power law, where the free term D.C. is the electrical con-
ductivity at direct current [27]: 

 D.C.( ) uf Af . (4) 

 The parameter A represents the strength of polarizability in the 
sample, whereas the parameter represents the reactivity between 
the sample constituent (such as the interaction between the fillers 
or the fillers with the polymeric chains). 
 In the case of studied CMs with 10 and 20 wt.% of CNS, the value of 

D.C.  is low that results in a gradual increase of conductivity  with f. 

The change in the A.C. electrical conductivity results from restructur-
ing and reordering of charges at the sample’s interface under an exter-
nal electric field and interface polarization. As the frequency increas-

 

Fig. 5. A.C. conductivity of epoxy composites CNS/epoxy versus frequency 
with filler content 10 and 20 wt.%. 



144 O. D. RUD, L. Yu. MATSUI, L. L. VOVCHENKO et al. 

es, the capacitive resistance will decrease sharply, and some microca-
pacitors (formed by electrically conductive particles or clusters) be-
come electrically conductive (activation of current carrier hopping (or 

tunnelling) increases), which leads to a decrease in permittivity and an 

increase in electrical conductivity. It was found that (f) f1.19, i.e., 
exponent u 1. Usually, exponent u lies in the range, and change A.C. 

with frequency is described within the correlated barrier hopping 

(CBH) model [28]. Such an increase of u exponent was also observed for 

PVA-treated MWCNT electrolyte composites [29] and testifies to a 

more complicated conduction mechanism in percolative nanocarbon-
filled polymer composites. 

3.3. Shielding Properties of Nanocarbon–Epoxy Composites 

The development of polymer composite materials filled with electri-
cally conductive carbon nanoparticles is the perspective way to 
achieve the excellent microwave shielding and absorption proper-
ties. The greater the number of charges (especially free current car-
riers) in the material, the higher is the level of EMR interaction 
with this material, and accordingly, the greater the EMR attenua-
tion inside the sample. 
 The efficiency of the shield is determined by two main mecha-
nisms: the reflection of part of the EMR from the front surface of 
the shield and the absorption of part of the EMR inside the shield 
material. Therefore, the total shielding efficiency of the material 
SET 10logT is the sum of the term due to absorption SEA and term 
due to reflection SER [30]: 

 SET SER SEA. (5) 

 The value SEA characterizes the ability of the shield material to 
absorb the EMR that has transmitted inside the shield and the clos-
er the ratio SEA/SET to 1, the higher the absorption capability of 
the shield material. There is the following relation for the absorp-
tion term SEA depending on the shield thickness l and the skin-
depth s ( 1s f ) [31]: 

 8.7 8.7A sSE l l , (6) 

where is the EMR attenuation index. The index and the skin-depth 

are determined by the electrodynamic parameters of the material—
permittivity  and permeability . Thus, the larger the shield thickness 

and the smaller the skin-depth the higher EMR shielding due to ab-
sorption. In addition, the presence of a large number of ‘filler–
polymer’ interfaces in the composite promotes the high attenuation of 
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EMR due to effective processes of multiple reflection and electromag-
netic wave scattering on these interfaces [32]. 
 The shielding term due to reflection SER is determined by the 
impedance mismatch at the first boundary ‘air–shield’: the high 
impedance mismatch (as for metallic shields with high electrical 
conductivity) results in high EMR reflection index |S11|

2 and en-
hanced SER shielding term. 
 The experimental results on the CNS/epoxy composites EMR 
shielding characteristics are presented in Fig. 6. 
 Figure 7 also presents the spectra of EMR reflection R, transmission 

T and absorption A indices for studied CNS/epoxy composites, which 

shows what part of incident electromagnetic radiation is reflected, ab-
sorbed inside the sample and transmitted through the shield. 
 As one can see in Fig. 6, the EMR shielding SET achieves the 
values 4–6 dB for 10 CNS/epoxy composite and increases with CNS 
content (20 wt.% CNS) up to the values 6–9 dB in the studied fre-
quency range. Such an increase of SET values correlates with en-
hanced electrical conductivity due to a large number of added 
charge carriers. However, in epoxy CMs filled with 10–20 wt.% of 
CNS, the percolation threshold is not achieved, so D.C. electrical 
conductivity is low and shielding due to absorption (SEA) is lower 
compared to the shielding due to reflection (SER), especially, for 
10CNS/epoxy CNS (see Fig. 6, b). The decrease of EMR shielding 
|SET| with frequency is explained by the dominating contribution of 
EMR reflection into total EMR shielding due to impedance mis-
match at the first boundary ‘air–composite sample’. As seen from 
Fig. 7, for studied composites at f 26.5 GHz, EMR reflection in-
dex R is much higher (0.6–0.7) compared to EMR absorption index 

  
a      b 

Fig. 6. Dependences of SET (a) on frequency and SET constituents on car-
bon nanospheres content in CNS/epoxy composites at 35 GHz (b). The 
thickness of the samples is of 1.3 mm. 
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A (0.12) and decreases with frequency that results in a decrease in 
total shielding efficiency SET (increase of EMR transmission index 
T with f). The improvement of shielding and absorption capabilities 
of CNS-filled epoxy composites may be achieved via the increase of 
CNS content or combination of CNS filler with other conductive 
particles, such as 1D carbon nanotubes, 2D graphite nanoplatelets, 
or magnetic nanoparticles. 

3. CONCLUSION 

The effect of carbon nanomaterials, produced by high-frequency 
electrical discharge treatment of propane–butane mixture, on the 
electromagnetic properties of composite materials is established. It 
is revealed that individual particles represent carbon nanospheres 
(CNS) measuring 20–40 nm in size and assemble into agglomerates. 
Each particle is composed of multilayered, partially closed graphene 
shells with structural defects. The synthesized material has graph-
ite-like type of short-range atomic order. 
 As shown, the addition of 10–20 wt.% of CNS into epoxy matrix 
results in an increase of complex dielectric permittivity *

r r ri  
that is related to the electric nature of nanocarbon particles, acting 
as dipoles and enhanced interfacial polarization due to the large 
difference between the electrical conductivity of filler and matrix 
phase. The observed increase of the imaginary part of permittivity 

r  with CNS content, especially, for the microwave range 26–40 
GHz, testifies the increase of A.C. conductivity, which obeys the 

 

Fig. 7. EMR reflection, R transmission T and absorption A indices versus 
frequency for CNS/epoxy composites filled with 10 and 20 wt.% of CNS: 
solid line—reflection index, dashed line—absorption index and the inset 
displays EMR transmission index. 
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empirical Jonscher’s power law and increases due to the activation 
of current carrier hopping (or tunnelling) with frequency. 
 The electromagnetic shielding efficiency of CNS-filled epoxy 
composites SET increases compared to neat epoxy resin in the fre-
quency range 26–40 GHz that correlates with enhanced electrical 
conductivity due to a large number of added charge carriers. The 
increase of CNS content up to 20 wt.% promotes the enhancement 
of EMR shielding due to absorption SEA; however, the contribution 
to shielding due to reflection SER is still dominant in total EMR 
shielding efficiency. 

This work was partially supported by project #8F-2024, which in-
volved joint teams of scientists from Taras Shevchenko National 
University of Kyiv and the G. V. Kurdyumov Institute for Metal 
Physics of the N.A.S. of Ukraine. 
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áàãàòîøàðîâèìè ïîë³ìåðêîìïîçèòíèìè ïîêðèòòÿìè 
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Êîíñòðóþâàííÿ çàõèñíèõ åêðàí³â çä³éñíþþòü øëÿõîì ñòâîðåííÿ ïîê-
ðèòò³â ç ð³çíèõ çà ñêëàäîì øàð³â ³ çà ô³çè÷íèìè õàðàêòåðèñòèêàìè íà-
ïîâíþâà÷³â ó ïîë³ìåðí³é ìàòðèö³. Âèãîòîâëåííÿ áàãàòîøàðîâîãî ïîê-
ðèòòÿ çä³éñíþâàëè øëÿõîì ïîåòàïíîãî ôîðìóâàííÿ ð³çíèõ çà ñêëàäîì 
øàð³â ç åïîêñèäíèõ êîìïîçèò³â, âèõîäÿ÷è ç íàñòóïíîãî. Ï³ä ÷àñ ñòâî-
ðåííÿ êîìïîçèò³â âèêîðèñòàíî ïðèíöèï çðîñòàííÿ ïðîâ³äíîñòè øàð³â ó 
ì³ðó íàáëèæåííÿ äî òèëüíî¿ ñòîðîíè çàõèñíîãî ïîêðèòòÿ. Çàäàâàëè ð³-
çí³ ìàãíåòí³ òà ä³åëåêòðè÷í³ âëàñòèâîñò³ ìàòåð³ÿë³â øàð³â äëÿ çàáåçïå-
÷åííÿ ôàçîâî-ñòðóêòóðíèõ â³äì³ííîñòåé íà ìåæ³ ïîä³ëó ôàç ÿê â ñàìî-
ìó ìàòåð³ÿë³, òàê ³ íà ìåæ³ ïîä³ëó ôàç øàð³â. Âèêîðèñòàíî òàêîæ 
òðèøàðîâå ïîêðèòòÿ, âèêîíàíå óëüòðàçâóêîâîþ ìåòàë³çàö³ºþ ïîë³ìåðó 
ç³ çáåðåæåííÿì ïðèíöèïó çì³íè òîêîïðîâ³äíîñòè øàð³â. Â äîñë³äæåí-
íÿõ âèêîðèñòàíî âóãëåòêàíèíó, ùî ïîêðèòà ì³ääþ òà í³êëåì. Øàðè 
í³êëþ íà ïîâåðõí³ ì³ä³ âèêîíóþòü äâ³ ôóíêö³¿: çá³ëüøóþòü âíóòð³øíº 
â³äáèâàííÿ ó ìàòåð³ÿë³ øàðó òà çàõèùàþòü ì³äü â³ä îêèñíåííÿ. Â äîñ-
ë³äæåííÿõ âèêîðèñòàíî åïîêñèäíó ä³àíîâó ñìîëó ìàðêè ÅÄ-20 ³ íàïîâ-
íþâà÷³. Ìàòåð³ÿëè ð³çíèõ øàð³â ì³ñòÿòü êîìïîíåíòè òà íàïîâíþâà÷³ 
íàíîðîçì³ð³â ³ áëèçüêèõ äî íàíîðîçì³ð³â ÷àñòèíîê âèñîêî¿ î÷èñòêè äëÿ 
äîñë³äæåííÿ âçàºìîä³¿ ç åëåêòðîìàãíåòíèì âèïðîì³íåííÿì (ÅÌÂ). ×åð-
ãóâàííÿì øàð³â, ùî âáèðàþòü, ðîçñ³þþòü àáî â³äáèâàþòü ÅÌÂ, äîñÿãà-
ëè ðîçøèðåííÿ ä³ÿïàçîíó ÷àñòîò. Âèêîðèñòàíî áàãàòîøàðîâ³ ïîêðèòòÿ. 
Âèêîíàííÿ ïåðøîãî øàðó ç ä³åëåêòðè÷íîãî ìàòåð³ÿëó áëèçüêèì çà 
õâèëüîâèì îïîðîì äî çíà÷åííÿ õâèëüîâîãî îïîðó çîâí³øíüîãî ñåðåäî-

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
2025, ò. 23, ¹ 1, ññ. 149–165 
https://doi.org/10.15407/nnn.23.01.0149 

 2025 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 



150 Â. Ì. ÊÎÐÆÈÊ, Ï. Ä. ÑÒÓÕËßÊ, Î. Ì. ÁÅÐÄÍ²ÊÎÂÀ òà ³í. 

âèùà ³ñòîòíî çìåíøèòü â³äáèâàííÿ ÅÌÂ ïîêðèòòÿì â ö³ëîìó. Âáèðàííÿ 
òà ðîçñ³þâàííÿ åëåêòðîìàãíåòíî¿ åíåðã³¿ ðåàë³çóºòüñÿ íà ìåæ³ ïîä³ëó 
øàð³â ç ð³çíèìè êîåô³ö³ºíòàìè â³äáèâàííÿ. Ñë³ä çàóâàæèòè, ùî ñïî-
ñòåð³ãàºòüñÿ âçàºìîä³ÿ åëåêòðîìàãíåòíî¿ åíåðã³¿ ç äèñïåðñíèìè ÷àñòèí-
êàìè íàïîâíþâà÷³â, ÿê³ ìàþòü âèñîêó åëåêòðîïðîâ³äí³ñòü, ùî äîäàòêî-
âî ðîçøèðþº ä³ÿïàçîí ÷àñòîò ï³ä ÷àñ åêðàíóâàííÿ ÅÌÂ. 

The development of modern industry raises the problem of creating new 
materials for various functional purposes. One of the most important 
tasks is to develop protective shields against electromagnetic radiation 
(EMR), including at high frequencies. The primary task in this area of 
research is to expand the frequency range of protective shielding for the 
equipment and biological objects. The design of protective shields is car-
ried out by creating multilayer coatings with different properties of the 
layers. Achievement of the specified characteristics is carried out by ad-
justing the composition of the material of the layers. The use of polymeric 
materials is promising in solving this problem. The modification and fill-
ing of layers based on epoxy composites is carried out with nanoparticles 
with different physical characteristics. The multilayer coating is made by 
phased formation of layers of different composition from epoxy compo-
sites based on the following. The principle of changing the electrophysical 
characteristics of the layers is used to create the composites. It is im-
portant to increase the conductivity of the layers as they approach the 
back of the protective shielding coating. Different magnetic and dielectric 
properties of the layer materials are set to ensure phase-structural differ-
ences at the interface both inside the material itself and at the interface 
of the layers. Many industries use large-size polymer products with long-
dimensional surfaces of complex profiles. These include, in most cases, 
computer equipment housing parts. The use of such products made of 
thermoplastic polymeric material requires their protection against exter-
nal influences, including external intrusion, electromagnetic radiation of 
various frequencies. In this regard, for comparison, a three-layer metal 
coating is studied. Formation of it is performed by the method of arc 
metallization from wire under ultrasonic spraying and from metal powder 
on the polymeric surface of a 3-mm thick polycarbonate plate. The princi-
ple of changing the interaction of EMR with the materials of the layers, 
which is set by their characteristics, is preserved. Continuity of the ap-
plied layers is ensured. Studies on EMR shielding are carried out in the 
frequency range of 30–3000 MHz. Epoxy-diane resin of ED-20 grade and 
fillers are used in the experiments. In the formation of a multilayer epoxy 
coating, a carbon fibre coated with copper and nickel is used as a base. 
The nickel layer on the copper surface performs two functions: it increas-
es the internal reflection in the layer material and protects copper against 
oxidation. This ensures the stability of electrophysical characteristics. The 
back layer of the protective coating is the specified conductive carbon fi-
bre ED-20, the backside of which is additionally coated with a composite 
containing dispersed copper. On the opposite side, the next layer is ap-
plied to the composite fabric: Co ED-20. Next, a layer is formed from 
the material—powder (Co Ni Fe Si C) ED-20. The closest layers to 
the EMR source are made on the base of ED-20 with nanocarbon multi-
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layer tubes. In this case, we should expect an improvement in the absorb-
ing properties of EMR. By alternating layers, which absorb, scatter, or 
reflect electromagnetic waves, the frequency range is expanded. Multi-
layer coatings are used. Making the outer layer of dielectric material close 
in wave impedance to the value of the wave impedance of the external en-
vironment will reduce significantly the reflection of EMR by the coating 
as a whole. The absorption and scattering of electromagnetic energy is 
realized at the interface of layers with different reflection coefficients. 
The interaction of electromagnetic energy with dispersed particles of fill-
ers having high electrical conductivity is observed that additionally pro-
vides an expansion of the frequency range of protection against EMR. It 
has been established experimentally that the use of epoxy multilayer and 
three-layer metal coatings on a polycarbonate plate provides a different 
shielding mechanism. 

Êëþ÷îâ³ ñëîâà: åêðàíóâàííÿ, åëåêòðîìàãíåòíå âèïðîì³íåííÿ íàäâèñî-
êî¿ ÷àñòîòè, åïîêñèäí³ êîìïîçèòè, áàãàòîøàðîâ³ ïîêðèòòÿ, âóãëåòêàíè-
íà, ïîãëèíàííÿ, â³äáèâàííÿ. 

Key words: shielding, high-frequency electromagnetic radiation, epoxy 
composites, multilayer coatings, carbon fabric, absorption, reflection. 

(Îòðèìàíî 3 áåðåçíÿ 2024 ð.; îñòàòî÷íèé âàð³ÿíò — 17 êâ³òíÿ 2024 ð.) 
  

1. ÂÑÒÓÏ 

Êîíñòðóþâàííÿ òà âèãîòîâëåííÿ çàõèñíèõ åêðàíóâàëüíèõ ïîê-
ðèòò³â äëÿ ð³çíèõ ÷àñòîòíèõ ä³ÿïàçîí³â åëåêòðîìàãíåòíîãî âè-
ïðîì³íåííÿ (ÅÌÂ) ñòàíîâëÿòü âàæëèâó, àëå ñêëàäíó ïðîáëåìó 
äëÿ ¿¿ ðåàë³çàö³¿. Äàíèé íàïðÿì äîñë³äæåíü ó òåïåð³øí³é ÷àñ ðîç-
âèâàºòüñÿ çà ðàõóíîê ñòâîðåííÿ ìàòåð³ÿë³â äëÿ áàãàòîøàðîâèõ 
ïîêðèòò³â, ùî çäàòí³ çíà÷íî ïîë³ïøèòè åêðàíóâàëüí³ ôóíêö³¿ â 
øèðîêîìó ä³ÿïàçîí³ ÷àñòîò, â òîìó ÷èñë³ é ó íàäâèñîêî÷àñòîòíî-
ìó (ÍÂ×). Ñêëàäíèé ìåõàí³çì ïîøèðåííÿ, â³äáèâàííÿ, âáèðàííÿ 
òà ðîçñ³þâàííÿ ÅÌÂ â åêðàíóâàëüíèõ ìàòåð³ÿëàõ, à òàêîæ òåõ-
íîëîã³÷í³ ñêëàäíîñò³ ñóì³ùåííÿ ¿õí³õ êîìïîíåíò³â ³ ôîðìóâàííÿ 
ó âèðîáè ç íàóêîâî-ïðîãíîçîâàíèìè åëåêòðîìàãíåòíèìè õàðàêòå-
ðèñòèêàìè â øèðîêîìó ä³ÿïàçîí³ ÷àñòîò çóìîâëþþòü âèêîðèñ-
òàííÿ ð³çíîìàí³òíèõ âæå íàÿâíèõ åêðàíóâàëüíèõ ìàòåð³ÿë³â ³ 
ïîêðèòò³â íà ¿õí³é îñíîâ³. Êëàñèô³êàö³þ òàêèõ ìàòåð³ÿë³â ìîæíà 
ïðîâåñòè çà åëåìåíòíèì ñêëàäîì, ì³êðîñòðóêòóðîþ, ôàçîâîþ îð-
ãàí³çàö³ºþ òîùî. Çà ôàçîâèì ñêëàäîì ìàòåð³ÿëè ìîæíà ðîçä³ëèòè 
íà ãîìîãåíí³ òà ãåòåðîãåíí³, òîáòî ò³, ùî ñêëàäàþòüñÿ ç îäí³º¿, 
äâîõ ³ á³ëüøå ôàç [1, 2]. Ãîìîãåíí³ ìàòåð³ÿëè âèð³çíÿþòüñÿ ³çîò-
ðîïíèìè âëàñòèâîñòÿìè òà õàðàêòåðèçóþòüñÿ îäíîð³äíîþ ñòðóê-
òóðîþ. Â çàëåæíîñò³ â³ä åëåêòðîìàãíåòíèõ âëàñòèâîñòåé ¿õ ïîä³-
ëÿþòü íà ïðîâ³äí³, ìàãíåòí³ òà ä³åëåêòðè÷í³. Ñë³ä íàãîëîñèòè, ùî 
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òåîð³þ åêðàíóâàííÿ çàñíîâàíî íà äâîõ ôóíäàìåíòàëüíèõ ïðèí-
öèïàõ — íà â³äáèâàíí³ òà âáèðàíí³ åëåêòðîìàãíåòíèõ õâèëü ï³ä 
÷àñ ïåðåõîäó ÷åðåç ìåæó ïîä³ëó ôàç ç îäíîãî ìàòåð³ÿëüíîãî ñåðå-
äîâèùà äî ³íøîãî. Îáèäâà âêàçàí³ åôåêòè ïîíèæóþòü åíåðã³þ 
åëåêòðîìàãíåòíîãî ïîëÿ, ùî ïðîéøëà çà åêðàí. Ìîæíà é äåùî ïî 
³íøîìó ñôîðìóëþâàòè ô³çè÷íèé ñåíñ åêðàíóâàííÿ â³ä åëåêòðîìà-
ãíåòíèõ ïåðåøêîä. Â îñíîâ³ åêðàíóâàííÿ ÅÌÂ ëåæàòü äâà ô³çè÷-
íèõ ïðèíöèïè — ïîëÿðèçàö³ÿ òà ìàãíåòóâàííÿ ìàòåð³ÿëó â øà-
ðàõ åêðàíó. Ïîøèðþþ÷èñü ó öèõ ìàòåð³ÿëàõ, åëåêòðîìàãíåòíå 
âèïðîì³íåííÿ (ÅÌÂ) ñòâîðþº çì³ííå åëåêòðè÷íå ïîëå, åíåðã³ÿ 
ÿêîãî ïåðåòâîðþºòüñÿ ó òåïëîâó åíåðã³þ ïðàêòè÷íî ïîâí³ñòþ â 
ðàä³îâáèðàëüíèõ ³ ì³í³ìàëüíî â ðàä³îïðîçîðèõ ìàòåð³ÿëàõ. Ó òà-
êèõ ìàòåð³ÿëàõ ³ êîíñòðóêö³ÿõ ïîðÿä ç ä³åëåêòðè÷íèìè òà ìàãíå-
òíèìè âòðàòàìè ìàþòü ì³ñöå äèñïåðñ³ÿ, äèôðàêö³ÿ, ³íòåðôåðåí-
ö³ÿ òà âíóòð³øíº â³äáèâàííÿ åëåêòðîìàãíåòíèõ õâèëü, ùî âè-
êëèêàþòü äîäàòêîâå ïîíèæåííÿ åíåðã³¿ ÅÌÂ. Âèðîáè ç çàçíà÷å-
íèõ ìàòåð³ÿë³â âáèðàþòü åëåêòðîìàãíåòíó åíåðã³þ. Îñíîâó ðàä³î-
âáèðàëüíèõ ìàòåð³ÿë³â ñêëàäàþòü îðãàí³÷í³ ÷è òî íåîðãàí³÷í³ ìà-
òåð³ÿëè. ßê àêòèâíèé âáèðàëüíèé êîìïîíåíò, ââîäÿòü ïîðîøêè 
ãðàô³òó, ìåòàë³â òà ¿õí³õ êàðá³ä³â. 
 ¥ðàä³ºíòí³ ðàä³îâáèðàëüí³ ìàòåð³ÿëè êîíñòðóêòèâíî âèêîíàíî 
áàãàòîøàðîâèìè; ¿õí³ ñòðóêòóðí³ õàðàêòåðèñòèêè çàáåçïå÷óþòü 
çàäàíó çì³íó ä³åëåêòðè÷íî¿ ïðîíèêíîñòè ïîøàðîâî ïî òîâùèí³ 
åêðàíó. Ó äàíîìó âèïàäêó çîâí³øí³é øàð âèãîòîâëÿþòü ç òâåðäî-
ãî ä³åëåêòðèêà ç ä³åëåêòðè÷íîþ ïðîíèêí³ñòþ, áëèçüêîþ äî 1 (íà-
ïðèêëàä, ç ïîë³ìåðíîãî ìàòåð³ÿëó, çì³öíåíîãî êâàðöîâèì ñêëî-
âîëîêíîì). Íàñòóïí³ øàðè âèãîòîâëÿþòü ç ä³åëåêòðèê³â ³ç á³ëüø 
âèñîêîþ ïðîíèêí³ñòþ (ïðîíèêí³ñòü åïîêñèäíî¿ ñìîëè ç íàïîâíþ-
âà÷åì ñòàíîâèòü 25). Äëÿ çá³ëüøåííÿ âêàçàíîãî ïîêàçíèêà âèêî-
ðèñòîâóþòü ãðàô³òîâèé ïèë ÿê âáèðà÷ ÅÌÂ. Îïèñàíà ñòðóêòóðà 
áàãàòîøàðîâîãî ïîêðèòòÿ ñïðèÿº ì³í³ìàëüíîìó â³äáèâàííþ ðà-
ä³îõâèëü â³ä ïîâåðõí³ ïîêðèòòÿ òà çá³ëüøåííþ ïîãëèíàííÿ ¿õ ç 
ïðîíèêíåííÿì ó ãëèáèíó ïîêðèòòÿ åêðàíó. 
 Ç ðîçâèòêîì òåõíîëîã³¿ âèãîòîâëåííÿ êîìïîçèö³éíèõ ìàòåð³ÿ-
ë³â, âëàñòèâîñò³ ÿêèõ ìîæóòü çì³íþâàòèñÿ â øèðîêèõ ìåæàõ 
øëÿõîì ï³äáîðó ìàòåð³ÿëó çâ’ÿçóâà÷à òà íàïîâíþâà÷à, îñîáëèâó 
óâàãó ïðèä³ëÿþòü ãåòåðîãåííèì ðàä³îâáèðàëüíèì ñåðåäîâèùàì. 
Ìàòåð³ÿëè ÿê âáèðà÷³ ÅÌÂ îäåðæóþòü ìåòîäàìè ïîðîøêîâî¿ ìå-
òàëóð´³¿ òà ç âèêîðèñòàííÿì òåõíîëîã³¿ âèãîòîâëåííÿ êîìïîçè-
ö³éíèõ ìàòåð³ÿë³â ó âèïàäêó âèêîðèñòàííÿ ïîë³ìåðíèõ 
çâ’ÿçóâà÷³â. Â ÿêîñò³ âèõ³äíî¿ ñèðîâèíè çàñòîñîâóþòü íåîðãàí³÷í³ 
ïîðîøêè òà âîëîêíà. ¯õ ôîðìóþòü çàêð³ïëåíèìè ó 
çâ’ÿçóâàëüíîìó ìàòåð³ÿë³ íà îñíîâ³ ñïîëóê — íåîðãàí³÷íèõ (îê-
ñèä³â Àëþì³í³þ, Òèòàíó òà ³í.) àáî îðãàí³÷íèõ (òåðìîðåàêòèâíèõ 
ñìîë, ïîë³ìåðíèõ ìàòåð³ÿë³â, âèðîá³â ç ïëàñòìàñ, ïàðàô³í³â òî-
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ùî) [3–5]. Òàê³ ìàòåð³ÿëè ìàþòü ÿê âèñîêó åôåêòèâí³ñòü åêðàíó-
âàííÿ, òàê ³ çíà÷íèé êîåô³ö³ºíò âáèðàííÿ ÅÌÂ; îäíàê ÷àñòî çà-
ñòîñóâàííÿ ¿õ îáìåæåíî âóçüêèì ÷àñòîòíèì ä³ÿïàçîíîì. Îñòàíí³ 
äîñë³äæåííÿ â îáëàñò³ ðîçðîáêè êîìïîçèö³éíèõ ìàòåð³ÿë³â, 
ñïðÿìîâàí³ íà ðîçøèðåííÿ ÷àñòîòíîãî ä³ÿïàçîíó åëåêòðîìàãíåò-
íèõ åêðàí³â ³ îäåðæàííÿ áàãàòîôóíêö³îíàëüíèõ êîíñòðóêö³é âè-
ðîá³â ó âèãëÿä³ ïîêðèòò³â, äîáðå ïðåäñòàâëåíî â ðîáîòàõ [2, 5–
13]. Çá³ëüøåííÿ åôåêòèâíîñòè âêàçàíèõ ´ðàä³ºíòíèõ ìàòåð³ÿë³â 
äîñÿãàëè ï³äáîðîì øàð³â ³ ðîçì³ùåííÿì ¿õ ó ïîðÿäêó çá³ëüøåííÿ 
åëåêòðè÷íèõ ³ ìàãíåòíèõ âòðàò ó ì³ðó â³ääàëåííÿ â³ä äæåðåëà 
ÅÌÂ ó ñèñòåì³ «â³ëüíèé ïðîñò³ð–øàðè åêðàíó–îá’ºêò çàõèñòó». 
¥ðàä³ºíòí³ ìàòåð³ÿëè ìîæóòü áóòè âèêîíàí³ ó âèãëÿä³ áàãàòîøà-
ðîâèõ ñòðóêòóð àáî ç íåïåðåðèâíîþ çì³íîþ ïàðàìåòð³â ìàòåð³ÿëó 
ïî ãëèáèí³. Ïðè÷îìó íåîáõ³äíî ï³äáèðàòè øàð³, ùî ðîçì³ùåí³ 
áëèæ÷å äî äæåðåëà ÅÌÂ, òàêèì ÷èíîì, ùîá çàáåçïå÷èòè çðîñ-
òàííÿ [7–18] õàðàêòåðèñòèê ïî âíóòð³øíüîìó â³äáèâàííþ åëåêò-
ðîìàãíåòíèõ õâèëü. Çàãàëüíà åôåêòèâí³ñòü ó äàíîìó âèïàäêó âè-
çíà÷àºòüñÿ â îñíîâíîìó âëàñòèâîñòÿìè ìàòåð³ÿëó øàð³â âñåðåäèí³ 
åêðàíó [19–23]. 
 Â çâ’ÿçêó ç âèêëàäåíèì âèùå ðîçðîáêà çàõèñíèõ ïîêðèòò³â òà 
åêðàí³â ç íèõ, ó òîìó ÷èñë³ é øèðîêîñìóãîâèõ, º àêòóàëüíîþ çà-
äà÷åþ ñó÷àñíîãî ìàòåð³ÿëîçíàâñòâà. Â òàêèõ ïîêðèòòÿõ ðîçøè-
ðåííÿ ä³ÿïàçîíó çàõèñòó â³ä åëåêòðîìàãíåòíèõ õâèëü ðåàë³çóþòü 
çà ðàõóíîê âíóòð³øíüîãî ðîçñ³þâàííÿ òà âáèðàííÿ ¿õí³õ ìàãíåò-
íî¿ é åëåêòðè÷íî¿ ñêëàäîâèõ çà ì³í³ìàëüíîãî â³äáèâàííÿ â³ä ïî-
âåðõí³ ïîêðèòòÿ. 
 Ìåòîþ äàíî¿ ðîáîòè º ñòâîðåííÿ áàãàòîøàðîâèõ ïîêðèòò³â äëÿ 

ðîçøèðåííÿ ÷àñòîòíîãî ä³ÿïàçîíó çàõèñòó â³ä åëåêòðîìàãíåòíèõ 

õâèëü øëÿõîì ôîðìóâàííÿ áàãàòîøàðîâèõ ïîêðèòò³â ç ð³çíèìè çà 

ñêëàäîì ³ ïðèçíà÷åííÿì øàðàìè ç âèêîðèñòàííÿì òåðìîðåàêòîïëà-
ñò³â (åïîêñèäíèõ êîìïîçèò³â) ³ òåðìîïëàñò³â (ïîë³êàðáîíàòó). 

2. ÌÀÒÅÐ²ßËÈ ÒÀ ÌÅÒÎÄÈ ÄÎÑË²ÄÆÅÍÍß 

2.1. Ìåòîäèêà ñòâîðåííÿ ìàòåð³ÿë³â äëÿ åêðàíóâàííÿ ÅÌÂ 

Âèïðîáóâàííÿ ìàòåð³ÿë³â äëÿ åêðàíóâàííÿ ÅÌÂ çä³éñíþâàëè çã³-
äíî ç³ ñòàíäàðòîì ASMT D4935-18 (GB/T 30142-2013, ÊÍÐ). Ðå-
êîìåíäîâàí³ çíà÷åííÿ äëÿ âèì³ðþâàííÿ åêðàíóâàííÿ çà ÷àñòîòè 
ÅÌÂ ³ â³ääàë³ ì³æ àíòåíîþ é åêðàíóâàëüíèì ìàòåð³ÿëîì òàê³: 
0,3 ì (10–30 êÃö), 0,6 ì (1–18 ÃÃö), 1 ì (30–1000 ÌÃö), 0,3 ì 
(18–40 ÃÃö). Ñë³ä íàãîëîñèòè, ùî ÷àñòîòíèé ä³ÿïàçîí âèïðîáó-
âàíü îõîïëþº âñ³ òèïè àíòåí — ê³ëüöåâó (ðàìêîâó), âåðòèêàëüíî 
ïîëÿðèçîâàíó ìîíîïîëüíó, á³êîí³÷íó, äèïîëüíó, ëîãàðèòì³÷íó 
ïåð³îäè÷íó, ðóïîðíó. Ïðèíöèïîâó ñõåìó, çðàçêè äëÿ âèïðîáóâàíü 
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òà êîíô³´óðàö³éíó ñõåìó òåñòóâàíü ïîêàçàíî íà ðèñ. 1–3. Ï³ä ÷àñ 
âèïðîáóâàíü îõîïëþâàëè ä³ÿïàçîí ÷àñòîò, ùî âèêîðèñòîâóþòü ó 
ðîáîò³ ð³çíèõ àíòåí (òàáë. 1), òà ðåêîìåíäîâàí³ â³ääàë³ â³ä äæåðå-
ëà ÅÌÂ äî çðàçêà äëÿ âèïðîáóâàíü (òàáë. 2). 

2.2. Çðàçêè äëÿ âèïðîáóâàíü 

Çðàçêè äëÿ âèïðîáóâàíü âèãîòîâëÿëè ó âèãëÿä³ ïëàñòèí ç ðîçì³-
ðàìè, ùî â³äïîâ³äàþòü ðèñ. 2, á. Çðàçîê (åêðàí 1) âèãîòîâëåíî ó 
âèãëÿä³ ïëàñòèíè ç ïîë³êàðáîíàòó òîâùèíîþ ó 3,0 ìì ñôîðìîâà-
íèì ç³ ñòîðîíè ä³¿ ÅÌÂ òðüîìà øàðàìè: ç öèíêó (Zn) òîâùèíîþ ó 
50–120 ìêì, ì³ä³ (Cu) òîâùèíîþ ó 120–150 ìêì ³ ç³ ñòîïó íà îñ-

 

Ðèñ. 1. Ïðèíöèïîâà ñõåìà òåñòîâî¿ ñèñòåìè ´åíåðàòîðà ñè´íàë³â–
àíàë³çàòîðà ñïåêòðó: 1 — ´åíåðàòîð ñè´íàë³â; 2 — àòåíþàòîð; 3 — çðà-
çîê; 4 — ôëàíöåâèé êîàêñ³ÿëüíèé ïðèñòð³é; 5 — åëåêòðîìàãíåòíèé 
àíàë³çàòîð.1 

 
   à     á 

Ðèñ. 2. Çðàçêè äëÿ âèïðîáóâàíü åêðàíóâàëüíî¿ çäàòíîñòè ïîêðèòòÿ: à — 
åòàëîííèé çðàçîê; á — çðàçîê äëÿ âèïðîáóâàíü.2 
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íîâ³ êîáàëüòó (Ñî(71.2) Ni Fe Si Ñ) òîâùèíîþ ó 150 ìêì. 
 Òàêîæ âèãîòîâëåíî ïëàñòèíó äëÿ âèïðîáóâàíü (åêðàí 2) ó âè-
ãëÿä³ áàãàòîøàðîâîãî ïîêðèòòÿ íàñòóïíèì ÷èíîì (ðèñ. 4): ÿê 
çâ’ÿçóâà÷ âèêîðèñòàíî åïîêñèäíó ä³àíîâó ñìîëó (ìàðêè ÅÄ-20) òà 
çàòâåðäæóâà÷ — ïîë³åòèëåíïîë³àì³í (ÏÅÏÀ). 
 Âèêîðèñòàííÿ âêàçàíèõ ³í´ðåä³ºíò³â óìîæëèâëþº ôîðìóâàòè 
âèð³á çà ê³ìíàòíèõ òåìïåðàòóð. Òèëüíèé øàð çàõèñíîãî ïîêðèòòÿ 
âèêîíàíî ç ÅÄ-20, ùî ì³ñòèòü 50% äèñïåðñíî¿ ì³ä³ âèñîêî¿ î÷èñ-
òêè. Íàñòóïíèé øàð âèêîíàíî íà îñíîâ³ òîêîïðîâ³äíî¿ âóãëåòêà-
íèíè òîâùèíîþ ó 0,3–0,35 ìì, ùî ìàº ì³äíå ïîêðèòòÿ. Äëÿ çà-
õèñòó â³ä îêèñíåííÿ íà øàð ì³ä³ íàíåñåíî øàð í³êëþ. Ôàêòè÷íî 
òàêà âóãëåòêàíèíà ç ìåòàëåâèìè øàðàìè íà ïîâåðõí³ ñêëàäàºòüñÿ 
ç òðüîõ ìàòåð³ÿë³â, ùî ñïðèÿº çì³í³ ìåõàí³çìó âçàºìîä³¿ ¿õ ç 
ÅÌÂ. Äàë³ òàêó òêàíèíó ïðîñî÷óþòü åïîêñèäíèì êîìïîçèòîì 

 

Ðèñ. 3. Êîíô³´óðàö³éíà ñõåìà òåñòóâàííÿ ìåòîäîì åêðàíîâàíîãî ïðèì³-
ùåííÿ (â³êíî 0,6 ì): 1 — îáëàäíàííÿ äëÿ çàïóñêó; 2 — çàïóñêíà àíòå-
íà; 3 — âèïðîáóâàëüíèé çðàçîê; 4 — ïðèéìàëüíà àíòåíà; 5 — ïðèñòð³é 
äëÿ îäåðæàííÿ ñè´íàëó.3 

ÒÀÁËÈÖß 1. Àíòåíè, ùî âèêîðèñòîâóþòü ó êîæíîìó ä³ÿïàçîí³ ÷àñòîò.4 

Ä³ÿïàçîí ÷àñòîò Òèï àíòåíè 

10 êÃö–30 ÌÃö Ê³ëüöåâà (ðàìêîâà) 
10 êÃö–30 ÌÃö Âåðòèêàëüíî ïîëÿðèçîâàíà ìîíîïîëüíà 

20 ÌÃö–200 ÌÃö Á³êîí³÷íà 
100 ÌÃö–1000 ÌÃö Äèïîëüíà 
200 ÌÃö–1000 ÌÃö Ëîãàðèòì³÷íà ïåð³îäè÷íà 

1 ÃÃö–40 ÃÃö Ðóïîðíà 
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(ÅÄ-20 Ñî ó ñï³ââ³äíîøåíí³ 1:1). Äèñïåðñí³ñòü ïîðîøêó Ñî — 
1–2 ìêì (ç ÷èñòîòîþ 99,99%). Äàë³ ôîðìóþòü äâà øàðè, íà îñíî-
â³ ÅÄ-20 òà ç ñóì³ø³ ïîðîøê³â Ñî(71,2) Ni, Fe, Si, Ñ (ðåøòà). 
Äàë³ ôîðìóþòü ÷îòèðè øàðè íà îñíîâ³ ÅÄ-20, ùî ì³ñòèòü íàíîâó-
ãëåöåâ³ áàãàòîøàðîâ³ (ÍÂÁØ) òðóáêè ð³çíî¿ êîíöåíòðàö³¿, òà òåõ-
íîëîã³÷íèõ äîáàâîê. 

ÒÀÁËÈÖß 2. Ðåêîìåíäîâàíà â³ääàëü ì³æ àíòåíîþ òà ìàòåð³ÿëîì åêðà-
íó.5 

Ä³ÿïàçîí ÷àñòîò Â³ääàëü 

10 êÃö–30 ÌÃö 0,3 ì 
10 êÃö–30 ÌÃö 0,3 ì 

30 ÌÃö–1000 ÌÃö 1,0 ì 
1 ÃÃö–18 ÃÃö 0,6 ì 
18 ÃÃö–40 ÃÃö 0,3 ì 
10 êÃö–30 ÌÃö 0,3 ì 

 

Ðèñ. 4. Ñõåìàòè÷íå çîáðàæåííÿ åïîêñèêîìïîçèòíîãî áàãàòîøàðîâîãî 
ïîêðèòòÿ (åêðàí 2). 1 — øàð åïîêñèêîìïîçèòó (ÅÊ), ùî ì³ñòèòü 50% 
äèñïåðñíî¿ ì³ä³; âóãëåòêàíèíà, ïðîñî÷åíà ÅÊ, ùî ì³ñòèòü 50% ïîðîøêó 
êîáàëüòó; 2 — ÅÊ, ùî ì³ñòèòü 50% ïîðîøêó êîáàëüòó; 3 — ÅÊ, ùî ì³ñ-
òèòü 50% ïîðîøêó êîáàëüòó íàñòóïíîãî ñêëàäó Ñî(71,2) Ni(12,2)  

Fe(6,2) Si(7,3) C(3,2); 4 — ÅÊ, ùî ì³ñòèòü 30% ïîðîøêó êîáàëüòó 
íàñòóïíîãî ñêëàäó Ñî(71,2) Ni(12,2) Fe(6,2) Si(7,3) C(3,2); 5 — ÅÊ, 
ùî ì³ñòèòü íàíîðîçì³ðí³ âóãëåöåâ³ áàãàòîøàðîâ³ òðóáêè (ÍÂÁÒ) (ñï³â-
â³äíîøåííÿ êîìïîíåíò³â, ìàñ.÷.: ÅÄ-20:ÏÅÏÀ:ÍÂÁÒ 100:11:10); 6 — 
ÅÊ, ùî ì³ñòèòü ÍÂÁÒ, ïîºäíàíèé ç³ ñïèðòîì (C2H5OH) (ñï³ââ³äíîøåííÿ 
êîìïîíåíò³â, ìàñ.÷.: ÅÄ-20:ÏÅÏÀ:ÍÂÁÒ:C2H5OH 100:11:12:12); 7 — 
ÅÊ, ùî ì³ñòèòü íàíîðîçì³ðí³ âóãëåöåâ³ áàãàòîøàðîâ³ òðóáêè (ÍÂÁÒ) 
(ñï³ââ³äíîøåííÿ êîìïîíåíò³â, ìàñ.÷.: ÅÄ-20:ÏÅÏÀ:ÍÂÁÒ 100:11:3); 8 
— ÅÊ, ùî ì³ñòèòü íàíîðîçì³ðí³ âóãëåöåâ³ áàãàòîøàðîâ³ òðóáêè (ÍÂÁÒ) 
(ñï³ââ³äíîøåííÿ êîìïîíåíò³â, ìàñ.÷.: ÅÄ-20:ÏÅÏÀ:ÍÂÁÒ 100:11:1.3). 
Òîâùèíà øàðó ñêëàäàº 0,15–0,2 ìì.6 
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2.3. Ìåòàëîãðàô³÷í³ äîñë³äæåííÿ 

Ìåòàëîãðàô³÷í³ äîñë³äæåííÿ îäåðæàíèõ çðàçê³â âèêîíóâàëè çà 
äîïîìîãîþ ñâ³òëîâî¿ ì³êðîñêîï³¿. Çðàçêè äëÿ äîñë³äæåíü ãîòóâà-
ëè íà âèñîêîøâèäê³ñíèõ ïîë³ðóâàëüíèõ êðóãàõ ç âèêîðèñòàííÿì 
àëìàçíèõ ïàñò ð³çíî¿ äèñïåðñíîñòè. Äîñë³äæåííÿ ì³êðîñòðóêòóðè 
âèêîíóâàëè íà ìåòàëîãðàô³÷íîìó ì³êðîñêîï³ Zeiss AXIO Imager 
M2. Çîáðàæåííÿ ì³êðîñòðóêòóð îäåðæàíî çà äîïîìîãîþ öèôðîâî¿ 
ôîòîêàìåðè OLYMPUS-BX3. 

3. ÐÅÇÓËÜÒÀÒÈ É ÎÁÃÎÂÎÐÅÍÍß 

Çàïðîïîíîâàíî áàãàòîøàðîâ³ ïîêðèòòÿ äëÿ çàõèñòó â³ä åëåêòðî-
ìàãíåòíîãî âèïðîì³íåííÿ (ÅÌÂ) íà îñíîâ³ åïîêñèäíèõ êîìïîçè-
ò³â, ùî ì³ñòÿòü ð³çí³ ôóíêö³îíàëüí³ øàðè. ßê ïðàâèëî, âèêîðèñ-
òàííÿ ìàòåð³ÿë³â äëÿ âóçüêîãî ä³ÿïàçîíó ÷àñòîò íå åôåêòèâíå íà-
â³òü çà íåçíà÷íî¿ çì³íè ÷àñòîòè. Òîâùèíà òàêèõ ïîêðèòò³â âèì³-
ðþºòüñÿ ïîëîâèíîþ äîâæèíè õâèë³, ùî îáìåæóº éîãî øèðîêå âè-
êîðèñòàííÿ â ä³ÿïàçîí³ ïðîìèñëîâèõ ÷àñòîò. 
 Ôîðìóâàííÿ ïîêðèòò³â íà ïëàñòèí³ ç ïîë³êàðáîíàòó òîâùèíîþ 
ó 3,0 ìì çä³éñíþâàëè ïîñë³äîâíî: ç öèíêó, ì³ä³ òà íà îñíîâ³ ñòî-
ïó Co ç âèêîðèñòàííÿì ìåòîäó ïëàçìîâîãî íàäçâóêîâîãî íàïîðî-
øåííÿ. Âèÿâëåíî ³ñòîòíå çá³ëüøåííÿ åêðàíóâàëüíèõ âëàñòèâîñ-
òåé. Âêàçàíå êîìïîçèö³éíå ïîêðèòòÿ ñôîðìîâàíî ç ñóö³ëüíèõ 
øàð³â, à åôåêòèâí³ñòü çàõèñòó îá’ºêòà ðåàë³çîâàíî, éìîâ³ðíî, çà 
ðàõóíîê â³äáèâàííÿ ïàäíî¿ õâèë³ ÅÌÂ. Ðåçóëüòàòè âèïðîáóâàíü 
ïðåäñòàâëåíî â òàáë. 3. 
 Äàë³ çä³éñíþâàëè êîíñòðóþâàííÿ çàõèñíèõ ïîêðèòò³â øëÿõîì 
ñòâîðåííÿ áàãàòîøàðîâîãî åïîêñèäíîãî ïîêðèòòÿ (åêðàí 2). Â ð³ç-
íèõ øàðàõ âèêîðèñòîâóâàëè íàïîâíþâà÷³, ð³çí³ çà ñêëàäîì ³ ô³-
çè÷íèìè õàðàêòåðèñòèêàìè, äëÿ ìàòåð³ÿëó øàð³â. Ñõåìó òàêîãî 

ÒÀÁËÈÖß 3. Ðåçóëüòàòè âèïðîáóâàíü ïîêðèòòÿ íà ïîë³êàðáîíàò³ (åê-
ðàí 1).7 

×àñòîòà, ÌÃö SE, äÁ SE, % 
30 74,571 99,99999650 
50 63.586 99,99995720 
100 66,263 99,99997636 
250 76,019 99,9999750 
500 81,208 99,99999924 
1000 96,734 99,99999998 
2000 68,214 99,99998991 
3000 59,027 99,99987489 
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ïîêðèòòÿ ïðåäñòàâëåíî íà ðèñ. 4. Âèêîðèñòàíî ðîçì³ð äèñïåðñíèõ 
÷àñòèíîê ó íàíîä³ÿïàçîí³ òà áëèçüêîìó äî íüîãî. ßê îñíîâó, âè-
êîðèñòàíî âóãëåòêàíèíó, ùî ïîêðèòà ì³ääþ òà í³êëåì. Ôîðìó-
âàííÿ áàãàòîøàðîâîãî ïîêðèòòÿ çä³éñíþâàëè øëÿõîì ïîåòàïíîãî 
ôîðìóâàííÿ ð³çíèõ çà ñêëàäîì øàð³â ç åïîêñèäíèõ êîìïîçèò³â, 
âèõîäÿ÷è ç íàñòóïíîãî. Çàáåçïå÷óâàëè çì³íó ìàãíåòíèõ ³ ä³åëåê-
òðè÷íèõ âëàñòèâîñòåé ìàòåð³ÿë³â øàð³â ó ì³ðó íàáëèæåííÿ äî 
òèëüíî¿ ñòîðîíè çàõèñíîãî ïîêðèòòÿ. Øàðè, ùî áóëè ñôîðìîâàí³ 
ó òèëüí³é ÷àñòèí³ ïîêðèòòÿ, âèêîíàíî òîêîïðîâ³äíèìè. Ï³ä ÷àñ 
âèãîòîâëåííÿ áàãàòîøàðîâîãî ïîêðèòòÿ ´àðàíòóâàëè ôàçîâî-
ñòðóêòóðí³ â³äì³ííîñò³ íà ìåæ³ ïîä³ëó ôàç ÿê ì³æ øàðàìè, òàê ³ 
ì³æ ïîâåðõíåþ íàïîâíþâà÷³â ³ çâ’ÿçóâà÷åì ó êîìïîçèòíîìó ìà-
òåð³ÿë³ øàðó ïîêðèòòÿ. 
 Åêñïåðèìåíòàëüíî âñòàíîâëåíî çì³íó åêðàíóâàëüíèõ õàðàêòå-
ðèñòèê ïëàñòèíè ç íàíåñåííÿì áàãàòîøàðîâîãî ìàòåð³ÿëó â çàëå-
æíîñò³ â³ä ÷àñòîòè ÅÌÂ (òàáë. 4). 
 Òàêå âèêîíàííÿ áàãàòîøàðîâîãî åêðàíó âðàõîâóº óçãîäæåííÿ 
õâèëüîâîãî îïîðó ïîâåðõí³ åêðàíó ç õâèëüîâèì ñóïðîòèâîì ñåðå-
äîâèùà, äå ïîøèðþºòüñÿ ÅÌÂ. Óçãîäæåííÿì âáèðàëüíèõ õàðàê-
òåðèñòèê ìàòåð³ÿë³â øàð³â ó ïîêðèòò³, â òîìó ÷èñë³ é øàðó, ùî 
êîíòàêòóº ç îòî÷óâàëüíèì ïðîñòîðîì, ³ñòîòíî çìåíøèëè ³íòå´ðà-
ëüíèé åôåêò â³äáèâàííÿ åëåêòðîìàãíåòíèõ õâèëü. Âêàçàíèé 
ïðèíöèï êîíñòðóþâàííÿ çàáåçïå÷èòü åêðàíóâàííÿ çà ðàõóíîê 
âáèðàííÿ åíåðã³¿ ÅÌÂ. Ó çàïðîïîíîâàíèõ áàãàòîøàðîâèõ åêðàíàõ 
âáèðàííÿ õâèë³ â³äáóâàºòüñÿ çà ðàõóíîê áàãàòîðàçîâîãî ïåðåâ³ä-
áèâàííÿ åëåêòðîìàãíåòíî¿ õâèë³ âñåðåäèí³ åêðàíó ì³æ øàðàìè 
(ðèñ. 5). Íà íàøó äóìêó, âáèðàííÿ åëåêòðîìàãíåòíî¿ åíåðã³¿ â³ä-

ÒÀÁËÈÖß 4. Ðåçóëüòàòè âèïðîáóâàíü ïîêðèòòÿ íà ïîë³êàðáîíàò³ (åê-
ðàí 1).8 

Ðåçóëüòàòè âèïðîáóâàíü 
SE, % 

×àñòîòà, ÌÃö SE, äÁ 
30 53,3114 GB/T 30142-2013 
80 35,495 GB/T 30142-2013 
150 35,9944 GB/T 30142-2013 
300 38,9050 GB/T 30142-2013 
450 44,6881 GB/T 30142-2013 
915 39,0895 GB/T 30142-2013 
1000 36,0041 GB/T 30142-2013 
1500 43,1591 GB/T 30142-2013 
1800 39,7509 GB/T 30142-2013 
2450 44,1561 GB/T 30142-2013 
3000 38,1705 GB/T 30142-2013 
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áóâàºòüñÿ çà ðàõóíîê ä³åëåêòðè÷íèõ, ìàãíåòíèõ âòðàò ³ âòðàò íà 
ïðîâ³äí³ñòü, ùî ìàêñèìàëüíî çá³ëüøèëî åôåêòèâí³ñòü åêðàíóâàí-
íÿ. Ðåçóëüòàòè äîñë³äæåíü äîáðå óçãîäæóþòüñÿ ç äàíèìè ðîá³ò 
ðÿäó àâòîð³â [6–10]. 
 Ó äàíîìó ìàòåð³ÿë³ âèêîðèñòàíî ïðèíöèï ïîñòóïîâî¿ çì³íè 
îïîðó òà ïðîâ³äíîñòè â³ëüíîãî ïðîñòîðó íà ïîâåðõí³ ïàä³ííÿ åëå-
êòðîìàãíåòíî¿ õâèë³ äî á³ëüø íèçüêîãî îïîðó òà á³ëüø âèñîêî¿ 
ïðîâ³äíîñòè øàð³â ïîêðèòòÿ ç íàáëèæåííÿì äî éîãî çàäíüî¿ 
(òèëüíî¿) ïîâåðõí³. Öþ ïîñòóïîâó çì³íó ìîæå áóòè äîñÿãíóòî 
çì³íîþ âëàñòèâîñòåé ìàòåð³ÿëó, ùî ðåàë³çóþòü ç âèêîðèñòàííÿì 
ð³çíèõ âóãëåöåâèõ íàïîâíþâà÷³â. Òàê³ êîìïîçèòí³ ìàòåð³ÿëè, 
êð³ì âáèðàííÿ ÅÌÂ, ìîæóòü çíà÷íî ðîçøèðèòè ÷àñòîòíèé ä³ÿïà-
çîí çà íåâåëèêî¿ òîâùèíè ïîêðèòòÿ [15]. 
 Äîâåäåíî, ùî ç âèêîðèñòàííÿì ôåðîìàãíåòíèõ ïë³âîê åôåêòè-
âí³ñòü åêðàíóâàííÿ ìîæíà çá³ëüøèòè øëÿõîì ðîçáèòòÿ òîâñòîãî 

  
à      á 

  
â      ã 

Ðèñ. 5. Ì³êðîñòðóêòóðà ïîêðèòòÿ íà îñíîâ³ åïîêñèäíèõ áàãàòîøàðîâèõ 
êîìïîçèò³â: òèëüíèé øàð (à) çàõèñíîãî ïîêðèòòÿ; òîêîïðîâ³äíà (á) âóã-
ëåòêàíèíà ÅÄ-20 Ñî; ÅÄ-20 ïîðîøîê (Ñî Ni Fe Si Ñ), øàðè íà 
îñíîâ³ ÅÄ-20 ÍÂÁÒ (â, ã).9 
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øàðó ìåòàëó íà á³ëüø òîíê³, ³çîëüîâàí³ îäèí â³ä îäíîãî øàðè 
[16]. Ñë³ä çàóâàæèòè, ùî òåõíîëîã³÷í³ ìîæëèâîñò³ îäåðæàííÿ 
åïîêñèäíèõ áàãàòîøàðîâèõ êîìïîçèòíèõ âáèðàëüíèõ ìàòåð³ÿë³â 
äàþòü çìîãó ðåàë³çóâàòè ¿õ ó øèðîêîìó ä³ÿïàçîí³ êîíöåíòðàö³é 
íàïîâíþâà÷³â. Ñë³ä î÷³êóâàòè åôåêòèâí³ñòü âèêîðèñòàííÿ â íàä-
âèñîêî÷àñòîòíîìó (ÍÂ×) ä³ÿïàçîí³ ÅÌÂ. Äëÿ ïîðîøêîâèõ ìàòå-
ð³ÿë³â, ïðèçíà÷åíèõ äëÿ îá’ºìíîãî âáèðàííÿ åíåðã³¿ ÅÌÂ, îäíèì 
³ç ãîëîâíèõ º çàáåçïå÷åííÿ çàäàíî¿ ì³êðîñòðóêòóðíî¿ îðãàí³çàö³¿ â 
øàðàõ ìàòåð³ÿëó [17–19]. Îö³íêó ðîë³ ðîçì³ðó ³çîëüîâàíèõ ìåòà-
ëåâèõ ÷àñòèíîê ³ ì³êðîîá’ºêò³â äëÿ åêðàí³â åëåêòðîìàãíåòíîãî 
çàõèñòó íàâåäåíî â ðîáîò³ [20]. Ìàêñèìàëüíå óù³ëüíåííÿ â ìàòå-
ð³ÿë³ òèïó ìåòàë–îêñèä Àëþì³í³þ ñïîñòåð³ãàëè çà ìàñîâîãî âì³ñ-
òó â ñòîïàõ ìåòàëåâèõ êîìïîíåíò³â ó 40–50%. Çá³ëüøåííÿ â³äñî-
òêîâîãî âì³ñòó ìåòàëåâîãî êîìïîíåíòà ïðèçâîäèòü äî ïîíèæåííÿ 
åôåêòó îá’ºìíîãî âáèðàííÿ. Ïàäíà õâèëÿ ïðàêòè÷íî ïîâí³ñòþ â³-
äáèâàºòüñÿ. Ìàòåð³ÿë òàêîãî øàðó ïðàöþº ÿê ñóö³ëüíèé ìåòàëå-
âèé åêðàí, ùî ³ ñïîñòåð³ãàëè çà âèêîðèñòàííÿ ïîë³êàðáîíàòó ç 
òðèøàðîâèì ìåòàëåâèì ïîêðèòòÿì (åêðàí 1). Òàê³ çàêîíîì³ðíîñò³ 
ñïðàâåäëèâ³ äëÿ øèðîêîãî ä³ÿïàçîíó ÷àñòîò ³ êóò³â ïàä³ííÿ åëåê-
òðîìàãíåòíèõ õâèëü [15]. Åëåêòðîäèíàì³÷íèé ðîçðàõóíîê òàêèõ 
ñóì³øåé ìîæå áóòè ïðîâåäåíèé ÿê äëÿ çâè÷àéíèõ ìàãíåòîä³åëåê-
òðèê³â ç âèêîðèñòàííÿì åôåêòèâíèõ ïîêàçíèê³â ìàãíåòíî¿ òà ä³å-
ëåêòðè÷íî¿ ïðîíèêíîñòåé. Ó íàøîìó âèïàäêó âàæëèâèì º êîíñ-
òðóþâàííÿ ÿê ñàìîãî øàðó, òàê ³ áàãàòîøàðîâîãî ïîêðèòòÿ ç ð³ç-
íèìè ôóíêö³îíàëüíèìè âëàñòèâîñòÿìè øàð³â. Ñë³ä íàóêîâî íà-
ïðàâëåíî âèêîðèñòîâóâàòè âèõ³äí³ êîìïîíåíòè àáî ¿õíþ ñóì³ø 
äëÿ îäåðæàííÿ ìàòåð³ÿë³â äëÿ ð³çíèõ øàð³â ³ç íàïåðåä çàäàíèìè 
âëàñòèâîñòÿìè. Ðàä³îâáèðàëüí³ ìàòåð³ÿëè (ÐÂÌ) íà îñíîâ³ åïîê-
ñèäíèõ êîìïîçèò³â ç âóãëåöåâèì íàïîâíåííÿì ìàþòü ïîð³âíÿíî 
íåâåëèêó ù³ëüí³ñòü, îäíàê òîâùèíó ïîêðèòòÿ ìîæíà ðå´óëþâàòè 
â øèðîêîìó ä³ÿïàçîí³ øëÿõîì ïîñë³äîâíîãî ôîðìóâàííÿ øàð³â 
[20]. 
 Äîâåäåíî, ùî íàéë³ïø³ åëåêòðîäèíàì³÷í³, ìåõàí³÷í³ òà çàõèñí³ 
õàðàêòåðèñòèêè ìàþòü áàãàòîøàðîâ³ ìàòåð³ÿëè ³ ñôîðìîâàí³ ïîê-
ðèòòÿ íà ¿õí³é îñíîâ³, ùî ðåàë³çîâàí³ ç âèêîðèñòàííÿì âñ³õ âèùå 
ïåðåðàõîâàíèõ ìåõàí³çì³â âçàºìîä³¿ ÅÌÂ ç åêðàíàìè. Çàïðîïîíî-
âàíî áàãàòîøàðîâ³ ôåðèò-ä³åëåêòðè÷í³ ìàòåð³ÿëè ç òîêîïðîâ³ä-
íèì, ó òîìó ÷èñë³ é ìåòàëåâèì, íàïîâíþâà÷åì. Äîâåäåíî åôåêòè-
âí³ñòü âèêîðèñòàííÿ åïîêñèäíèõ êîìïîçèòíèõ áàãàòîøàðîâèõ 
ìàòåð³ÿë³â, ùî ìàþòü ïëàâíèé (ïîñòóïîâèé) ïåðåõ³ä â³ä âëàñòè-
âîñòåé â³ëüíîãî ïðîñòîðó äî âëàñòèâîñòåé ìàòåð³ÿëó øàð³â ïîê-
ðèòòÿ ç âèñîêèìè çíà÷åííÿìè åëåêòðîïðîâ³äíîñòè òà ìàãíåòíèõ 
âòðàò. Âîäíî÷àñ, äëÿ çá³ëüøåííÿ âáèðàííÿ ÅÌÂ ìîæå áóòè âèêî-
ðèñòàíå ðåçîíàíñíå âáèðàííÿ åíåðã³¿ åëåêòðîìàãíåòíîãî ïîëÿ â 
îêðåìèõ øàðàõ. Åïîêñèäí³ êîìïîçèòí³ ìàòåð³ÿëè ìîæóòü áóòè 
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âèêîðèñòàí³, ³ â á³ëüøîñò³ âèïàäê³â ¿õ âèêîðèñòîâóþòü, ó âèãëÿä³ 
ïîêðèòò³â. 
 Ó ðîçðîáëåíîìó ïîêðèòò³ äëÿ âáèðàííÿ âèêîðèñòîâóþòü ìåòà-
ëåâ³ äèñïåðñí³ íàïîâíþâà÷³, ùî çàáåçïå÷óþòü äîäàòêîâå ðîçñ³þ-
âàííÿ ÅÌÂ, ï³äâèùóþòü ìåõàí³÷íó ì³öí³ñòü ³ ïîë³ïøóþòü òåïëî-
â³äâîäîâ³ õàðàêòåðèñòèêè. Âèõîäÿ÷è ç ðåçóëüòàò³â äîñë³äæåíü 
ç’ÿâèëàñÿ ìîæëèâ³ñòü ñòâîðåííÿ øèðîêîñìóãîâèõ âáèðà÷³â ÅÌÂ. 
Ó äàíîìó âèïàäêó ñë³ä âðàõîâóâàòè âëàñòèâîñò³ äèñïåðñíèõ íà-
ïîâíþâà÷³â ó ð³çíèõ øàðàõ. Çàïðîïîíîâàí³ åïîêñèäí³ êîìïîçèòè 
ìîæóòü òàêîæ áóòè âèêîðèñòàí³ ÿê êîíñòðóêö³éíèé ìàòåð³ÿë äëÿ 
îáîëîíêîâèõ âèðîá³â. Îñòàíí³ ìîæóòü áóòè âèãîòîâëåí³ äëÿ ôîð-
ìóâàííÿ ïîë³ìåðíèõ êîìïîçèò³â â³äîìèìè âèñîêîïðîäóêòèâíèìè 
ìåòîäàìè, ó òîìó ÷èñë³ áàãàòîøàðîâèì ïðåñóâàííÿì ï³ä ÷àñ âà-
êóóìóâàííÿ (åïîêñèäí³ êîìïîçèòè, ðåàêòîïëàñòè) ³ ëèòâîì ï³ä 
òèñêîì (òåðìîïëàñòè÷í³ ìàòåð³ÿëè) ç íàñòóïíèì íàíåñåííÿì ìå-
òàëåâèõ øàð³â (ìåòîä ìåòàë³çàö³¿ çà ãàçîòåðì³÷íîãî íàïîðîøåí-
íÿ). 
 Ðîçðîáêó òà ïðîºêòóâàííÿ ÐÂÌ çàñíîâàíî íà àíàë³òè÷íèõ ìå-
òîäàõ ðîçðàõóíêó é åêñïåðèìåíòàëüíèõ äîñë³äæåííÿõ. Çàäà÷à 
ôîðìóâàííÿ çàõèñíèõ ïîêðèòò³â ïîëÿãàº â òîìó, ùîá çà çàäàíèìè 
ïàðàìåòðàìè âèõ³äíèõ åëåêòðîìàãíåòíèõ ïîë³â ³ êîíñòðóêö³é 
âáèðàëüíèõ ³ â³äáèâàëüíèõ åêðàí³â âèçíà÷èòè ñòóï³íü çàõèñòó. 
Âîäíîðàç, âèçíà÷àþòü ðîçïîä³ë åëåêòðîìàãíåòíèõ ïàðàìåòð³â ïî 
òîâùèí³ ó áàãàòîøàðîâîìó ïîêðèòò³, îá´ðóíòîâóþòü åëåêòðîäè-
íàì³÷íèé ìîäåëü äëÿ ðîçðàõóíêó. Íà îñíîâ³ åêñïåðèìåíòàëüíèõ 
äîñë³äæåíü ïðîâîäÿòüñÿ ðîçðàõóíêè êîåô³ö³ºíòà â³äáèòòÿ àáî êî-
åô³ö³ºíòà ïðîõîäæåííÿ ÅÌÂ â çàäàíîìó ä³ÿïàçîí³ ÷àñòîò. Ñë³ä 
çàóâàæèòè, ùî òîâùèíà øàð³â ëåãêî çàäàºòüñÿ êîíñòðóêòèâíî ï³ä 
÷àñ âèãîòîâëåííÿ ÐÂÌ. Íàéá³ëüø âàæëèâèì ïèòàííÿì ï³ä ÷àñ 
ðîçðîáêè ÐÂÌ º çàâäàííÿ ïðîãíîçóâàííÿ äëÿ îäåðæàííÿ çàäàíîãî 
êîåô³ö³ºíòà â³äáèòòÿ (ïðîõîäæåííÿ) â íåîáõ³äíèõ ä³ÿïàçîíàõ ÷àñ-
òîò ÅÌÂ çà çàäàíèõ ïàðàìåòð³â ìàòåð³ÿëó åêðàíà [22, 23]. 
 Âèçíà÷åííÿ åëåêòðîìàãíåòíèõ ïàðàìåòð³â êîìïîíåíò³â êîìïî-
çèö³éíèõ ìàòåð³ÿë³â øàð³â, ðîçïîä³ë ¿õ ïî éîãî òîâùèí³, çàáåçïå-
÷åííÿ ðàä³îòåõí³÷íèõ õàðàêòåðèñòèê ³ ìîæëèâîñò³ ô³çè÷íî¿ ðåà-
ë³çàö³¿ êîìïîçèò³â ç ÐÂÌ ³ âáèðà÷³â åëåêòðîìàãíåòíîãî âèïðîì³-
íåííÿ âõîäÿòü â çàäà÷ó ñèíòåçè çà çàäàíîãî ÷àñòîòíîãî ä³ÿïàçîíó 
³ ¿õ äåòàëüíî ïðîàíàë³çîâàíî â ðîáîò³ [20]. Ó ïðîöåñ³ ðîçðîáêè 
ÐÂÌ ï³äáîðîì ñïåö³ÿëüíèõ çàñîá³â ³ ðîçïîä³ëîì ¿õí³õ åëåêòðîäè-
íàì³÷íèõ ³ åëåêòðîô³çè÷íèõ õàðàêòåðèñòèê ïî ôàçîâîìó ïðîñòîðó 
ìàòåð³ÿëó ìîæíà îäåðæàòè äóæå íåâåëèêå â³äáèâàííÿ ÅÌÂ, 
ïðàêòè÷íî äî äîëåé â³äñîòê³â. Â ðîáîò³ [21] íà îñíîâ³ Ôðåíåëåâî¿ 
ôîðìóëè çàïðîïîíîâàíî ìåòîäèêó ïðîºêòóâàííÿ áàãàòîøàðîâèõ 
âáèðàëüíèõ åêðàí³â. Âêàçàíà ìåòîäèêà äàº çìîãó âèêîíàòè ðîç-
ðàõóíîê îïòèìàëüíèõ øèðîêîñìóãîâèõ âáèðà÷³â ç óðàõóâàííÿì 
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÷àñòîòíî¿ äèñïåðñ³¿ ä³åëåêòðè÷íî¿ òà ìàãíåòíî¿ ïðîíèêíîñòåé ìà-
òåð³ÿë³â øàð³â. Âáèðàííÿ åëåêòðîìàãíåòíî¿ õâèë³ ñóïðîâîäæóºòü-
ñÿ îì³÷íèìè àáî ã³ñòåðåçèñíèìè âòðàòàìè [23]. Îì³÷í³ âëàñòèâîñ-
ò³ ìàòåð³ÿëó ñïîñòåð³ãàëè, íàïðèêëàä, ó ïëàñòèêó ç ïîðîøêîâèì 
íàïîâíþâà÷åì. 
 Òàêèì ÷èíîì, âèêîðèñòàííÿ áàãàòîøàðîâîãî ïîêðèòòÿ íà îñíî-
â³ åïîêñèäíèõ êîìïîçèò³â ïîë³ïøóº åêðàíóâàëüí³ õàðàêòåðèñòè-
êè ó ä³ÿïàçîí³ ÷àñòîò 30–3000 ÌÃö íà 35–53 äÁ, à çà ïëàçìîâîãî 
ôîðìóâàííÿ ïîêðèòòÿ çà öèõ æå ÷àñòîò ñïîñòåð³ãàëè çìåíøåííÿ 
çãàñàííÿ åëåêòðîìàãíåòíîãî âèïðîì³íåííÿ íà 59–96 äÁ. Ç³ çá³-
ëüøåííÿì ÷àñòîòè ÅÌÂ ñë³ä î÷³êóâàòè ï³äâèùåííÿ åêðàíóâàëü-
íî¿ çäàòíîñòè ðîçðîáëåíèõ ìàòåð³ÿë³â. 

4. ÂÈÑÍÎÂÊÈ 

Òàêèì ÷èíîì, çàïðîïîíîâàíå áàãàòîøàðîâå ïîêðèòòÿ íà îñíîâ³ 
åïîêñèäíèõ êîìïîçèò³â ìîæå áóòè âèêîðèñòàíå ÿê åêðàí â³ä åëå-
êòðîìàãíåòíîãî âèïðîì³íåííÿ ó ä³ÿïàçîí³ ÷àñòîò 30–3000 ÌÃö. 
 Âñòàíîâëåíî, ùî ð³âåíü âèïðîì³íåííÿ ï³ñëÿ åêðàíó ïîíèæó-
ºòüñÿ íà 35–53 äÁ çà âêàçàíîãî åïîêñèäíîãî ìàòåð³ÿëó. ²ç ïîê-
ðèòòÿìè íà ïîë³êàðáîíàò³ çà ïëàçìîâîãî ôîðìóâàííÿ òðüîõ ìåòà-
ëåâèõ ñóö³ëüíèõ øàð³â íà âêàçàíèõ ÷àñòîòàõ ï³ñëÿ åêðàíó ñïî-
ñòåð³ãàëè çìåíøåííÿ åëåêòðîìàãíåòíîãî âèïðîì³íåííÿ íà 59–
96 äÁ. 
 Â ðîçðîáëåíèõ ìàòåð³ÿëàõ ðåàë³çîâàíî ïðèíöèï çì³íè åëåêò-
ðîìàãíåòíèõ õàðàêòåðèñòèê (ïðîâ³äíîñòè, ìàãíåòíèõ ³ ä³åëåêòðè-
÷íèõ õàðàêòåðèñòèê) ó ì³ðó íàáëèæåííÿ äî îá’ºêòó çàõèñòó. Ðîç-
ðîáëåí³ ìàòåð³ÿëè òà ïîêðèòòÿ íà ¿õí³é îñíîâ³ óìîæëèâëÿòü çíà-
÷íî ðîçøèðèòè ÷àñòîòíèé ä³ÿïàçîí äëÿ çàõèñòó îá’ºêò³â â³ä åëåê-
òðîìàãíåòíîãî âèïðîì³íåííÿ. Ç³ çá³ëüøåííÿì ÷àñòîòè ÅÌÂ ñë³ä 
î÷³êóâàòè ï³äâèùåííÿ åêðàíóâàëüíî¿ çäàòíîñòè ðîçðîáëåíèõ ìà-
òåð³ÿë³â. 
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1 Fig. 1. Schematic diagram of testing the material of shields against electromagnetic radia-
tion: 1—signal generator; 2—attenuator; 3—sample; 4—flange coaxial device; 5—
electromagnetic analyser. 
2 Fig. 2. Samples for testing the shielding ability of a material against electromagnetic radia-
tion, made in the form of plates: à—reference sample; á—test sample. 
3 Fig. 3. Configuration diagram for testing materials using the shielded room method (0.6-m 
window): 1—launching equipment; 2—launching antenna; 3—test specimen; 4—receiving 
antenna; 5—signal receiving device. 
4 TABLE 1. Types of antennas used in the specified frequency range. 
5 TABLE 2. Recommended distance between the antenna and the screen material. 
6 Fig. 4. Schematic representation of an epoxy composite multilayer coating (screen 2). 1—
epoxy composite (EC) layer containing 50% dispersed copper; carbon fibre impregnated with 
EC containing 50% cobalt powder; 2—EC containing 50% cobalt powder; 3—EC containing 
50% of cobalt powder of the following composition Co(71.2) Ni(12.2) Fe(6.2) Si(7.3)  

C(3.2); 4—EC containing 30% of cobalt powder of the following composition 
Co(71.2) Ni(12.2) Fe(6.2) Si(7.3) C(3.2); 5—EC containing nanoscale carbon multilayer 
tubes (NCMT) (the ratio of components, mass parts: ED-20:PEPA:NCMT 100:11:10); 6—EC 
containing NCMT combined with alcohol (C2H5OH) (the ratio of components, mass parts: ED-
20:PEPA:NCMT:C2H5OH 100:11:12:12); 7—EC containing NCMT (the ratio of components, 
mass parts: ED-20:PEPA:NCMT 100:11:3); 8—EC containing NCMT (the ratio of compo-
nents, mass parts: ED-20: PEPA:NCMT 100:11:1.3). The layer thickness is of 0.15–0.2 mm. 
7 TABLE 3. Test results of the coating on polycarbonate (screen 1). 
8 TABLE 4. Test results of the coating on polycarbonate (screen 2). 
9 Fig. 5. Microstructure of the coating based on epoxy multilayer composites: back layer (a) 
of the protective coating; conductive (á) carbon fibre ED-20 Co; ED-20 powder 
(Ñî Ni Fe Si Ñ), layers based on ED-20 NCMT (â, ã). 
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In current study, fabrication of PVA–CuO–Fe2O3 nanocomposites with 
various contents of PVA and CuO–Fe2O3 nanoparticles is investigated. The 
dielectric properties of fabricated nanocomposites are examined at fre-
quency range from 100 Hz to 5 MHz. The results display that the dielec-
tric constant and dielectric loss of PVA–CuO–Fe2O3 nanocomposites are 
reduced, while the electrical conductivity is increased with rising frequen-
cy. The dielectric parameters such as dielectric constant, dielectric loss, 
and electrical conductivity of PVA are increased with increasing CuO–
Fe2O3 nanoparticles’ content. The final results show that the PVA–CuO–
Fe2O3 nanocomposites could be useful in many nanoelectronics fields. 

Ó äàí³é ðîáîò³ áóëî äîñë³äæåíî âèãîòîâëåííÿ íàíîêîìïîçèò³â ïîë³â³í³-
ëîâèé ñïèðò (ÏÂÑ)–CuO–Fe2O3 ç ð³çíèì âì³ñòîì ÏÂÑ òà íàíî÷àñòèíîê 
CuO–Fe2O3. Ä³åëåêòðè÷í³ âëàñòèâîñò³ âèãîòîâëåíèõ íàíîêîìïîçèò³â äî-
ñë³äæóâàëè â ä³ÿïàçîí³ ÷àñòîò â³ä 100 Ãö äî 5 ÌÃö. Ðåçóëüòàòè ïîêàçà-
ëè, ùî ä³åëåêòðè÷íà ïðîíèêí³ñòü ³ ä³åëåêòðè÷í³ âòðàòè íàíîêîìïîçèò³â 
ÏÂÑ–CuO–Fe2O3 çìåíøóþòüñÿ, à åëåêòðîïðîâ³äí³ñòü çðîñòàº ç³ çá³ëü-
øåííÿì ÷àñòîòè. Ä³åëåêòðè÷í³ ïàðàìåòðè, — ä³åëåêòðè÷íà ïðîíèê-
í³ñòü, ä³åëåêòðè÷í³ âòðàòè é åëåêòðîïðîâ³äí³ñòü, — ÏÂÑ çðîñòàëè ç³ 
çá³ëüøåííÿì âì³ñòó íàíî÷àñòèíîê CuO–Fe2O3. Îñòàòî÷í³ ðåçóëüòàòè ïî-
êàçàëè, ùî íàíîêîìïîçèòè ÏÂÑ–CuO–Fe2O3 ìîæóòü áóòè êîðèñíèìè â 
áàãàòüîõ ãàëóçÿõ íàíîåëåêòðîí³êè. 

Key words: nanocomposites, PVA, CuO–Fe2O3, dielectric constant, conduc-
tivity. 
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1. INTRODUCTION 

According to the physical and chemical properties and applications 
in different medical and industrial fields, nanomaterials were at-
tracted the interesting of many investigators. On other hand, na-
nomaterials have a long axis to absorb incident sunlight; one-
dimensional nanostructures were gained attention in solar energy 
conversion [1]. Dielectrics with high permittivity are widely used in 
electronic industry. With the advancement of flexible electronics, 
high permittivity dielectric materials with excellent flexibility are 
in demand. As compared to conventional dielectrics like ceramics, 
polymers are widely being used as dielectric materials as polymers 
exhibit better properties, like relatively high electric breakdown 
field, processing ease, mechanical flexibility, etc. Moreover, their 
properties can be modified by incorporating inorganic materials into 
it. Many polymers like PVA, PVP, and PMMA has been studied for 
their electrical and dielectric properties. However, PVA is the most 
studied polymeric dielectric material due to its versatile properties 
like high solubility in water, low cost, easily process able, non-
toxicity, good film forming, great insulating properties and the 
most important high dielectric permittivity. The above properties 
qualify PVA as a favourable organic material for interlayer dielec-
trics. PVA is produced by the hydrolysis of polyvinyl acetate that is 
obtained by polymerization of vinyl acetate monomer [2]. 
 Fe2O3 is known as hematite with a rhombohedral crystal struc-
ture. Fe2O3 is resistant to chemical reactions and temperature, envi-
ronmentally friendly, widely used in semiconductor applications, 
and it can absorb light. Fe2O3 can be used as a catalyst, gas sensor, 
solar cell, pigment, and lithium-ion battery [3]. Another metal ox-
ide material is cupric oxide (CuO) which has been substantially ex-
plored for various applications. As a p-type semiconductor having a 
narrow band gap of 1.35 eV, it has a great potential for field emit-
ters, catalyst, and gas-sensing devices. The physicochemical proper-
ties of CuO such as photoconductivity and photochemistry can be 
used for the optical switches and the solar cells [4]. Nanocomposites 
included enormous applications in various fields like sensors [5–13], 
antibacterial [14–20], optical fields [21–30], electronics and optoe-
lectronics [31–46], energy storage [47–50], radiation shielding and 
bioenvironmental [51–57], etc. The present work deals with fabrica-
tion of PVA–CuO–Fe2O3 nanocomposites to use in nanoelectronics 
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applications. 

2. MATERIALS AND METHODS 

Nanocomposites films of PVA as a matrix and the CuO–Fe2O3 nano-
particles (NPs) as an additive were synthesized by dissolving of 
0.5 gm PVA in 30 ml of distilled water utilizing magnetic stirrer 
for 1 hour to obtain more homogeneous solution. The CuO–Fe2O3 
NPs were added to PVA solution by various contents of 1%, 2%, 
and 3% with constant concentration 1:1. The casting method was 
employed to fabricate of PVA–CuO–Fe2O3 nanocomposites. The die-
lectric characteristics of PVA–CuO–Fe2O3 nanocomposites were 
measured with frequency range from 100 Hz to 5 106 Hz using LCR 
meter type (HIOKI 3532-50 LCR HI TESTER). 
 The dielectric constant ( ) was determined by Ref. [58]: 

 Cp/C0, (1) 

where Cp represents the material capacitance and C0 is the vacuum 
capacitance. 
 Dielectric loss ( ) was given by Ref. [59]: 

  D, (2) 

where D is the dispersion factor. 
 The A.C. electrical conductivity was found by Ref. [60]: 

 A.C. 2πf D 0. (3) 

3. RESULTS AND DISCUSSION 

The behaviours of dielectric constant and dielectric loss for PVA–
CuO–Fe2O3 nanocomposites with frequency and CuO–Fe2O3-NPs’ 
content are conformed in Figs. 1–4, respectively. These figures 
demonstrate that the dielectric constant and dielectric loss have 
large values at low frequencies. The interfacial effects present in 
the majority of the sample and the electrode effects might both be 
responsible for the high values of dielectric constant and dielectric 
loss. It can be observed that for all frequency ranges, the values of 
dielectric constant and dielectric loss for PVA–CuO–Fe2O3 nano-
composites are increased with increasing CuO–Fe2O3-NPs’ content. 
The increase of dielectric constant and dielectric loss values can be 
related to raise in the numbers of charges carriers [61–73]. 
 Figures 5 and 6 display the variation of A.C. electrical conductiv-



170 Ahmed HASHIM and Farhan Lafta RASHID 

ity for PVA–CuO–Fe2O3 nanocomposites with frequency and CuO–
Fe2O3-NPs’ content, respectively. These figures showed that the 
A.C. electrical conductivity increases with an increase in the fre-
quency and CuO–Fe2O3-NPs’ content. 
 It was also observed that the A.C. electrical conductivity values 

 

Fig. 1. Behaviour of dielectric constant for PVA–CuO–Fe2O3 nanocompo-
sites with frequency. 

 

Fig. 2. Dielectric-loss performance for PVA–CuO–Fe2O3 nanocomposites 
with frequency. 
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are increased as the content of CuO–Fe2O3 NPs increased into PVA 
medium. The increase of electrical conductivity attributed to in-
crease the mobility and charges carriers numbers. Moreover, these 
observations might be related to space-charge polarization [74–85]. 

4. CONCLUSIONS 

In this work, PVA–CuO–Fe2O3 nanocomposites have been prepared. 

 

Fig. 3. Behaviour of dielectric constant for PVA with CuO–Fe2O3-NPs’ con-
tent. 

 

Fig. 4. Performance of dielectric loss for PVA with CuO–Fe2O3-NPs’ con-
tent. 
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The dielectric properties of PVA–CuO–Fe2O3 nanocomposites are 
tested. The experimental results confirmed that the dielectric pa-
rameters such as dielectric constant, dielectric loss, and electrical 
conductivity of PVA are increased with increasing CuO–Fe2O3-NPs’ 
content. The dielectric constant and dielectric loss of PVA–CuO–
Fe2O3 nanocomposites are decreased, while the electrical conductivi-
ty is increased with increasing frequency. 

 

Fig. 5. Variation of A.C. electrical conductivity for PVA–CuO–Fe2O3 nano-
composites with frequency. 

 

Fig. 6. Behaviour of A.C. electrical conductivity for PVA with CuO–Fe2O3-
NPs’ content. 
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 Finally, results of dielectric properties show that the PVA–CuO–
Fe2O3 nanocomposites may be suitable in several nanoelectronics ap-
plications. 
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This study involves preparing nanocomposites consisting of polyvinyl al-
cohol (PVA) and tungsten carbide (WC) nanoparticles. The casting process 
is employed to create these nanocomposites, with varying weight percent-
ages of WC nanoparticles: 0, 1, 2, and 3 wt.%. Various ways of diagnosis 
are employed to analyse the PVA–WC nanocomposites, including Fourier-
transform infrared spectroscopy (FTIR), scanning electron microscopy 
(SEM) imaging, and optical microscopy imaging. The experimental find-
ings obtained from the images captured by an optical microscope reveal 
the spatial arrangement of tungsten-carbide nanoparticles throughout all 
nanocomposite films. Additionally, these results demonstrate the presence 
of a cohesive network of ions dispersed throughout the polymer matrix, 
with a tungsten-carbide nanoparticles’ concentration of 3 wt.%. Further-
more, the experimental findings obtained from Fourier-transform infrared 
spectroscopy (FTIR) demonstrate an upward trend between the absorbance 
values of the PVA–WC nanocomposites and the fraction of tungsten-
carbide nanoparticles. The peak properties remain consistent, and most 
bonds exhibit similar wavenumbers. The electrical characteristics of nano-
composites are investigated in the frequency range of 100-to-5 106 Hz at 
ambient temperature. The analysis of the A.C. electric properties reveals 
that, as the frequency of the applied electrical field increases, the dielec-
tric constant and dielectric loss of the nanocomposites diminish. In con-
trast, these properties indicate an increase with tungsten-carbide nanopar-
ticles’ concentration. Additionally, the A.C. electrical conductivity of the 
nanocomposites displays an increase with higher concentrations of tung-
sten-carbide nanoparticles and frequency, while remaining relatively con-
stant at high frequencies. The conclusive findings indicate that the 
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nanostructures composed of polyvinyl alcohol and tungsten carbide (PVA–
WC) possess potential applications in diverse electrical and electronic 
nanodevices. 

Öå äîñë³äæåííÿ ïåðåäáà÷àº ïðèãîòóâàííÿ íàíîêîìïîçèò³â, ùî ñêëàäà-
þòüñÿ ç íàíî÷àñòèíîê ïîë³â³í³ëîâîãî ñïèðòó (PVA) ³ êàðá³äó Âîëüôðàìó 
(WC). Ïðîöåñ ëèòòÿ âèêîðèñòîâóâàâñÿ äëÿ ñòâîðåííÿ öèõ íàíîêîìïîçè-
ò³â ³ç çì³ííèì âàãîâèì â³äñîòêîì íàíî÷àñòèíîê WC: 0, 1, 2 ³ 3 ìàñ.%. 
Äëÿ àíàë³çè íàíîêîìïîçèò³â PVA–WC âèêîðèñòîâóâàëèñÿ ð³çí³ ñïîñîáè 
ä³ÿãíîñòèêè, âêëþ÷àþ÷è ³íôðà÷åðâîíó ñïåêòðîñêîï³þ íà îñíîâ³ Ôóð’º-
ïåðåòâîðó (FTIR), ñêàíóâàëüíó åëåêòðîííó ì³êðîñêîï³þ (SEM) òà îïòè-
÷íó ì³êðîñêîï³þ. Åêñïåðèìåíòàëüí³ äàí³, îäåðæàí³ ³ç çîáðàæåíü çà äî-
ïîìîãîþ îïòè÷íîãî ì³êðîñêîïà, ïîêàçóþòü ïðîñòîðîâå ðîçòàøóâàííÿ 
íàíî÷àñòèíîê êàðá³äó Âîëüôðàìó â óñ³õ íàíîêîìïîçèòíèõ ïë³âêàõ. 
Êð³ì òîãî, ö³ ðåçóëüòàòè äåìîíñòðóþòü íàÿâí³ñòü ö³ë³ñíî¿ ìåðåæ³ éîí³â, 
ðîçñ³ÿíèõ ïî âñ³é ïîë³ìåðí³é ìàòðèö³, ç êîíöåíòðàö³ºþ íàíî÷àñòèíîê 
êàðá³äó Âîëüôðàìó ó 3 ìàñ.%. Êð³ì òîãî, åêñïåðèìåíòàëüí³ ðåçóëüòà-
òè, îäåðæàí³ çà äîïîìîãîþ ³íôðà÷åðâîíî¿ ñïåêòðîñêîï³¿ íà îñíîâ³ 
Ôóð’º-ïåðåòâîðó (FTIR), ïðîäåìîíñòðóâàëè òåíäåíö³þ äî çðîñòàííÿ ì³æ 
çíà÷åííÿìè âáèðàííÿ íàíîêîìïîçèòàìè PVA–WC ³ ÷àñòêîþ íàíî÷àñ-
òèíîê êàðá³äó Âîëüôðàìó. Âëàñòèâîñò³ ï³êó çàëèøàþòüñÿ íåçì³ííèìè, 
³ á³ëüø³ñòü çâ’ÿçê³â äåìîíñòðóþòü ïîä³áí³ õâèëüîâ³ ÷èñëà. Åëåêòðè÷í³ 
õàðàêòåðèñòèêè íàíîêîìïîçèò³â äîñë³äæóâàëè â ä³ÿïàçîí³ ÷àñòîò â³ä 
100 äî 5 106 Ãö çà òåìïåðàòóðè íàâêîëèøíüîãî ñåðåäîâèùà. Àíàë³çà 
âëàñòèâîñòåé çì³ííîãî åëåêòðè÷íîãî ñòðóìó ïîêàçóº, ùî ç³ çá³ëüøåí-
íÿì ÷àñòîòè ïðèêëàäåíîãî åëåêòðè÷íîãî ïîëÿ ä³åëåêòðè÷íà ïðîíèê-
í³ñòü ³ ä³åëåêòðè÷í³ âòðàòè íàíîêîìïîçèò³â çìåíøóþòüñÿ. Íàâïàêè, ö³ 
âëàñòèâîñò³ âêàçóþòü íà çá³ëüøåííÿ ç êîíöåíòðàö³ºþ íàíî÷àñòèíîê êà-
ðá³äó Âîëüôðàìó. Êð³ì òîãî, åëåêòðîïðîâ³äí³ñòü íàíîêîìïîçèò³â íà 
çì³ííîìó ñòðóì³ äåìîíñòðóº çá³ëüøåííÿ ç âèùèìè êîíöåíòðàö³ÿìè íà-
íî÷àñòèíîê êàðá³äó Âîëüôðàìó òà ÷àñòîòîþ, çàëèøàþ÷èñü â³äíîñíî ïî-
ñò³éíîþ íà âèñîêèõ ÷àñòîòàõ. Ïåðåêîíëèâ³ âèñíîâêè ïîêàçóþòü, ùî 
íàíîñòðóêòóðè, ùî ñêëàäàþòüñÿ ç ïîë³â³í³ëîâîãî ñïèðòó òà êàðá³äó Âî-
ëüôðàìó (PVA–WC), ìàþòü ïîòåíö³éíå çàñòîñóâàííÿ â ð³çíîìàí³òíèõ 
åëåêòðè÷íèõ òà åëåêòðîííèõ íàíîïðèñòðîÿõ. 

Key words: PVA, WC nanoparticles, nanocomposites, electrical properties. 
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1. INTRODUCTION 

Polymer nanocomposites (PNCs) can be described as composite ma-
terials whereby one or more nanofillers are dispersed inside a poly-
mer matrix. The primary objective is to integrate the ease of pro-
cessing of polymers with the exceptional material properties offered 
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by nanofillers to create composite materials that demonstrate sub-
stantially enhanced macroscopic characteristics [1, 2]. Polymer 
nanocomposites (PNCs) hold significant importance in industrial 
and research domains, finding extensive applications in several sec-
tors, such as packaging, transportation, safety, energy, electromag-
netic shielding, catalysis, sensors, defence systems, and the infor-
mation industry. Polymer nanocomposites (PNCs) can address nu-
merous real-world difficulties and daily concerns, exhibiting prom-
ising prospects for future applications. Phenolic nanocomposites 
(PNCs) are formulated using the idea that increased size and sur-
face area significantly enhance reactivity. Polymer nanocomposites 
(PNCs) are composite materials with polymers as the matrix and 
nanomaterials as the nanofillers. Polymer nanocomposites (PNCs) 
possess exceptional multifunctionality owing to integrating many 
components into a suitable and integrated structure. This unique 
characteristic allows PNCs to find extensive applications in diverse 
fields such as electronics, magnetism, and optics [3, 4]. Polyvinyl 
alcohol (PVA) is a significant and versatile non-ionic hydrophilic 
polymer that has attracted considerable interest as a hydrogel and 
for various other applications, predominantly due to its non-
toxicity. There are two distinct ways to create polyvinyl alcohol 
(PVA) gels: chemical and physical methods. Chemical cross-linking 
of PVA hydrogels can be accomplished by utilizing multifunctional 
aldehyde compounds like glutaraldehyde, glyoxal, and borate-
containing species or through irradiation methods such as gamma 
radiation. However, using a chemical cross-linker may be associated 
with deleterious consequences, such as undesired interactions with 
other constituents, if present. Physically crosslinked polyvinyl alco-
hol (PVA) hydrogels are commonly favoured for various applica-
tions, particularly in biotechnology, owing to their exceptional pu-
rity and ease of gelation at mild conditions [5, 6]. 
 Transition metal carbides are important due to their desirable 
features, including thermal stability, resistance to corrosion and 
wear, and electrical, magnetic, and catalytic characteristics [7]. Due 
to its extraordinary electrical conductivity and favourable hydro-
gen-adsorption properties, tungsten carbide (WC) has attracted 
much interest in the scientific community [8]. Nanosize tungsten 
carbide (WC) has garnered significant interest within the scientific 
community due to its improved tribomechanical and chemical char-
acteristics. The applicability of fuel cells has given rise to a new 
realm of catalytic applications in power production [9, 10]. The WC 
nanomaterial has been discovered to exhibit a bulk modulus compa-
rable to that of diamond, making it suitable for utilization in high-
pressure tests. A significant proportion of industrially manufac-
tured tungsten carbide (WC) is allocated for producing cemented 
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carbide, which finds application in several sectors, such as cutting 
tools, tunnelling operations and drilling, dies, and wear-resistant 
components, among others [11, 12]. In a recent study, we have doc-
umented the successful production of WC nanoparticles using a sol-
id-state reaction involving scheelite and activated charcoal. This re-
action occurred under an argon atmosphere at a temperature of 
1025 C [13]. Tungsten carbide (WC) is a highly challenging sub-
stance characterized by its exceptional hardness, inertness, and re-
fractory nature. 
 Moreover, it has remarkable catalytic capabilities that closely re-
semble those of platinum. Historically, the synthesis of transition 
metal carbides has predominantly relied on powder metallurgical 
methods involving high temperatures. The techniques above exhibit 
high-energy consumption and yield coarse particles with reduced 
surface area, constraining their potential in ceramic and catalytic 
contexts [14, 15]. 
 This work used tungsten carbide to improve the structural and 
electrical properties of nanocomposite PVA–WC. This study showed 
a significant improvement in these characteristics mentioned above. 

2. MATERIALS AND METHODS 

Polymer nanocomposite films were fabricated by dissolving pure 
polyvinyl alcohol (PVA) in 40 mL of distilled water for 35 minutes. 
The solution was stirred using a magnetic stirrer at a temperature 
of 60 C to enhance the uniformity of the resulting solution by 
summing the weight percentages of additives 0, 1, 2, and 3 wt.% of 
(WC), the resulting films are obtained through casting. This process 
entails depositing the mixture into a template, specifically a Petri 
dish with a diameter of 5 cm, and allowing it to dry for 3–7 days. 
Subsequently, the films are carefully removed from the template for 
the required tests. The thickness of the films is measured using a 
micrometre, resulting in a value of 120 μm. The technique em-
ployed in this study is Fourier-transform infrared (FTIR) spectros-
copy, which is utilized to analyse nanocomposite samples consisting 
of polyvinyl alcohol and tungsten carbide. The spectral analysis is 
conducted within the 1000 to 4000 cm 1 wave number range. The 
dielectric characteristics of nanocomposites were assessed by em-
ploying an LCR meter, namely the HIOKI 3532-50 LCR HI TESTER 
model, which operates within a frequency range spanning from 
100 Hz to 5 MHz. The materials were tested at various concentra-
tions using an Olympus-type Nikon-73346 optical microscope. This 
microscope had a magnification of 10 and was paired with a cam-
era designed specifically for capturing microscopic images. 
 In order to determine the dielectric constant ( ), one may employ 
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the following formula [16]: 

 Cp/C0; (1) 

Cp represents capacitance, and C0 represents a vacuum capacitor. 
 Dielectric loss ( ) is calculated as follows [17, 18]: 

 D. (2) 

In this case, displacement D is applied. 
 The conductivity of A.C. electricity is computed with the follow-
ing formula [19, 20]: 

 A.C. 0 , (3) 

where  is the angular frequency. 

3. RESULTS AND DISCUSSION 

3.1. Fourier-Transform Infrared (FTIR) Analysis of PVA–WC NCs 

Fourier-transform infrared (FTIR) spectroscopy is a highly valuable 
analytical technique that offers great insights into the interactions 
of functional groups within a given compound. This study conduct-
ed infrared (IR) analysis on a Fourier-transform infrared transmis-
sion profile spectrum. The purpose was to describe the interface be-
tween pure polyvinyl alcohol and its nanocomposite films, which 
contained varying ratios of tungsten carbide nanoparticles (WC 
NPs) at 1, 2, and 3 wt.%. The analysis was performed at room tem-
perature (RT) within the 500–4000 cm 1 wavenumber range, as de-
picted in Fig. 1. The functional groups of PVA emerged at 3259, 
2908, 1416, 1250, and 1084 cm 1, corresponding to broadband to 
the stretching vibrations of hydroxyl groups O–H, methyl C–H3 
asymmetric stretching band, O–CH3 deformation, O–H ether group 
bending vibration and C–O stretching vibration, respectively. The 
spectral bands observed at 900 cm 1 and within 600-to-550 cm 1 
range are attributed to the stretching vibrations of peroxide C–O–O 
bonds and C–H bonds, respectively [21, 22]. 
 Upon comparing the characteristic wavenumbers of the PVA–WC 
nanocomposite with those of pure PVA, it becomes evident that the 
distinct peaks representing the nanocomposite were not discernible; 
this can be attributed to the observed shifting, which can be at-
tributed to the incorporation of WC. Moreover, it has been observed 
that the transmittance exhibits a drop when the ratios of tungsten 
carbide nanoparticles (WC NPs) grow, increasing the density of 
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these nanoparticles. Based on the present investigation, it can be 
inferred that no discernible absorption peaks were observed, indi-
cating the absence of any notable interactions between the PVA pol-
ymer and WC NPs [23, 24]. 
 Figure 2 displays the photomicrographs of the surface of pure 
polyvinyl alcohol (PVA) and its nanocomposites (NCs) containing 
varying weight percentages (wt.%) of tungsten carbide nanoparti-
cles (WC NPs) at a magnification level of 10. The schematic dia-
gram of the polymer film in part (a) demonstrates a uniform com-
position without any distinct separation of phases. Specifically, it 
exhibits a refined structure with a sleek surface, indicating the re-
markable compatibility of PVA at this particular mix ratio. The 
analysis of the figures (part b–d) reveals that the WC NPs exhibit a 
uniform distribution across the surface of the polymer-mix films. 
This observation becomes more pronounced as the weight percentage 
of WC increases. 
 The non-covalent interactions (NCs) exhibit an almost circular 
arrangement of particles with a consistent shape. This phenomenon 

  
a      b 

  
c      d 

Fig. 1. FTIR spectra for PVA–WC nanocomposites: (a) for pure PVA; (b) 
for 1 wt.% WC; (c) for 2 wt.% WC; (d) for 3 wt.% WC. 
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is attributed to the significant surface area of nanoparticles (NPs) 
[25, 26]. 
 On the other hand, the polymeric solution with distinct polar 
groups exhibits a pronounced attraction towards WC, hence result-
ing in the alignment of the nanoparticles within the polymer chain. 
Consequently, the structural arrangement of the NC becomes dens-
er, leading to an enhancement in the material's overall consistency. 
This method presented below offers an appropriate approach for de-
veloping NC films [27, 28]. 
 Figure 3 demonstrates the influence of including WC nanoparti-
cles on the dielectric constant of pristine polyvinyl alcohol (PVA). 
There is a positive association between the concentration of WC na-
noparticles and the dielectric constant. The increased concentration 
found can be ascribed to the aggregation of WC nanoparticles with-
in the nanocomposites when they are included at low levels. Conse-
quently, the dielectric constant experiences a decrease, while, at el-

  
a      b 

  
c      d 

Fig. 2. Photomicrographs ( 4) for PVA–WC NCs: (a) for pure PVA; (b) for 
1 wt.% WC; (c) for 2 wt.% WC; (d) for 3 wt.% WC. 
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evated concentrations, the presence of WC nanoparticles leads to 
the formation of a cohesive network inside nanocomposites, thereby 
increasing the dielectric constant value [29, 30]. 
 Figure 4 depicts the frequency-dependent fluctuation of the die-
lectric constant in nanocomposites of polyvinyl alcohol and tungsten 
carbide PVA–WC. The data presented in the figure indicates a de-
crease in the dielectric constants of the nanocomposite samples as 
the frequency of the applied field increases. This phenomenon can 
be attributed to the alignment of the dipole moments within the 
nanocomposite samples as they orient themselves in response to the 

 

Fig. 3. Influence of WC-NPs’ content on the  of PVA–WC NCs at 100 
Hz. 

 

Fig. 4. Behaviour of  with a frequency of PVA–WC NCs. 
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applied electrical fields. Consequently, this alignment reduces the 
polarization of the space charge, ultimately leading to a decrease in 
absolute polarization [31, 32]. 
 Figure 5 illustrates the fluctuation in dielectric loss of pure pol-
yvinyl alcohol (PVA) concerning the material's weight concentration 
(WC). The dielectric loss of PVA–WC nanocomposites positively 
correlates with the concentration of WC nanoparticles, which can be 
attributed to the concurrent increase in the number of charge carri-
ers. When the concentration of nanoparticles is beyond a certain 
threshold, nanoparticles aggregate to create a cohesive network 

 

Fig. 5. Influence of WC-NPs’ content on the  of PVA–WC NCs at 100 
Hz. 

 

Fig. 6. Behaviour of  with a frequency of PVA–WC NCs. 
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within nanocomposites [33, 34]. 
 Figure 6 depicts the dielectric loss characteristics of nanocompo-
sites composed of polyvinyl alcohol (PVA) and tungsten carbide 
(WC), as influenced by frequency. The provided figure illustrates a 
noticeable trend in which the dielectric loss of nanocomposites de-
creases as the frequency of the applied electric field increases. The 
phenomenon can be attributed to the reduced influence of space 
charge polarization and the heightened dielectric loss observed in 
the nanocomposites comprising polyvinyl alcohol and tungsten car-

 

Fig. 7. Difference of conductivity for PVA–WC NCs with frequency (F). 

 

Fig. 8. Difference of electrical conductivity for PVA–WC NCs with WC-
NPs’ contents. 
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bide PVA–WC at lower frequencies. In the present study, we aim to 
investigate the effects of sleep deprivation on cognitive perfor-
mance [35, 36]. 
 Figures 7 and 8 depict the performance of A.C. electrical conduc-
tivity of PVA–WC NCs as a function of frequency (F) and WC-NPs’ 
concentration, respectively. The alternating current (A.C.) conduc-
tivity demonstrates a notable increase when the electric field fre-
quency escalates across all samples. The observed phenomenon can 
be attributed to space charge polarization, which occurs at low fre-
quencies, in addition to the hopping motion of charge carriers [37, 
38]. Moreover, the conductivity exhibits an upward trend as the 
weight percentage of WC nanoparticles (NPs) increases. The ob-
served behaviour can be attributed to the influence of space charge, 
which arises from the accumulation of charge carriers resulting 
from an increase in their regular distribution throughout the poly-
mer matrix [39]. 
 Table shows values of dielectric constant, dielectric loss, and A.C. 
electrical conductivity for PVA–WC nanocomposites at 100 Hz. 

4. CONCLUSIONS 

The solution cast approach was employed to deposit successfully 
pure polyvinyl alcohol (PVA) and its composite with varying ratios 
of tungsten carbide (WC). 
 The Fourier-transform infrared (FTIR) spectra exhibit a dis-
placement in certain bands and alterations in the intensity of other 
bands compared to the spectra of pristine films. The optical micro-
scope demonstrates high uniformity and precise integration of WC 
charge transfer complexes within the pure PVA sheets. The experi-
mental results demonstrated that the dielectric constant and dielec-
tric loss of the PVA–WC nanocomposites experienced a decrease 
with increasing frequency of the applied electric field. The electri-
cal conductivity of alternating current (A.C.) positively correlates 
with the current frequency. 

TABLE. Values of dielectric constant, dielectric loss, and A.C. electrical 
conductivity for PVA–WC NCs at 100 Hz. 

Con. of WC 
NPs, wt.% 

Dielectric constant Dielectric loss 
A.C. electrical conductivity, 

S/cm 
0 0.46 0.04 1.95 10 12 
1 0.79 0.15 8.34 10 12 
2 0.77 0.20 1.10 10 11 
3 1.01 0.39 2.19 10 11 
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 The decisive results suggest that the nanostructures composed of 
PVA–WC possess promising prospects for utilization in a wide 
range of electrical and electronic nanodevices. 
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Preparation of Metal-Complexes’ Nanoparticles Derivative 
from Novel Schiff Bases of Furan and Pyridine 
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Heterocyclic compounds have great importance in the medical and industrial 
fields. Furan and pyridine are most widespread and effective of these com-
pounds. In this study, we prepare two novel Schiff bases 1,1 (1,4-
phenylene)bis(N-(4-((pyridin-2-ylmethylene)amino)phenyl)methaneimine (L1), 
1,1 -(1,4-phenylene)bis(N-(4-((furan-2-ylmethylene)amino)phenyl)methanimine) 
(L2), and their metal complexes with (Cd2 , Mn2 , Sn2 ). The prepared com-
pounds are characterized using 

1H-NMR, 
13C-NMR, UV–Vis, FT-IR, and SEM 

techniques. As a result, all the metal complexes are bimetallic and non-
electrolytic. In addition, the biological activity against Escherichia coli and 

Staphylococcus aureus bacteria is studied for the prepared compounds. 

Ãåòåðîöèêë³÷í³ ñïîëóêè ìàþòü âåëèêå çíà÷åííÿ â ìåäèöèí³ òà ïðîìèñëîâî-
ñò³. Ôóðàí ³ ï³ðèäèí º íàéá³ëüø ïîøèðåíèìè é åôåêòèâíèìè ç öèõ ñïîëóê. 
Â öüîìó äîñë³äæåíí³ ìè ï³äãîòóâàëè äâ³ íîâ³ Øèôôîâ³ îñíîâè 1,1 (1,4-
ôåí³ëåí)á³ñ(N-(4-((ï³ðèäèí-2-³ëìåòèëåí)àì³íî)ôåí³ë)ìåòàíå³ì³í (L1), 1,1 -
(1,4-ôåí³ëåí)á³ñ(N-4-((ôóðàí-2-³ëìåòèëåí)àì³íî)ôåí³ë)ìåòàí³ì³í) (L2), à 

òàêîæ ¿õí³ ìåòàë³÷í³ êîìïëåêñè ç (Cd2 , Mn2 , Sn2 ). Â ðåçóëüòàò³ âñ³ ìåòà-
ëîêîìïëåêñè áóëè á³ìåòàë³÷íèìè òà íååëåêòðîë³òíèìè. Òàêîæ áóëî âèâ÷å-
íî á³îëîã³÷íó àêòèâí³ñòü îäåðæàíèõ ñïîëóê ùîäî áàêòåð³é Escherichia coli 
òà Staphylococcus aureus. 

Key words: pyridine aldehyde, furfural, 1,4-diaminobenzene, terephthal al-
dehyde, metal complexes. 

Êëþ÷îâ³ ñëîâà: ï³ðèäèíîâèé àëüäåã³ä, ôóðôóðîë, 1,4-ä³àì³íîáåíçîë, òå-
ðåôòàëåâèé àëüäåã³ä, êîìïëåêñè ìåòàë³â. 
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1. INTRODUCTION 

The processes of designing drugs from organic compounds with new 
and practically important biological behaviours is required organic 
interactions involving the condensation of two or more types of 
molecules to obtain a new derived from imine compounds as a com-
monly used compounds for this purpose [1–3]. The reaction of con-
densation of the primary amines with aldehydes or ketones gives an 
important product. The Schiff base reaction was done under normal 
conditions. The presence of a Schiff base in our interactions is of 
great importance due to the stability of complexes of metal ions 
with different oxidation states and because of its involvement in 
many vital processes on a large scale such as industrial fields and as 
catalysts for reactions in addition to its significant wide involve-
ment in biological activities [4]. The stable structure of metal com-
plexes is attributed to the nitrogen lone pair electrons on azome-
thine (–N=CH) bonding [5]. Donor atoms of Schiff base ligand can 
be enhanced the antibacterial activity through the coordination to 
metal ions [6, 7]. The interaction of metal ions with Schiff base lig-
ands can give structures of different geometric shapes and have 
various applications such as their use in organometallic chemistry 
as catalysts, and for the design of important medicinal compounds 
as anti-tumour, anticancer, anti-bacterial, anti-fungal agents, anti-
viral agents [8, 9]. The presence of heterocyclic (pyridine and furan) 
increases the effectiveness of the Schiff bases ligands. Many studies 
have dealt with the preparation of different compounds based on 
furan and pyridine [10–16]. 
 In this paper, we aim to prepare (Cd(II), Sn(II), and Mn(II)) com-
plexes with the two new ligands derived from furan and pyridine. 

2. EXPERIMENTAL 

2.1. Materials and Apparatus 

All chemicals used in this work were purchased from BDH, Aldrich 
and Merck companies and were used without further purification. 
 NMR spectra were recorded on a Brucker instrument (400 MHz) 
spectrometer. Chemical shifts were reported in ( ) ppm relative to 
tetramethylsilane (TMS). Data were reported as follow: chemical 
shift, multiplicity, coupling constant (Hz), integration, and assign-
ment. FT-IR spectra ( , cm 1) were recorded on a JASCO Spectrum 
FT-IR 4100 spectrometer using KBr pellets. UV-Vis spectroscopy 
were measured by using Jasco-V630-UV-Vis at the wavelength 
range 200–800 nm, using match quartz cells (1 cm) and DMSO as a 
solvent. 
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2.2. Synthesis of Ligand 1,1 (1,4-Phenylene)bis(N-(4-((Pyridin-2-
Ylmethylene)Amino)Phenyl)Methaneimine (L1) 

The ligand (L1) was prepared from the compound (PMAD) according 
to Fig. 1. 
 In a clean tow-necked round bottom flask 100 mL equipped with 
a magnetic stir and reflux condenser, PMAD (0.661 g (2.1 mmol)) 
and 50 mL of ethanol were gradually added into the flask and 
stirred at 55 C until completely dissolving. picolinaldehyde (0.422 
mL (4.2 mmol)) dissolved in 10 mL of ethanol was added into the 
flask, after 10 min of stirring at same previous temperature, then 
the mixture heated up to 78 C and stirred for 6 h, while the reac-
tion was monitored through TLC technique. After that, the result-
ing mixture was stirred for 24 h at room temperature. Finally, the 
solution was cooled, and then the precipitate was filtered and left to 
dry giving a yellow precipitate, and recrystallized using hot etha-
nol. The yield of the product was found to be 72.65%. 

2.3. Synthesis of (L1) Metal Complexes 

L1 (0.123 g (0.25 mmol)) was dissolved in 25 mL of ethanol in a 
clean tow-necked round bottom flask 250 mL equipped with a mag-
netic stir and reflux condenser. (0.5 mmol) of metal chloride MCl2 
(M Mn2 , Sn2 , Cd2 ) was dissolved in 10 mL of ethanol and added 

 

Fig. 1. General reaction scheme for synthesizing of L1. 
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drop by drop to the ligand solution, pH was adjusted at 7 using tri-
ethylamine, after that the mixture stirred at 78 C for 3 h. The pro-
duced precipitate was filtered, washed with ethanol, then, diethyl 
ether, dried, and weighted. Figure 1 describes the chemical reaction. 

2.4. Synthesis of Ligand 1,1 -(1,4-Phenylene)bis(N-(4-((Furan-2-
Ylmethylene)Amino)Phenyl)Methanimine) (L2) 

The ligand (L2) was prepared from the compound (PMAD) according 
to Fig. 2. In a clean tow-necked round bottom flask 100 mL 
equipped with a magnetic stir and reflux condenser, PMAD (1.33 g 
(4.2 mmol)) and 50 mL of ethanol were gradually added into the 
flask and stirred at 60 C until completely dissolving. Furfural 
(0.850 mL (8.4 mmol)) dissolved in 15 mL of ethanol was added into 
the flask; after 10 min of stirring at same previous temperature, 
then, the mixture heated up to 78 C and stirred for 5 h, while the 
reaction was monitored through TLC technique. After that, the re-
sulting mixture was stirred for 24 h at room temperature. Finally, 
the solution was cooled, and the precipitate was filtered and left to 
dry giving a brownish yellow precipitate, and recrystallized using 
hot ethanol. The yield of the product was found to be 92.96%. 

2.5. Synthesis of (L2) Metal Complexes 

L1 (0.117 g (0.25 mmol)) was dissolved in 25 mL of ethanol in a 
clean tow-necked round bottom flask 250 mL equipped with a mag-
netic stir and reflux condenser. 0.5 mmol of metal chloride MCl2 
(M Mn, Sn, Cd) was dissolved in 10 mL of ethanol and added 
drop-by-drop to the ligand solution; pH was adjusted at 7 using tri-

 

Fig. 2. General reaction scheme for synthesizing of L2. 



 PREPARATION OF METAL-COMPLEXES’ NANOPARTICLES 195 

ethylamine; after that, the mixture stirred at 78 C for 3 h. The 
produced precipitated was filtered, washed with ethanol then dieth-
yl ether, dried and weighted. 
 Melting point was determined using thermometer, which was of 

300 C for all compounds. Electrical conductivity has been also 
measured for all metal complexes, and it was below 80 μs, so, we 
concluded that all the prepared metal complexes ware non-
electrolyte. 
 Silver nitrate solution as an indicator was used to determination 
of chloride ions, the results shows the chloride ions linked with 
metal ions in the co-ordination sphere, while the metallic calcula-
tions showed that all complexes were bimetallic. The physical prop-
erties of the prepared compounds were arranged in the Table 1. 

3. RESULTS AND DISCUSSION 

3.1. NMR Characterization 

L1 and L2 compounds were characterized using H-NMR, C-NMR. 
 (L1): 

1H-NMR (400 MHz, DMSO):  6.628–7.668 (m, 6H), 7.861–
8.167 (m, 3H), 8.595–8.860 (m, 3H) ppm; 

13C-NMR (125 MHz, DMSO): 
 114.565, 120.790, 122.797, 123.495, 124.985, 126.731, 137.161, 

138.781, 149.322, 149.889, 154.237, 155.529, 160.880 ppm. 
 (L2): 

1H-NMR (400 MHz, DMSO):  6.712–6.725 (m, 1H), 6.783–

TABLE 1. The yield and physical properties of the produced compounds. 

Compound Formula M, g mol 1 Colour Yield, % 
M, % 

found (calc) 
L1 C32H24N6 492.59 Yellow 72.65 — 

Mn2L1Cl4 Mn2C32H24N6Cl4 744.27 Light brown 67.07 
13.50 
(14.76) 

Cd2L1Cl4 Cd2C32H24N6Cl4 859.23 Light yellow 70.23 
24.33 

(26.16) 

Sn2L1Cl4 Sn2C32H24N6Cl4 871.81 Light yellow 48.85 
26.17 

(27.23) 

L2 C30H22N4O2 470.53 
Brownish 

yellow 
92.96 — 

Mn2L2Cl4 Mn2C30H22N4O2Cl4 722.21 Light brown 73.18 
14.30 
(15.21) 

Cd2L2Cl4 Cd2C30H22N4O2Cl4 837.17 
Brownish 

yellow 
75.96 

24.50 
(26.85) 

Sn2L2Cl4 Sn2C30H22N4O2Cl4 849.75 
Brownish 

yellow 
58.05 

26.87 
(27.93) 
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6.796 (m, 1H), 7.150–7.161 (m, 2H), 7.321 (s, 2H), 7.542–7.7553 (m, 
1H), 7.950–7.955 (m, 2H), 8.492 (s, 1H), 9 (s, 1H) ppm; 

13C-NMR (125 

MHz, DMSO):  113.029, 113.388, 117.374, 122.474, 130.683, 

142.827, 146.878, 148.158, 149.515, 149.665, 152.531, 161.052 ppm. 

3.2. FT-IR Characterization 

3.2.1. FT-IR of L1 Ligand and Its Complexes 

The FT-IR spectrum of L1 compared with PMAD are presented in 
Fig. 3, where the IR spectrums showed that the disappearance of 
the absorption band at 3374, 3338 cm 1 belongs to N–H2 bond of the 
PMAD; also a new band appears at 1585 cm 1 belongs to (C=N) in 
the pyridine ring confirming that the condensation reaction between 
the PMAD and picolinaldehyde has occurred. On the other hand, the 
metal complexes IR spectra shows shifting of absorption band of 
azomethine (C=N) and pyridine (C=N). The most important IR data 
of L1 ligand and its complexes are summarized in Table 2. 

 

Fig. 3. FT-IR spectrum of L1 compared with PMAD. 

TABLE 2. The absorption bands of L1 and its complexes. 

Compound (C=N) (C=N) (C=N) pyridine 

L1 1637 1612 1585 
Mn2L1Cl4 1636 1590 1552 

Cd2L1Cl4 1631 1586 1561 

Sn2L1Cl4 1639 1587 1553 
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3.2.2. FT-IR of L2 Ligand and Its Complexes 

The FT-IR spectrum of L2 compared with PMAD presented in Fig. 
4, where the IR spectrums showed that the disappearance of the ab-
sorption band at 3374, 3338 cm 1 belongs to N–H2 bond of the 
PMAD; also a new band appears at 1245 cm 1 belongs to (C–O) in 
the furan ring confirming that the condensation reaction between 
the PMAD and furfural has occurred. On the other hand, the metal 
complexes IR spectra shows shifting of absorption band of azome-
thine (C=N) and (C–O). The most important IR data of L2 ligand 
and its complexes are summarized in Table 3. 

3.3. UV–Vis Characterization 

The electronic spectra of L1 and L2 ligands and their complexes 
showing the electronic transformation between energy levels are 
presented in Figs. 5 and 6 with the UV–Vis of L1 ligand and its 
complexes and of L2 ligand and its complexes, respectively. 

 

Fig. 4. FT-IR spectrum of L2 compared with PMAD. 

TABLE 3. The absorption bands of L2 and its complexes. 

Compound (C=N) (C=N) (C–O) 
L2 1636 1609 1245 

Mn2L2Cl4 1638 1576 1214 
Cd2L2Cl4 1640 1580 1216 
Sn2L2Cl4 1634 1588 1219 
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Fig. 5. UV–Vis spectrum of L1 and its complexes. 

 

Fig. 6. UV–Vis spectrum of L2 and its complexes. 

TABLE 4. The electronic transitions for L1, L2 and their complexes. 

Compound * n * d d 
L1 326 384 — 

Mn2L1Cl4 372 434 488 
Cd2L1Cl4 354 410 — 
Sn2L1Cl4 362 424 — 

L2 338 390 — 
Mn2L2Cl4 376 434 490 
Cd2L2Cl4 364 418 — 
Sn2L2Cl4 366 420 — 
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 The obtained data from UV–VIS spectra are arranged in the Table 
4. Therefore, we can assume the structures for the L1 and L2 com-
plexes as showed in Fig. 7. 

3.4. SEM Characterization 

Scanning electron microscopy technique was used to analyse the 
surface morphology of metal complexes (Fig. 8 represents SEM im-
age of Cd2L1Cl4 complex; the particles’ sizes are in nanoscale range). 

 

Fig. 8. SEM image of Cd2L1Cl4 complex. 

 

Fig. 7. Structures for the L1 and L2 complexes (M Mn2 , Cd2 , Sn2 ). 
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3.5. Antibacterial Activity Study 

The antibacterial efficacy of the prepared compounds was tested 

against Escherichia coli, and Staphylococcus aureus bacteria comparing 

with gentamicin (as a reference). Two different concentrations (50 and 

1000 mg/ml) of the compounds and gentamicin have been selected for 

antibacterial assay. In our research, we chose to study E. coli and S. au-
reus bacteria, because of their wide spread in society so they affect in 

the daily life of humans, as Escherichia is a common bacterium found in 

the intestines of humans and warm-blooded animals. It is often used as 

an indicator for faecal contamination in water and soil [17]. 
 Pathogenic strains of E. coli are often transmitted through contam-
inated food or water [18] and can be particularly dangerous for young 

children, elderly individuals, and those with weakened immune sys-
tems. This bacterium can cause a range of infections, including intes-
tinal, skin, wound sepsis, septicaemia, neonatal septicaemia, and uri-
nary tract infections [19]. Studies have shown that some non-steroidal 
pain relievers, such as diclofenac sodium, can play an inhibitory role in 

the growth of some bacteria, whether negative or positive, in addition 

to using it as an anti-inflammatory [20, 21]. 
 E. coli is also commonly used in scientific research, as it is easy to 

grow and manipulate in the laboratory. It has been used as a model or-
ganism for studying various biological processes, and has contributed 

to many important discoveries in microbiology and genetics [22], while 

S. aureus is a major bacterial human pathogen that causes a wide varie-
ty of clinical manifestations. Infections are common both in communi-
ty-acquired as well as hospital-acquired settings and treatment remains 

challenging to manage due to the emergence of multidrug resistant 

strains such as MRSA (methicillin-resistant S. aureus) [23]. S. aureus is 

found in the environment and is also found in normal human flora, lo-
cated on the skin and mucous membranes (most often the nasal area) of 

most healthy individuals. S. aureus does not normally cause infection 

on healthy skin; however, if it is allowed to enter the bloodstream or in-
ternal tissues, these bacteria may cause a variety of potentially serious 

infections [24]. Transmission is typically from direct contact. However, 
some infections involve other transmission methods [25]. 
 The results are arranged in Table 5 and presented graphically in 
the bar graph (Fig. 9). 

4. CONCLUSION 

In summary, two new Schiff bases ligands and their metal complexes 

were successfully prepared and characterized using 
1H-NMR, 

13C-
NMR, UV–Vis, FT-IR and SEM methods, which indicate the bimetallic 

structure in the metal complexes formula, the particle size of the com-
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plexes were in nanoscale. In addition, the biological activity against 
Escherichia coli and Staphylococcus aureus bacteria was studied; it 
was found that the prepared metal complexes have more biologically 
activity than Schiff bases ligands, which promises with amazing re-
sults for the prepared compounds in various pharmacological appli-
cations. 
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Êîìïîçèö³ÿ íàíî÷àñòèíîê ñð³áëà òà çîëîòà ÿê ñêëàäîâà 
êîìïîíåíòà ë³êàðñüêîãî çàñîáó «Êîàãóëîêñ_N» 

². Â. Çàòîâñüêèé, Ñ. Ì. Äèáêîâà, Ë. Ñ. Ðºçí³÷åíêî, Î. À. Öèãàíîâè÷, 
Ò. Ã. Ãðóç³íà, À. Â. Ïàíüêî, Â. À. Ïðîêîïåíêî 

²íñòèòóò á³îêîëî¿äíî¿ õ³ì³¿ ³ìåí³ Ô. Ä. Îâ÷àðåíêà ÍÀÍ Óêðà¿íè,  
áóëüâ. Àêàäåì³êà Âåðíàäñüêîãî, 42,  
03142 Êè¿â, Óêðà¿íà 

Â ðîáîò³ äîñë³äæåíî ìîæëèâîñò³ îäåðæàííÿ êîìïîçèö³¿ âîäíî-
ñïèðòîâèõ åêñòðàêò³â íåçð³ëèõ ïëîä³â ãîð³õà âîëîñüêîãî (Juglans regia 
L.) ç íàíî÷àñòèíêàìè ñð³áëà òà çîëîòà. Íàíî÷àñòèíêè çàçíà÷åíèõ ìåòà-
ë³â ñèíòåçîâàíî ã³äðîòåðìàëüíèì ìåòîäîì. Îäåðæàí³ íàíî÷àñòèíêè òà 
¿õíþ êîìïîçèö³þ ç ðîñëèííèìè åêñòðàêòàìè îõàðàêòåðèçîâàíî ìåòîäà-
ìè ÑÅÌ òà UV–Vis. Ïîêàçàíî, ùî ñèíòåçîâàí³ íàíî÷àñòèíêè ñð³áëà òà 
çîëîòà ìàþòü ñôåðè÷íó ôîðìó ç ä³ÿìåòðîì áëèçüêî 30 íì ³ õàðàêòåðí³ 
ï³êè âáèðàííÿ ³ç 427 íì ³ 528 íì â³äïîâ³äíî. Ìåòîäàìè ÄÍÊ-êîìåò ³ çà 
õàðàêòåðîì âïëèâó íà Mg2 -ÀÒÔàçíó àêòèâí³ñòü ìåìáðàííî¿ ôðàêö³¿ 
åóêàð³îòè÷íèõ êë³òèí ïîêàçàíî á³îáåçïå÷í³ñòü íàíî÷àñòèíîê îáîõ òè-
ï³â. Ïðîäåìîíñòðîâàíî ìîæëèâîñò³ ïîºäíàííÿ çîë³â ñð³áëà òà çîëîòà ç 
äîñë³äæåíèìè åêñòðàêòàìè íåçð³ëèõ ïëîä³â ãîð³õà âîëîñüêîãî ³ç çáåðå-
æåííÿì ìîðôîëîã³÷íèõ õàðàêòåðèñòèê íàíî÷àñòèíîê. Îäåðæàí³ ðåçóëü-
òàòè çàñâ³ä÷óþòü ïðèíöèïîâ³ ìîæëèâîñò³ âèêîðèñòàííÿ âèâ÷åíî¿ êîì-
ïîçèö³¿ ó ðîçðîáëþâàí³é ðåöåïòóð³ ë³êàðñüêîãî çàñîáó «Êîàãóëîêñ_N». 

The paper investigates the possibilities to prepare a composition of water–
alcohol extracts of unripe walnut fruits (Juglans regia L.) with the silver 
and gold nanoparticles. The metals’ nanoparticles are synthesized by the 
hydrothermal method. The synthesized nanoparticles and their composi-
tion with plant extracts are characterized by the SEM and UV–Vis meth-
ods. As shown, the synthesized silver and gold nanoparticles have a spher-
ical shape with a diameter of about 30 nm and characteristic absorption 
peaks at 427 nm and 528 nm, respectively. The biosafety of nanoparticles 
of both types is shown by Comet assay and by the influence on the Mg2 -
ATPase activity of the membrane fraction of eukaryotic cells. The possi-
bilities to prepare the composition of the silver and gold sols with the in-
vestigated extracts of unripe walnut fruits, while preserving the morpho-
logical characteristics of nanoparticles, are demonstrated. The obtained 
results show the possibilities to use the studied composition in the devel-
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Nanosistemi, Nanomateriali, Nanotehnologii 
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1. ÂÑÒÓÏ 

Çà îñòàíí³ ðîêè ïðîáëåìà ðîçðîáêè íîâèõ âèñîêîåôåêòèâíèõ êðî-
âîñïèííèõ ³ ðàíîçàãîþâàëüíèõ ë³êàðñüêèõ êîìïîçèö³é íàáóëà 
çíà÷íî¿ àêòóàëüíîñòè ÿê â Óêðà¿í³, òàê ³ ó ðÿä³ ³íøèõ êðà¿í, ÿê³ 
ïîòåðïàþòü â³ä ³íòåíñèâíèõ áîéîâèõ ä³é. Ñë³ä çàçíà÷èòè, ùî òðà-
äèö³éí³ íà ñüîãîäí³ çàñîáè çóïèíåííÿ âåëèêèõ êðîâîòå÷ (ãîìåîñòà-
òè÷í³ ãóáêè, òðîìá³í, ïðåïàðàòè íà îñíîâ³ ì³íåðàëüíî¿ ñèðîâèíè 
— öåîë³òè òà ³í.) [1, 2] º ä³ºâèìè ëèøå íà ñòàä³¿ íàäàííÿ ïåðâèí-
íî¿ äîïîìîãè òà íå çàáåçïå÷óþòü ïîäàëüøå åôåêòèâíå ë³êóâàííÿ. 
Òîìó áàçîâ³ âèìîãè äî çàñîá³â ïîäàëüøîãî ë³êóâàííÿ òà â³äíîâëåí-
íÿ ìàþòü îõîïëþâàòè á³ëüø øèðîêèé ñïåêòåð ä³¿, à ñàìå, ïðîëîí-
ãîâàíó çíåçàðàæóâàëüíó àêòèâí³ñòü ó ïîºäíàíí³ ç ðå÷îâèíàìè, ÿê³ 
ñïðèÿëè á øâèäêîìó çàãîºííþ ðàí ÷è îï³ê³â. Òàêå êîìïëåêñíå çà-
âäàííÿ ïåðåäáà÷àº îõîïëåííÿ êîìïîíåíò³â ð³çíî¿ ïðèðîäè ó ðàì-
êàõ îäíîãî ïðåïàðàòó, ó òîìó ÷èñë³ ³ç ìîæëèâèì çàëó÷åííÿì 
îñòàíí³õ äîñÿãíåíü ìåäè÷íèõ íàíîòåõíîëîã³é. 
 Ó â³äïîâ³äíîñò³ äî çàçíà÷åíîãî ï³äõîäó òóò ìè ðîçãëÿäàºìî 
øëÿõè ìîäèô³êóâàííÿ òà ðîçøèðåííÿ ðàíîçàãîþâàëüíèõ òà àí-
òèì³êðîáíèõ âëàñòèâîñòåé ë³êàðñüêî¿ êîìïîçèö³¿, ÿêà ñòâîðþâà-
ëàñÿ äëÿ ïîòðåá õâîðèõ íà ãåìîô³ë³þ, — ðåöåïòóðè «Êîàãóëîêñ» 
[3]. Ïåðâèííà êîìïîçèö³ÿ «Êîàãóëîêñ» ïåðåäáà÷àëà êîìá³íóâàí-
íÿ òåðìîîáðîáëåíî¿ ãëèíèñòî¿ ì³íåðàëüíî¿ ñèðîâèíè (ìåòàêàîë³í, 
ÿêèé ÷åðåç âïëèâ íà XII-ôàêòîð çãîðòàííÿ êðîâ³ àêòèâóº ìåõà-
í³çì ïðîòðîìá³íàçîóòâîðåííÿ òà ñïðèÿº ïåðåòâîðåííþ ïðîòðîìá³-
íó ó òðîìá³í), êðåìíåçåìó é åêñòðàêòó íåçð³ëèõ ïëîä³â ãîð³õà âî-
ëîñüêîãî (Juglans regia L., ÿêèé ì³ñòèòü ðå÷îâèíè, ùî ñïðèÿþòü 
ñòèìóëÿö³¿ ñóäèííî-òðîìáîöèòàðíîãî ãåìîñòàçó). Îäíàê òàêà 
êîìïîçèö³ÿ â ïîâí³é ì³ð³ íå çàáåçïå÷óº ïðîòèä³þ óñêëàäíåííÿì, 
ùî âèíèêàþòü ÿê íàñë³äîê ³íô³êóâàííÿ ðàí. Ç ³íøîãî áîêó, â³-
äîìî, ùî íàíî÷àñòèíêè ðÿäó ìåòàë³â (ñð³áëî, çîëîòî òà ³í.) ìàþòü 
çíà÷íó àíòèì³êðîáíó àêòèâí³ñòü ïî â³äíîøåííþ ÿê äî ãðàì-
ïîçèòèâíèõ, òàê ³ ãðàì-íå´àòèâíèõ ïàòîãåííèõ ì³êðîîðãàí³çì³â 
[4, 5]. Á³ëüø òîãî, òàê³ íàíî÷àñòèíêè ìàþòü ïðîòèçàïàëüíèé ³ 
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ðå´åíåðàòèâíèé ïîòåíö³ÿë ï³ä ÷àñ ë³êóâàííÿ ³íôåêö³éíèõ óñêëà-
äíåíü ó õ³ðóðã³¿ [6–8]. Öå ñòâîðþº áàçèñ ó êîìá³íóâàíí³ íàíî÷àñ-
òèíîê ìåòàë³â ç ö³ëèì ðÿäîì ìåäè÷íèõ çàñîá³â, çîêðåìà çãàäàíîþ 
êîìïîçèö³ºþ «Êîàãóëîêñ», ç ìåòîþ çíà÷íîãî ïîë³ïøåííÿ ¿õí³õ 
ðàíîçàãîþâàëüíèõ âëàñòèâîñòåé. 
 Â³äïîâ³äíî, âàæëèâèì àñïåêòîì äîñë³äæåíü º âèÿâëåííÿ îñîá-
ëèâîñòåé ³ ìîæëèâîñòåé êîìá³íóâàííÿ íàíî÷àñòèíîê ìåòàë³â ç 
ð³çíèìè êîìïîíåíòàìè ìåäè÷íèõ êîìïîçèö³é, ÿê³ ìàþòü çàáåçïå-
÷óâàòè ñòàá³ëüí³ñòü óñ³õ ñêëàäîâèõ òà ¿õíþ áåçïå÷í³ñòü. Àíàë³çà 
ë³òåðàòóðíèõ äæåðåë ïîêàçàëà, ùî çà îñòàíí³é ÷àñ ³íòåðåñ äî äî-
ñë³äæåííÿ àíàëîã³÷íèõ íàíîâì³ñíèõ ñèñòåì çíà÷íî çð³ñ [9–12] ³ 
ìàº çíà÷íèé ïîòåíö³ÿë ïðàêòè÷íîãî âèêîðèñòàííÿ, çîêðåìà ó ìå-
äè÷í³é ñôåð³. 
 Ó äàí³é ðîáîò³ äîñë³äæåíî ìîæëèâîñò³ ïîºäíàííÿ âîäíî-
ñïèðòîâèõ åêñòðàêò³â íåçð³ëèõ ïëîä³â ãîð³õà âîëîñüêîãî (Juglans 
regia L.) ç íàíî÷àñòèíêàìè ñð³áëà òà çîëîòà ç ìåòîþ ñòâîðåííÿ 
íîâî¿ ë³êàðñüêî¿ êîìïîçèö³¿ «Êîàãóëîêñ_N», à òàêîæ ïðîâåäåíî 
îö³íêó áåçïå÷íîñòè ïðàêòè÷íîãî âèêîðèñòàííÿ íàíîôîðì çàçíà-
÷åíèõ ìåòàë³â. 

2. ÌÅÒÎÄÈÊÀ ÅÊÑÏÅÐÈÌÅÍÒÓ 

Ñèíòåçà íàíî÷àñòèíîê çîëîòà òà ñð³áëà. Îäåðæàííÿ íàíî÷àñòè-
íîê ñð³áëà òà çîëîòà çä³éñíþâàëè â ã³äðîòåðìàëüíèõ óìîâàõ çà 
òåìïåðàòóðè ó 121 Ñ òà òèñêó â 1,04 àòì. ßê âèõ³äí³ ðåà´åíòè 
áóëî âèêîðèñòàíî AgNO3 ( 99%, Sigma-Aldrich), HAuCl4·3H2O 
( 99.9%, Sigma-Aldrich), òàí³íîâó êèñëîòó (ôàðì., ²ñïàí³ÿ), öèò-
ðàò Íàòð³þ («õ.÷.») ³ K2CO3 (99,995%, Sigma-Aldrich). Ñèíòåçó 
âîäíèõ ðîç÷èí³â íàíî÷àñòèíîê ñð³áëà ç ÑAg 8,0 ìã/ìë (çà ìåòà-
ëîì) ïðîâîäèëè øëÿõîì â³äíîâëåííÿ 149 ìÌ-ðîç÷èíó í³òðàòó 
Àð´åíòóìó 4 ìÌ-ðîç÷èíîì òàí³íîâî¿ êèñëîòè ó ïðèñóòíîñò³ 222 
ìÌ-ðîç÷èíó êàðáîíàòó Êàë³þ. Íàíî÷àñòèíêè çîëîòà ç ÑAu 154,4 
μã/ìë (çà ìåòàëîì) îäåðæóâàëè â³äíîâëåííÿì 29 ìÌ-ðîç÷èíó 
HAuCl4 3H2O ðîç÷èíàìè ñóì³ø³ 8 ìÌ-öèòðàòó Íàòð³þ òà 0,1 ìÌ-
òàí³íîâî¿ êèñëîòè â ïðèñóòíîñò³ 15 ìÌ-ðîç÷èíó K2CO3. Â îáîõ 
âèïàäêàõ ÷àñ âçàºìîä³¿ ñêëàäàâ 15 õâ. 
Îäåðæàííÿ âîäíî-ñïèðòîâèõ åêñòðàêò³â íåçð³ëèõ ïëîä³â ãîð³õà 
âîëîñüêîãî (Juglans regia L.) é îäåðæàííÿ êîìïîçèò³â ç íàíî÷àñ-
òèíêàìè. Íåçð³ë³ ïëîäè ãîð³õà âîëîñüêîãî (Juglans regia L.) ïîä-
ð³áíþâàëè ó íîæîâîìó ìëèí³, äîäàâàëè 40% ìàñ. âîäí³ ðîç÷èíè 
ñïèðòó åòèëîâîãî, ãåðìåòè÷íî çàêîðêîâóâàëè òà çáåð³ãàëè âïðî-
äîâæ 21 äíÿ ó òåìíîìó ì³ñö³ ç ïåð³îäè÷íèì ñòðóøóâàííÿì, ï³ñëÿ 
÷îãî ô³ëüòðóâàëè. Áóëî âèãîòîâëåíî äâà òèïè åêñòðàêò³â, ÿê³ â³ä-
ïîâ³äàëè ð³çí³é ïî÷àòêîâ³é ÷àñòö³ íåçð³ëèõ ïëîä³â ãîð³õó: 23,0 ³ 
37,5% ìàñ., ùî â ïîäàëüøîìó ïîçíà÷àëè ÿê Å-1 ³ Å-2 â³äïîâ³äíî. 
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Àíàë³çó ñóìàðíîãî âì³ñòó åêñòðàãîâàíèõ ðå÷îâèí â åêñòðàêòàõ 
çä³éñíþâàëè øëÿõîì âèñóøóâàííÿ ¿õ äî ïîñò³éíî¿ ìàñè (òåìïåðà-
òóðà — 105 Ñ, ÷àñ — 90 õâ.), ùî â³äïîâ³äàëî çíà÷åííÿì 1,55% 
ìàñ. (çðàçîê Å-1) ³ 3,04% ìàñ. (çðàçîê Å-2). 
 Äëÿ ïîð³âíÿííÿ òàêîæ âèêîðèñòîâóâàëè êîìåðö³éíèé çðàçîê 
âîäíî-ñïèðòîâîãî åêñòðàêòó íåçð³ëèõ ïëîä³â ãîð³õà âîëîñüêîãî 
âèðîáíèöòâà «×Ï Ñ³ëüñüêå ãîñïîäàðñòâî Óêðà¿íè». Çàëèøîê ñó-
õèõ ðå÷îâèí äëÿ öüîãî åêñòðàêòó çíàõîäèâñÿ ó ìåæàõ 0,1–0,2% 
ìàñ. 
 Êîìïîçèö³¿ íàíî÷àñòèíîê ñð³áëà é çîëîòà òà âîäíî-ñïèðòîâèõ 
åêñòðàêò³â íåçð³ëèõ ïëîä³â ãîð³õà âîëîñüêîãî (Juglans regia L.) 
ãîòóâàëè øëÿõîì çì³øóâàííÿ ¿õ. Äî 7,75 ìë åêñòðàêòó ï³ä ÷àñ 
ïåðåì³øóâàííÿ äîäàâàëè 1 ìë ðîç÷èíó íàíî÷àñòèíîê ñð³áëà 
(ÑAg 8,0 ìã/ìë), 1,25 ìë ðîç÷èíó íàíî÷àñòèíîê çîëîòà (ÑAu  

154,4 μã/ìë) ³ äîâîäèëè ðîç÷èí äî îá’ºìó ó 100 ìë åòèëîâèì 
ñïèðòîì ç ÷àñòêîþ ñïèðòó ó 35% ìàñ. Îñòàòî÷íèé âì³ñò íàíî÷àñ-
òèíîê ó òàêèõ ñèñòåìàõ ñêëàäàâ 0,8 ìã/ìë äëÿ ñð³áëà òà 19,3 
μã/ìë äëÿ çîëîòà. 
Ìåòîäè õàðàêòåðèçàö³¿. Âîäí³ ðîç÷èíè íàíî÷àñòèíîê ñð³áëà òà 
çîëîòà, à òàêîæ ¿õí³ êîìïîçèö³¿ ç åêñòðàêòàìè íåçð³ëèõ ïëîä³â 
ãîð³õà âîëîñüêîãî äîñë³äæóâàëè ç âèêîðèñòàííÿì UV–Vis-
ñïåêòðîñêîï³¿ (ñïåêòðîìåòåð Shimadzu UV-1800, ßïîí³ÿ) â ä³ÿïà-
çîí³ äîâæèí õâèëü 300–700 íì (êðîê ñêàíóâàííÿ — 0,5 íì). Çî-
áðàæåííÿ ñêàíóâàëüíî¿ åëåêòðîííî¿ ì³êðîñêîï³¿ (ÑÅÌ) îäåðæóâà-
ëè çà äîïîìîãîþ ì³êðîñêîïà TESCAN Mira 3 LMU (×åñüêà Ðåñïó-
áë³êà). 
Îö³íêà áåçïå÷íîñòè ñèíòåçîâàíèõ íàíî÷àñòèíîê ñð³áëà òà çîëîòà. 
Íàíî÷àñòèíêè îáîõ òèï³â îö³íþâàëè çà ïàðàìåòðàìè ãåíîòîêñè÷-
íîñòè òà á³îõåì³÷íèì ìàðêåðîì — âïëèâ íà Mg2 -ÀÒÔàçíó àêòè-
âí³ñòü ìåìáðàííî¿ ôðàêö³¿ åóêàð³îòè÷íèõ êë³òèí çã³äíî ç Ìåòî-
äè÷íèìè ðåêîìåíäàö³ÿìè «Îö³íêà áåçïåêè ë³êàðñüêèõ íàíîïðå-
ïàðàò³â» [13] ³ âèìîãàìè ÒÓ Ó 20.1-05402714-004-2014 Ñóáñòàí-
ö³ÿ ìåäèêî-á³îëîã³÷íîãî ïðèçíà÷åííÿ «Íàíî÷àñòèíêè çîëîòà». 
 Îö³íêó ãåíîòîêñè÷íîñòè íàíî÷àñòèíîê ìåòàë³â in vitro çä³éñ-
íþâàëè ìåòîäîì ÄÍÊ-êîìåò ó ëóæíèõ óìîâàõ ³ç çàñòîñóâàííÿì 
ïåðåùåïëþâàíî¿ êóëüòóðè êë³òèí íèðêè åìáð³îíà çåëåíî¿ ìàâïè 
Cercopithecus aethiops MA104 (MA-104 Clone 1, ATCC® CRL-2378.1). 
 Äëÿ âèÿâëåííÿ âïëèâó íàíî÷àñòèíîê ñð³áëà (AgNP) ³ çîëîòà 
(AuNP) íà âåëè÷èíó Mg2 -ÀÒÔàçíî¿ àêòèâíîñòè ñóìàðíî¿ ìåì-
áðàííî¿ ôðàêö³¿ åóêàð³îòè÷íèõ êë³òèí ÿê òåñòîâó áóëî âèêîðèñòà-
íî êóëüòóðó êë³òèí ô³áðîáëàñò³â ìèøåé L929. Êë³òèíè íàðîùóâà-
ëè ó ìîíîøàðîâ³é êóëüòóð³ ó ïëàñòèêîâèõ ôëàêîíàõ ç ïëîùåþ ó 
75 ñì2 ó ïîæèâíîìó ñåðåäîâèù³ DMEM/F12 ç äîäàâàííÿì 10% åì-
áð³îíàëüíî¿ ñèðîâàòêè òåëÿò (ÅÑÒ) òà àíòèá³îòèêà-àíòèì³êîòèêà çà 
37 Ñ â óìîâàõ ïîñò³éíîãî ð³âíÿ 5% ÑÎ2. Êë³òèíè çí³ìàëè ç ïîæè-
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âíîãî ñåðåäîâèùà ðîç÷èíîì âåðñåíó, â³äìèâàëè ñâ³æèì ïîæèâíèì 
ñåðåäîâèùåì, ï³äðàõîâóâàëè çàãàëüíó ê³ëüê³ñòü êë³òèí ³ âèçíà÷à-
ëè â³äñîòîê æèâèõ êë³òèí çà äîïîìîãîþ ôàðáóâàííÿ 0,3%-
ðîç÷èíîì òðèïàíîâîãî ñèíüîãî. 
 Ìåìáðàííó ôðàêö³þ êë³òèí L929 îäåðæóâàëè íàñòóïíèì ÷èíîì: 
êë³òèíè â³äìèâàëè â³ä ïîæèâíîãî ñåðåäîâèùà ñòàíäàðòíèì ÔÑÁ-
áóôåðîì äâîêðàòíèì öåíòðîôó´óâàííÿì ³ç 2000 îá/õâ. óïðîäîâæ 5 
õâ.; ïîò³ì ïîâòîðíî ñóñïåíäóâàëè ó áóôåð³ äëÿ åêñòðàêö³¿ öèòîçî-
ëÿ: 250 ìÌ-ñàõàðîçà, 70 ìÌ-KCl, 250 ìêã/ìë äèã³òîí³í, 1 ìÌ-
ÔÌÑÔ, 5 ìÌ-ÅÄÒÀ íà ÔÑÁ-áóôåð³ (ðÍ 7,4); ³íêóáóâàëè âïðîäîâæ 
10 õâ. çà 4 Ñ çà óìîâè ïîñò³éíîãî ïåðåì³øóâàííÿ (âîäíî÷àñ 80–
90% êë³òèí ñòàþòü ïðîíèêíèìè äëÿ òðèïàíîâîãî ñèíüîãî). Ñó-
ñïåíç³þ îáðîáëÿëè óëüòðàçâóêîì ³ç îõîëîäæåííÿì óïðîäîâæ 1 õâ. 
(äåç³íòå´ðàòîð ÓÇÄÍ-1, 22 êÃö, ñèëà àíîäíîãî ñòðóìó — 0,4–0,7 
À, ðåçîíàíñí³ óìîâè). Îäåðæàíèé äåç³íòå´ðàò îñàäæóâàëè öåíòðî-
ôó´óâàííÿì ³ç 8000 îá/õâ. óïðîäîâæ 10 õâ. Îñàä (ìåìáðàííó ôðà-
êö³þ) çíîâó ñóñïåíäóâàëè ó ñåðåäîâèù³: 20 ìÌ-Òðèñ-HCl, 3 ìÌ-
MgCl2 (ðÍ 7,4). 
 Îäåðæàíèé ïðåïàðàò ìåìáðàííî¿ ôðàêö³¿ õàðàêòåðèçóâàëè çà 
âì³ñòîì á³ëêà ïî ìåòîäó Ëîóð³. Âèçíà÷åííÿ Mg2+-ÀÒÔàçíî¿ àêòè-
âíîñòè ñóìàðíî¿ ìåìáðàííî¿ ôðàêö³¿ ïðîâîäèëè çã³äíî ç [13]. Âå-
ëè÷èíó àêòèâíîñòè îö³íþâàëè ó â³äíîñíèõ îäèíèöÿõ Aå/A0, äå A0 
— øâèäê³ñòü ÀÒÔàçíî¿ ðåàêö³¿ ³íòàêòíèõ ïëàçìàòè÷íèõ ìåì-
áðàí, à Aå — öåé æå ïîêàçíèê äëÿ ìîäèô³êîâàíèõ íàíî÷àñòèíêà-
ìè ïðåïàðàò³â. 
 ßê ïîçèòèâíèé êîíòðîëü, — òîêñè÷íèé âïëèâ íà Mg2 -
ÀÒÔàçíó àêòèâí³ñòü, — âèêîðèñòîâóâàëè ðàí³øå äîñë³äæåíèé 
êîí’þãàò AuNP–àëüáóöèä â òîêñè÷í³é êîíöåíòðàö³¿ [14]. 

3. ÐÅÇÓËÜÒÀÒÈ É ÎÁÃÎÂÎÐÅÍÍß 

Ô³çèêî-õåì³÷íà õàðàêòåðèçàö³ÿ ñèíòåçîâàíèõ íàíî÷àñòèíîê ñð³-
áëà òà çîëîòà. Ðîçì³ð ³ ôîðìó ñèíòåçîâàíèõ íàíî÷àñòèíîê ñð³áëà 
òà çîëîòà îö³íþâàëè çà ðåçóëüòàòàìè ñêàíóâàëüíî¿ åëåêòðîííî¿ 
ì³êðîñêîï³¿. Çîáðàæåííÿ ÑÅÌ âèÿâèëè (ðèñ. 1), ùî â îáîõ âèïàä-
êàõ ôîðìóþòüñÿ ÷àñòèíêè ó ôîðì³ êóëüîê ç íåçíà÷íèì ñòóïåíåì 
äåôîðìàö³¿. Ñåðåäí³é ä³ÿìåòåð íàíî÷àñòèíîê ñð³áëà çíàõîäèòüñÿ â 
ìåæàõ â³ä 25 äî 35 íì (ðèñ. 1, à) ³ º äîñòàòíüî ð³âíîì³ðíèì çà 
ôðàêö³éíèì ñêëàäîì. Â³äïîâ³äíî, ìîæíà àïðîêñèìóâàòè ä³ÿìåòåð 
òàêèõ ÷àñòèíîê ÿê áëèçüêî 30 íì. Íàíî÷àñòèíêè çîëîòà (ðèñ. 1, 
á) ìàþòü ïîä³áíèé ôðàêö³éíèé ñêëàä (áëèçüêî 30 íì), àëå â 
á³ëüø øèðîêèõ ìåæàõ. ßê ìîæíà áà÷èòè, çóñòð³÷àþòüñÿ ÷àñòèí-
êè á³ëüøîãî (àæ äî 50 íì) ³ ìåíøîãî ðîçì³ðó (á³ëÿ 20 íì). 
 Îäåðæàí³ ðåçóëüòàòè ÑÅÌ ö³ëêîì êîðåëþþòü ç ðåçóëüòàòàìè 
UV–Vis-ñïåêòðîñêîï³¿ ðîç÷èí³â íàíî÷àñòèíîê. Òàê, ó ñåêòîð³ íà-
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íî÷àñòèíîê ñð³áëà ÷³òêî ïðîÿâëÿºòüñÿ ï³ê âáèðàííÿ áëèçüêî 427 
íì (ðèñ. 2, ñïåêòåð 1). 
 Çàçíà÷èìî, ùî ïîëîæåííÿ ï³êà âáèðàííÿ ó ñïåêòð³â íàíî÷àñ-
òèíîê ñð³áëà, ÿêèé çóìîâëåíèé õàðàêòåðíèì ïîâåðõíåâèì ïëàç-
ìîííèì ðåçîíàíñîì (ÏÏÐ), çàëåæèòü â³ä áàãàòüîõ ÷èííèê³â (ðîç-
ì³ðó, ôîðìè, ïîë³äèñïåðñíîñòè ÷àñòèíîê) ³ çàçâè÷àé ñïîñòåð³ãà-
ºòüñÿ äëÿ ä³ëÿíêè ÷àñòîò 400–410 íì [15]. Îäíàê ñìóãà ÏÏÐ ìî-
æå ³ñòîòíî çì³ùàòèñÿ ó ÷åðâîíèé á³ê ñïåêòðó, ùî çóìîâëåíî çì³-

  
à      á 

Ðèñ. 1. ÑÅÌ-çîáðàæåííÿ îäåðæàíèõ íàíî÷àñòèíîê (a) ñð³áëà òà (á) çîëî-
òà.1 

 

Ðèñ. 2. UV–Vis-ñïåêòðè äëÿ ðîç÷èí³â íàíî÷àñòèíîê: 1 — ñð³áëà (ðîçáàâ-
ëåíî äèñòèëüîâàíîþ âîäîþ ó 30 ðàç³â); 2 — çîëîòà (ðîçáàâëåíî äèñòè-
ëüîâàíîþ âîäîþ ó 2 ðàçè); 3 — çîëîòà (ðîçáàâëåíî äèñòèëüîâàíîþ âîäîþ 
ó 4 ðàçè).2 
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íîþ ä³åëåêòðè÷íîãî ñåðåäîâèùà íà ¿¿ ïîâåðõí³ çàâäÿêè ïðîöåñàì 
ñîðáö³¿ ôðà´ìåíò³â îðãàí³÷íîãî â³äíîâíèêà. Ó ðîáîò³ [16] ïðîäå-
ìîíñòðîâàíî, ùî äëÿ ÷àñòèíîê ñð³áëà ç ñåðåäí³ì ä³ÿìåòðîì ó 30 
íì àáñîðáîâàíèé øàð ñïðè÷èíÿº çì³ùåííÿ ï³êà ñìóãè âáèðàííÿ 
äî çíà÷åíü ó 426–428 íì, ÿêå é ñïîñòåð³ãàºòüñÿ ó íàøîìó âèïàä-
êó (ðèñ. 2, ñïåêòåð 1). Äëÿ ðîç÷èí³â íàíî÷àñòèíîê çîëîòà ó UV–
Vis-ñïåêòðàõ ñïîñòåð³ãàºòüñÿ ñìóãà âáèðàííÿ áëèçüêî 528 íì, ïî-
ëîæåííÿ ÿêî¿ íå çàëåæèòü â³ä ñòóïåíÿ ðîçáàâëåííÿ ðîç÷èíó 
(ðèñ. 2, ñïåêòðè 2 òà 3). Çã³äíî ç [17], çàçíà÷åíå ïîëîæåííÿ ñìó-
ãè êîðåëþº ç íàíî÷àñòèíêàìè çîëîòà ä³ÿìåòðîì áëèçüêî 30 íì. 
 UV–Vis-ñïåêòðè åêñòðàêò³â íåçð³ëèõ ïëîä³â ãîð³õà âîëîñüêîãî 
(Juglans regia L.) íàâåäåíî íà ðèñ. 3, a. Â çâ’ÿçêó ç³ çíà÷íèì âáè-
ðàííÿì âèõ³äíèõ åêñòðàêò³â ¿õ ïîïåðåäíüî ðîçáàâëÿëè ðîç÷èíîì 
35% ìàñ. ñïèðòó åòèëîâîãî ó ïðîïîðö³ÿõ ñïèðò:åêñòðàêò ÿê 4:1, 
ÿê äëÿ êîìåðö³éíîãî çðàçêà, òàê ³ äëÿ çðàçê³â Å-1 òà Å-2. Ó ñïåê-
òð³ êîìåðö³éíîãî çðàçêà åêñòðàêòó ó ì³ðó çìåíøåííÿ äîâæèíè 
õâèë³ (ä³ÿïàçîí — 350–700 íì) ñïîñòåð³ãàºòüñÿ ïîñòóïîâå íàðîñ-
òàííÿ âáèðàííÿ ñâ³òëà áåç âèðàæåíèõ ï³ê³â (ðèñ. 3, à, ñïåêòåð 1). 
Â òîé æå ÷àñ, äëÿ îäåðæàíèõ åêñòðàêò³â Å-1 òà Å-2 â îáëàñò³ äî-
âæèí õâèëü ó 400–550 íì â³äáóâàºòüñÿ ð³çêå ï³äâèùåííÿ âáè-
ðàííÿ òà ôîðìóâàííÿ ïëàòî (ðèñ. 3, à, ñïåêòðè 2 òà 3). Òàêó ïî-
âåä³íêó ñë³ä ïîâ’ÿçóâàòè ç ïðèñóòí³ñòþ â åêñòðàêòàõ çíà÷íèõ ê³-
ëüêîñòåé îðãàí³÷íèõ ðå÷îâèí, äëÿ ÿêèõ º õàðàêòåðíèì âáèðàííÿ 
ó âèäèì³é ä³ëÿíö³ ñïåêòðó. 
 Ñïåêòðè UV–Vis âáèðàííÿ êîìïîçèö³é åêñòðàêò³â ç íàíî÷àñòè-
íêàìè ñð³áëà òà çîëîòà (ðèñ. 3, á) º ïîä³áíèìè äî ñïåêòð³â åêñò-
ðàêò³â (ðèñ. 3, à). Öå çóìîâëåíî äâîìà ïðè÷èíàìè. Ïî-ïåðøå, â 

 
à      á 

Ðèñ. 3. UV–Vis-ñïåêòðè (a) åêñòðàêò³â íåçð³ëèõ ïëîä³â ãîð³õà âîëîñüêîãî 
(1 — êîìåðö³éíèé åêñòðàêò; 2 — åêñòðàêò Å-1; 3 — åêñòðàêò Å-2) òà (á) 
êîìïîçèö³é åêñòðàêò³â ç íàíî÷àñòèíêàìè ñð³áëà òà çîëîòà (1 — êîìåð-
ö³éíèé åêñòðàêò; 2 — åêñòðàêò Å-1; 3 — åêñòðàêò Å-2).3 
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îáëàñò³ 400–550 íì âáèðàííÿ åêñòðàêò³â âæå º äóæå ³ñòîòíèì. 
Ïî-äðóãå, êîíöåíòðàö³ÿ íàíî÷àñòèíîê ìåòàë³â ó ñêëàä³ êîìïîçè-
ö³é º íåçíà÷íîþ, ùî óíåìîæëèâëþº ³äåíòèô³êóâàòè ¿õí³ ï³êè íà 
ôîí³ âáèðàííÿ åêñòðàêò³â. 
 Äëÿ ïåðåâ³ðêè ñòàá³ëüíîñòè íàíî÷àñòèíîê ñð³áëà òà çîëîòà ó 
êîìïîçèö³ÿõ áóëî âèêîðèñòàíî ìåòîä ÑÅÌ. Îäåðæàí³ çîáðàæåííÿ 
ÑÅÌ (ðèñ. 4) ñâ³ä÷àòü ïðî çáåðåæåííÿ çàãàëüíî¿ ìîðôîëîã³¿ íàíî-
÷àñòèíîê ìåòàë³â (ôîðìè é ðîçì³ðó) òà ïðèíöèïîâó ìîæëèâ³ñòü 
ôîðìóâàííÿ çàçíà÷åíèõ êîìïîçèö³é. 
Îö³íêà áåçïå÷íîñòè ñèíòåçîâàíèõ íàíî÷àñòèíîê ñð³áëà òà çîëîòà. 
Ðåçóëüòàòè äîñë³äæåííÿ íàíî÷àñòèíîê çîëîòà òà ñð³áëà çà ïîêàç-
íèêîì ãåíîòîêñè÷íîñòè in vitro íàâåäåíî â òàáë. 
 Òàê, íàíî÷àñòèíêè çîëîòà òà ñð³áëà íå âèÿâëÿëè ãåíîòîêñè÷íî¿ 
ä³¿ íà êóëüòóðè êë³òèí ë³í³¿ ÌÀ 104. Ïîêàçíèêè ãåíîòîêñè÷íîñòè 
«²ÄÍÊ» äîñë³äæóâàíèõ íàíî÷àñòèíîê çîëîòà òà ñð³áëà º áëèçüêèìè 
äî ð³âíÿ íå´àòèâíîãî êîíòðîëþ. 
 Mg2 -çàëåæíà ÀÒÔ-ã³äðîëàçíà (Mg2 -ÀÒÔàçíà) àêòèâí³ñòü ìåì-
áðàí åóêàð³îòè÷íèõ êë³òèí ï³äòðèìóº ô³ç³îëîã³÷íèé ð³âåíü ¿õíüî-
ãî åíåðãåòè÷íîãî ìåòàáîë³çìó ÷åðåç ã³äðîë³çó îñíîâíîãî åíåðãåòè-

 

Ðèñ. 4. ÑÅÌ-çîáðàæåííÿ êîìïîçèö³é åêñòðàêò³â íåçð³ëèõ ïëîä³â ãîð³õà 
âîëîñüêîãî (Juglans regia L.) ³ íàíî÷àñòèíîê ñð³áëà òà çîëîòà çà ð³çíèõ 
çá³ëüøåíü.4 

ÒÀÁËÈÖß. Îö³íêà ãåíîòîêñè÷íîñòè ñèíòåçîâàíèõ íàíî÷àñòèíîê ñð³áëà 
òà çîëîòà.5 

Çðàçîê 
²íäåêñ «ÄÍÊ-êîìåò», 

²ÄÍÊ 
Âèñíîâîê  

ïðî ãåíîòîêñè÷í³ñòü 
Íå´àòèâíèé êîíòðîëü 0,415 0,001 Íåãåíîòîêñè÷íèé 
Ïîçèòèâíèé êîíòðîëü 2,112 0,002 Ãåíîòîêñè÷íèé 

AuNP 0,418 0,001 Íåãåíîòîêñè÷íèé 
AgNP 0,421 0,001 Íåãåíîòîêñè÷íèé 
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÷íîãî ñóáñòðàòó ÀÒÔ. Öÿ ôåðìåíòàòèâíà àêòèâí³ñòü º äîñòàòíüî 
÷óòëèâîþ äî òîêñè÷íîãî âïëèâó ðå÷îâèí, ùî óìîæëèâëþº ðîçã-
ëÿäàòè ¿¿ ÿê á³îõåì³÷íèé ìàðêåð òîêñè÷íîñòè ÷è òî á³îáåçïå÷íîñ-
òè [13]. 
 Ðåçóëüòàòè îö³íêè âïëèâó AuNP íà âåëè÷èíó Mg2 -ÀÒÔàçíî¿ 
àêòèâíîñòè ìåìáðàííî¿ ôðàêö³¿ êë³òèí L929 íàâåäåíî íà ðèñ. 5. 
ßê âèäíî ç ä³ÿãðàìè, ôåðìåíòàòèâíà àêòèâí³ñòü, ÿêà â³äîáðàæàº 
ð³âåíü åíåðãåòè÷íîãî îáì³íó êë³òèí L929, âèÿâèëà âèñîêó ÷óòëè-
â³ñòü äî òîêñè÷íî¿ ä³¿ âèêîðèñòàíîãî â ÿêîñò³ ïîçèòèâíîãî êîíò-
ðîëþ êîí’þãàíòó AuNP–àëüáóöèä. Îòæå, AuNP ó äîñë³äæåíèõ 
êîíöåíòðàö³ÿõ íå âïëèâàëè íà ð³âåíü ã³äðîë³çè ÀÒÔ ìåìáðàííî¿ 
ôðàêö³¿, ùî ìîæå ñâ³ä÷èòè ïðî ¿õíþ á³îáåçïå÷í³ñòü. 
 AgNP ó âèâ÷åíèõ êîíöåíòðàö³ÿõ ó ñåðåäíüîìó íà 10% ïîíè-
æóâàëè âåëè÷èíó Mg2 -ÀÒÔàçíî¿ àêòèâíîñòè, òîáòî ìàëè íåçíà÷-
íèé òîêñè÷íèé âïëèâ. Ïðîòå öåé âïëèâ íå º êðèòè÷íèì äëÿ ð³â-
íÿ á³îáåçïå÷íîñòè öèõ íàíî÷àñòèíîê (ðèñ. 6). 
 Îäåðæàí³ ðåçóëüòàòè äàëè çìîãó âñòàíîâèòè, ùî çà ïîêàçíèêà-
ìè ãåíîòîêñè÷íîñòè òà á³îõåì³÷íèì ìàðêåðîì ñèíòåçîâàí³ íàíî-
÷àñòèíêè ñð³áëà òà çîëîòà ó âêàçàíèõ ä³ÿïàçîíàõ ðîçì³ð³â ³ ôîðì³ 
º á³îáåçïå÷íèìè òà ìîæóòü áóòè âèêîðèñòàí³ ÿê ñêëàäîâà êîìïî-
íåíòà ë³êàðñüêîãî çàñîáó «Êîàãóëîêñ_N». 

4. ÂÈÑÍÎÂÊÈ 

Òàêèì ÷èíîì, ìåòîäîì ã³äðîòåðìàëüíî¿ ñèíòåçè îäåðæàíî íàíî-
÷àñòèíêè ñð³áëà òà çîëîòà ñôåðè÷íî¿ ôîðìè ç ðîçì³ðàìè áëèçüêî 
30 íì ³ ïîêàçàíî ¿õíþ á³îáåçïå÷í³ñòü in vitro. Âñòàíîâëåíî ìîæ-
ëèâ³ñòü ïîºäíàííÿ âèâ÷åíèõ íàíî÷àñòèíîê ç âîäíî-ñïèðòîâèìè 

 

Ðèñ. 5. Îö³íêà âïëèâó íàíî÷àñòèíîê çîëîòà (AuNP) íà âåëè÷èíó Mg2 -
ÀÒÔàçíî¿ àêòèâíîñòè ìåìáðàííî¿ ôðàêö³¿ êë³òèí L929.6 
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åêñòðàêòàìè íåçð³ëèõ ïëîä³â ãîð³õà âîëîñüêîãî (Juglans regia L.) 
³ç çáåðåæåííÿì ¿õí³õ ìîðôîëîã³÷íèõ õàðàêòåðèñòèê. Îäåðæàí³ 
ðåçóëüòàòè ïîêàçàëè ïåðñïåêòèâó âèêîðèñòàííÿ âèâ÷åíî¿ êîìïî-
çèö³¿ äëÿ ðîçðîáêè ðåöåïòóðè ë³êàðñüêîãî çàñîáó «Êîàãóëîêñ_N». 
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1 Fig. 1. SEM image of prepared nanoparticles of (a) silver and (á) gold. 
2 Fig. 2. UV–Vis spectra for solutions of nanoparticles: 1—silver (dilution with distilled wa-
ter of sample:H2O 1:30); 2—gold (dilution with distilled water of sample:H2O 1:2); 3—gold 
(dilution with distilled water of sample:H2O 1:4). 
3 Fig. 3. UV–Vis spectra of (a) extracts of unripe walnut fruits (1—commercial extract; 2—
extract E-1; 3—extract E-2) and (á) compositions of extracts with nanoparticles of silver and 
gold (1—commercial extract; 2—extract E-1; 3—extract E-2). 
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4 Fig. 4. SEM images of compositions of extracts of unripe walnut fruits (Juglans regia L.) 
and nanoparticles of silver and gold at different magnifications. 
5 TABLE. Assessment of genotoxicity of synthesized silver and gold nanoparticles. 
6 Fig. 5. Evaluation of the effect of gold nanoparticles (AuNP) on the value of Mg2 -ATPase 
activity of the membrane fraction of L929 cells. 
7 Fig. 6. Evaluation of the effect of gold nanoparticles (AgNP) on the value of Mg2 -ATPase 
activity of the membrane fraction of L929 cells. 
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Nanoparticles have been focussed on greatly to determine their application 
in various fields of science. Their versatility, which is a result of their 
size, is the key to their ability to be applied in varying areas of industry. 
The medical and pharmaceutical fields have seen a rise in resistance to the 
current treatment regimes available against some bacterial and fungal in-
fections among human beings and animals. This raises a need to find oth-
er ways to treat the particular microbes, which have become resistant. 
This study is focussed on the determination of the ability of nanoparticles 
to elicit antifungal and antibacterial activities, hence, providing a plat-
form or an option for their use in this regard. The nanoparticles of ZnO, 
ZnS, FeS2, and SnO2 are tested for antibacterial and antifungal activities 
using the well method. Varying amounts of the nanoparticles are loaded 
into the wells and observed for the development of inhibition zones after 
24 hours of culture at 37 C. The nanoparticles of FeS2 and ZnO are man-
aged to show broad-spectrum activity against the various bacterial and 
fungal isolates used in this study as evidenced by the fabrication of clear 
zones of inhibition. 

Âåëèêó óâàãó ïðèä³ëÿëàñÿ íàíî÷àñòèíêàì, ùîá âèçíà÷èòè ¿õí³ çàñòîñó-
âàííÿ â ð³çíèõ ãàëóçÿõ íàóêè. ¯õíÿ óí³âåðñàëüí³ñòü, ÿêà º ðåçóëüòàòîì 
¿õíüîãî ðîçì³ðó, º êëþ÷åì äî ¿õíüî¿ çäàòíîñòè çàñòîñîâóâàòèñÿ â ð³çíèõ 
ãàëóçÿõ ïðîìèñëîâîñòè. Ó ìåäè÷í³é ³ ôàðìàöåâòè÷í³é ãàëóçÿõ ñïîñòå-
ð³ãàºòüñÿ çðîñòàííÿ ðåçèñòåíòíîñòè äî íàÿâíèõ ðåæèì³â ë³êóâàííÿ äå-
ÿêèõ áàêòåð³ÿëüíèõ ³ ãðèáêîâèõ ³íôåêö³é ñåðåä ëþäåé ³ òâàðèí. Öå 
ñïðè÷èíÿº ïîòðåáó çíàéòè ³íø³ ñïîñîáè îáðîáëåííÿ êîíêðåòíèõ ì³êðî-
á³â, ÿê³ ñòàëè ñò³éêèìè. Äàíå äîñë³äæåííÿ áóëî çîñåðåäæåíî íà âèçíà-
÷åíí³ çäàòíîñòè íàíî÷àñòèíîê âèÿâëÿòè ïðîòèãðèáêîâó é àíòèáàêòåð³ÿ-
ëüíó àêòèâíîñò³, îòæå, çàáåçïå÷óþ÷è ïëàòôîðìó àáî âàð³ÿíò äëÿ âèêî-
ðèñòàííÿ ¿õ â öüîìó â³äíîøåíí³. Íàíî÷àñòèíêè ZnO, ZnS, FeS2 ³ SnO2 

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
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Íàäðóêîâàíî â Óêðà¿í³. 
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ïåðåâ³ðÿëè íà àíòèáàêòåð³ÿëüíó òà ïðîòèãðèáêîâó àêòèâíîñò³ ìåòîäîì 
ëóíêè. Ð³çíó ê³ëüê³ñòü íàíî÷àñòèíîê çàâàíòàæóâàëè â ëóíêè òà ñïîñòå-
ð³ãàëè çà ðîçâèòêîì çîí ³íã³áóâàííÿ ï³ñëÿ 24 ãîäèí êóëüòèâóâàííÿ çà 
37 C. Íàíî÷àñòèíêè FeS2 ³ ZnO ïîêàçàëè øèðîêèé ñïåêòåð àêòèâíîñòè 
ïðîòè ð³çíèõ áàêòåð³ÿëüíèõ ³ ãðèáêîâèõ ³çîëÿò³â, âèêîðèñòàíèõ ó öüî-
ìó äîñë³äæåíí³, ïðî ùî ñâ³ä÷èòü óòâîðåííÿ ÷³òêèõ çîí ³íã³áóâàííÿ. 

Key words: nanoparticles of ZnO, ZnS, FeS2 and SnO2, antifungal and an-
tibacterial activities. 

Êëþ÷îâ³ ñëîâà: íàíî÷àñòèíêè ZnO, ZnS, FeS2 ³ SnO2, ïðîòèãðèáêîâà é 
àíòèáàêòåð³ÿëüíà àêòèâíîñò³. 
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1. INTRODUCTION 

Nanoparticles are understood to be particles that have a size be-
tween 1–100 nanometres [1]. They have been reported for applica-
tion in biomedicine, advanced materials, pharmaceuticals, electron-
ics, magnetics and optoelectronics, cosmetics, energy, and catalytic 
and environmental detection and monitoring, communications, sens-
ing and data storage because of their important optical, electrical, 
and magnetic properties [1, 2]. Nanoparticles are a revelation in the 
medical field as they are said to be able to kill over 650 cells while 
antibiotics kill ten percent of what nanoparticles can kill [3]. 
 Major challenge has developed due to resistance by bacteria and 
fungi to current treatment regimes, because of broad use and abuse, 
hence, the need to develop and acquire new compounds for bacterial 
treatments. For example, tuberculosis causing strains have devel-
oped resistance to antibacterial treatment that were effective 
against it and the resistant strains are now causing new infections 
that are resistant to current treatment regimes [4]. There is a lim-
ited range of antifungal drugs that are used against fungal infec-
tions, with systemic fungal infections being treated using four 
mainline classes of molecules, which include fluoropyrimidine ana-
logues, polyenes, azoles, and echinocandins. Morpholines and allyl 
amines have poor efficiency and severe adverse effects, when ad-
ministered systemically, hence, are not used like the other counter-
parts [5]. Hence, there is a great need to find new methods for 
treating the bacterial and fungal infections. 
 Nanoparticles have been shown to have antimicrobial, anti-
inflammatory and wound healing properties [6, 7], but information 
is still in its infancy as this is a new field. The small size of nano-
particles, a useful property in industry and medicine, has a direct 
effect on the reactivity of the nanoparticles, which, as the size gets 
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smaller, the reactivity increases and leads to higher toxic effects 
[8]. According to Ref. [9], toxicity can be dependent on a variety of 
factors, each factor being viable enough to cause toxicity and their 
combinations with even greater levels of toxicity. These include 
dose, size, surface area, crystal structure and chemistry, concentra-
tion, surface coating and functionalization. 
 Aggregation of particles has been noted when concentrations of 
nanoparticles are very high, which lead to a reduction in the toxic 
effect as compared to lower concentrations [10]. Smaller particles 
which can get into cells easier have been seen to have higher toxici-
ty as compared to larger particles (or aggregates) as they are easily 
stopped from entering the cells (macrophages) hence the low toxic 
levels [11, 12]. Toxicity studies have been carried out in many re-
gards, with some studies taking advantage of the toxicity of nano-
particles to determine their abilities as antimicrobial [13] and their 
capability to be antifungal agents. Reports have shown that green 
synthesised ZnO nanoparticles have effective action against bacteri-
al and fungal pathogens [6], while the toxicity of CuO, ZnO and 
TiO2 nanoparticles tested against microalgae [14]. Toxicity of metal 
oxide nanoparticles to E. coli, Bacillus subtilis and Streptococcus au-
reus were reported in Refs. [15–17], and ZnO nanoparticles were 
shown to have an antibacterial activity [18]. 
 This study was aimed at determining the antibacterial and anti-
fungal activities of ZnO, ZnS, FeS2, and SnO2 against a number of 
fungal and bacterial isolates. The thrust being on taking advantage 
of the toxicity of the nanoparticles to stop fungal and bacterial 
growth and, in addition, determining whether an increase in con-
centration or dose has an effect on the activity. This will add more 
knowledge to the growing field about the ability of these nanoparti-
cles as antimicrobials. 

2. MATERIALS AND METHODS 

2.1. Fungal and Bacterial Isolates 

The fungal (Aspergillus niger and Aspergillus fumigatus) and bacte-
rial (E. coli, Bacillus cereus and Bacillus subtillis) isolates were ob-
tained from the ITM University microbiology department. These 
were stored in a 4 C freezer and were revived by culturing them on 
SDA or NA respectively at 37 C for 24 hours. 

2.2. Nanoparticles 

Nanoparticles were obtained from the ITM University physics de-



218 Y. C. GOSWAMI, Ranjana GOSWAMI, and T. K. CHIROVA 

partment, where they were synthesised using the solution gel meth-
od. The nanoparticles had a concentration of 0.5 M in 50 cc of eth-
anol. 

2.3. Testing of Antifungal Activity of Nanoparticles 

Sabouraud Dextrose Agar media, 100 ml, was prepared and auto-
claved together with 6 Petri dishes at 121 C at 15 lbs of pressure 
for 15 minutes. Media was dispensed equally in a laminar airflow 
cabinet into the 6 Petri plates and allowed to set. Two (2) wells 
were punched at opposite ends on the set media on 4 of the Petri 
plates using a sterile borer with a diameter of 6 mm. Four (4) of the 
Petri plates were inoculated with Aspergillus niger or Aspergillus 
fumigatus using a spreader. One Petri plate was also inoculated 
with the fungi and used as a positive control and the negative con-
trol was the one not inoculated with the fungi. 

2.4. Testing of Antibacterial Activity of Nanoparticles 

Nutrient Agar media, 100 ml, was prepared and autoclaved together 
with 6 Petri dishes at 121 C at 15 lbs of pressure for 15 minutes. 
Media was dispensed equally in a laminar airflow cabinet into the 6 
Petri plates and allowed to set. Two (2) wells were punched at oppo-
site ends on the set media on 4 of the Petri plates using a sterile 
borer with a diameter of 6 mm. Bacterial suspension was made by 
taking bacteria on an inoculating loop and suspending it in 1.2 ml 
of sterilised distilled water. Using a micropipette, 40 μL of the sus-
pension was placed in a Petri plate and spread using a sterilised 
glass spreader. Four (4) of the Petri plates were inoculated with E. 
coli or Bacillus subtillis or Bacillus Cereus. One Petri plate, that 
was not punched wells into, was also inoculated with the fungi and 
used as a positive control and the negative control was one not in-
oculated with bacteria. 
 Nanoparticles of ZnO, FeS2, SnO2 or ZnS were loaded into one of 
the wells aseptically using a micropipette at varying concentrations 
of 15 μL, 20 μL, 25 μL and 30 μL and, in each Petri plate, an equal 
amount of ethanol was loaded into the other well. The Petri plates 
were then cultured at 37 C for 24 hours in an incubator. Cultured 
plates were observed after 24 hours and were checked for develop-
ment of a circular zone of inhibition around the well inoculated 
with nanoparticles or ethanol. The diameter of the zone of inhibi-
tion, if developed, was measured using a 30 cm metre rule and rec-
orded. The tests were done three times, and the results were then 
averaged to get final values. 
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3. RESULTS AND DISCUSSION 

3.1. Antifungal Tests Results 

The nanoparticles used in the experiment produced results against 
fungi as depicted in Figs. 1 and 2 using the well method. The re-
sults were based on the production of a zone of inhibition, whose 
diameter was measured, to ascertain the activity of the particular 
nanoparticle against the fungi. 
 The results presented in Fig. 1 show that FeS2 and ZnO managed 

 

Fig. 1. Diameter of zone of inhibition results produced by nanoparticles at 
varying concentrations against Aspergillus niger. 

 

Fig. 2. Diameter of zone of inhibition results produced by nanoparticles at 
varying concentrations against Aspergillus fumigatus. 
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to produce zones of inhibition against A. niger for all the concentra-
tions of nanoparticles used in the experiment. Whilst, SnO2 and ZnS 
produced negative results for all the concentrations used against A. 
niger. According to Ref. [6], the presence of zone of inhibitions is 
an indicator of the fungicidal action of the nanoparticles, with the 
mechanism of action highly being that of ROS production. This was 
in agreement with results obtained in this study. The diameter of 
the zone of inhibition increased for FeS2 and ZnO, which had posi-
tive results, as the concentration of the nanoparticles increased. 
The production of the zone of inhibition by FeS2 and ZnO against 
A. niger showed that the nanoparticles have good antifungal activi-
ty, as they managed to prevent the growth of the fungi near the 
loaded wells. The FeS2, however, proved to have better antifungal 
activity than the ZnO against A. niger as the minimal concentration 
(15 μL) had 20 mm diameter of zone of inhibition as compared to 
ZnO, which had 16 mm. While the 30-μL concentration for FeS2 had 
a 25 mm zone of inhibition and ZnO having 24 mm. The FeS2 15 μL 
and 20 μL had the same zone of inhibition diameter (of 20 mm) 
showing that the increase in concentration, from 15 μL to 20 μL, 
did not lead to an increase in the antifungal activity. This was in 
agreement with what Ref. [30] highlighted, that the toxicity of the 
nanoparticles can be dose dependant or concentration dependant. 
However, it was contrary to what Ref. [68] indicated that higher 
concentrations did not have effective toxicity as the high concentra-
tions led to aggregation of the nanoparticles to form large mole-
cules. The inability of SnO2 and ZnS to produce zone of inhibitions 
can be attributed to the fact that the fungi, A. niger, might have 
less sensitivity to the nanoparticles and the toxic effect of the na-
noparticles is not effective against the fungi because of this [6]. 
This can also explain the difference in the inhibition zones for the 
ZnO and FeS2, which showed to have its toxic effect exerted against 
the fungi as the fungi showed susceptibility to the toxicity of the 
nanoparticles [19–21]. 
 The results in Fig. 2 show that FeS2 nanoparticles were the only 
ones which showed antifungal activity against A. fumigatus as it 
was the only one that managed to produce zones of inhibition 
against the fungi (as shown in Fig. 3). The other three nanoparti-
cles, ZnS, SnO2 and ZnO, did not produce any clear zones of inhibi-
tion (had negative results). This could be because the A. fumigatus 
fungi species were not susceptible to the toxic effect of the nano-
particles used, while the toxic effects of FeS2 were strong enough to 
elicit an inhibition to fungal growth. 
 Figure 2 shows that the FeS2 of 15 μL and 20 μL had the same 
diameter of zone of inhibition of 14 mm, showing that increase 
from 15 μL to 20 μL did not lead to an increase in antifungal activ-
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ity. This anomaly is similar to the one that FeS2 produced against A. 
niger, where an increase in concentration from 15 μL to 20 μL did 
not lead to an increase in the antifungal activity. This could explain 
that the 15 μL and 20 μL concentrations of FeS2 produce the same 
results, and the increase from 15 μL to 20 μL is not significant 
enough to elicit a difference in the activity against the fungi. How-
ever, the FeS2 produced zones of inhibition against A. fumigatus, 
which are smaller than those it produced against A. niger. Ref. [17] 
explained that the effect of the nanoparticles toxicity on the micro-
organism was not only dependant on the nanoparticles type but also 
the bacterial species involved. This was in agreement with results 
obtained as the sensitivity of the fungi was different, with the A. 
fumigatus being less sensitive to the toxic effect and hence the na-
noparticles exerted different toxic effects to the fungi. The maxi-
mum for FeS2 against A. fumigatus was of 20 mm, while the mini-
mum for FeS2 against A. niger was of 20 mm showing that FeS2 had 
smaller zone of inhibition against the A. fumigatus fungi. 
 This can also be an indicator that the A. fumigatus fungi was 
more resistant strain, as compared to A. niger, as it produced small-
er zones of inhibition. This can also be supported by the fact that 
ZnO, which produced clear zones of inhibition against A. niger only, 
managed to reduce the growth of the A. fumigatus within the prox-
imity of the well, but did not produce clear zones of inhibition. This 
could also signify that maybe an increase in concentration of ZnO 
above 30 μL can lead to a production of the zones of inhibition. It is 
also important to note that the nanoparticles were dissolved in eth-
anol and one of the wells on the left was loaded with ethanol. The 

   
a      b 

Fig. 3. Images showing the zone of inhibition exerted by (a) ZnO nanopar-
ticles against Bacillus cereus and (b) FeS2 nanoparticles against Aspergillus 
fumigatus. 
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results show that the ethanol did not manage to prevent the growth 
of the fungi (as there was no production of zones of inhibition) and 
hence all the antifungal activity is clearly attributed to the nano-
particles. 
 Overall, in relation to antifungal activity, we can say FeS2 was 
the best, followed by ZnO nanoparticles. This was mainly due to its 
ability to inhibit the growth of the fungi by producing clear zones 
of inhibition. The ability to exert this antifungal activity can be at-
tributed to its mechanism of action, mainly disruption of the cell 
membrane and eventual disruption and death of the cell, in con-
junction with the production of radical oxygen species that are also 
lethal to cell organelles [6, 22–23]. In addition, the production of 
the inhibition zones was also an indicator of the proper diffusion of 
the nanoparticles in the agar media. The zones of inhibition were 
also maintained by the nanoparticles after 48 hours of culture, in-
dicating their effectiveness in their fungicidal activity. 

3.2. Antibacterial Tests Results 

The activity of nanoparticles against the bacteria, Bacillus cereus, 
is shown in Fig. 4. Results show that all the nanoparticles managed 
to produce zones of inhibition against the bacteria. This was an in-
dication of the ability of the nanoparticles to diffuse in the media 
to produce inhibition zones and the bactericidal ability of the nano-
particles was shown by the clear zones of inhibition produced [6]. 
 ZnO was shown to be the best against the Bacillus cereus as it 
had the largest inhibition zones for all the concentrations used as 

 

Fig. 4. Diameter of zone of inhibition results produced by nanoparticles at 
varying concentrations against Bacillus cereus. 
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compared to all the other nanoparticles, and this activity is illus-
trated in Fig. 3: SnO2 followed after ZnO in terms of effectiveness, 
then FeS2 and lastly ZnS. ZnO was shown to be the best and this is 
supported by the fact that, the 20 μL concentration had a zone of 
inhibition (25 mm) greater than the inhibition zones for the 30 μL 
concentration for ZnS (17 mm), SnO2 (24 mm) and FeS2 (23 mm). 
Maximum activity was noted for ZnO at 30 μL concentration (26 
mm) and the least at that same concentration for all the nanoparti-
cles was ZnS (17 mm). All the nanoparticles managed to show an 
increase in the inhibition zone as the concentration of the nanopar-
ticles increased, with ZnO and FeS2 not having an increase in the 
inhibition zone when concentration was increased from 25 to 30 μL 
over the specified time. The increase in inhibition zone was in 
agreement with Refs. [6] and [17], which highlighted that inhibi-
tion zones increased with concentration increase and can be ex-
plained by Ref. [30] that toxicity effect is concentration dependent. 
Ref. [17] explained that the effect of the nanoparticles toxicity on 
the bacteria was not only dependant on the nanoparticles type but 
also the bacterial species involved. In this study, the nanoparticles 
managed to show the effect of varying the type of the nanoparticles 
used as all the nanoparticles had varying effects on the bacterial 
growth. The results obtained showed that ZnO, ZnS and FeS2 main-
tained clear inhibition zones after 48 hours, whilst SnO2 showed an 
inhibition zone that was not clear, as the bacteria had started grow-
ing in the inhibition zone. This could be attributed to the fact that 
the SnO2 nanoparticles concentration decreased as the cells bacterial 
cells divided and hence a reduction in the antibacterial effect that 
was noted in Refs. [41, 71]. Ref. [17] showed that sensitivity of mi-
croorganism to the test nanoparticles was species specific, results 
obtained in this experiment showed that the Bacillus subtillis was 
more sensitive to ZnO and less sensitive to the ZnS particles. 
 The activity of nanoparticles against the bacteria Bacillus subtil-
lis is shown in Fig. 4. Results show that all the nanoparticles man-
aged to produce zones of inhibition against the bacteria. This indi-
cated the ability of the nanoparticles to diffuse in the media to pro-
duce inhibition zones, which were an indication of the bactericidal 
effect of the nanoparticles [6]. SnO2 was shown to be the best 
against the Bacillus subtillis as it had the largest inhibition zones 
for all the concentrations used as compared to all the other nano-
particles, except for the 20-μL concentration, where it had a similar 
inhibition zone to that of ZnO. This was followed by ZnO, FeS2 and 
finally ZnS. The SnO2 was shown to be the best, and this is support-
ed by the fact that, at all the concentrations, it had inhibition zones 
higher than all other test nanoparticles at the same concentrations. 
Maximum activity was noted for SnO2 at 30 μL concentration (30 
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mm) and the least at that same concentration for all the nanoparti-
cles was ZnS (18 mm). All the nanoparticles managed to show an 
increase in the inhibition zone as the concentration of the nanopar-
ticles increased. The increase in inhibition zone was in agreement 
with Refs. [6] and [17], who showed that inhibition zones increased 
with concentration increase and was also supported by Ref. [30], 
which explained that toxicity effect was concentration dependant. 
Ref. [17] explained that the effect of the nanoparticles toxicity on 
the bacteria was not only dependent on the nanoparticles’ type but 
also the bacterial species involved. In this study, the nanoparticles 
managed to show the effect of varying the type of the nanoparticles 
used as all the nanoparticles had varying effects on the bacterial 
growth. The results obtained showed that ZnO, ZnS and FeS2 main-
tained clear inhibition zones after 48 hours whilst SnO2 showed an 
inhibition zone that was not clear, as the bacteria had started grow-
ing in the inhibition zone. This could be attributed to the fact that 
the SnO2 nanoparticles concentration decreased as the cells bacterial 
cells divided and hence a reduction in the antibacterial effect that 
was noted in Refs. [41, 71]. Ref. [17] showed that sensitivity of mi-
croorganism to the test nanoparticles was species specific, results 
obtained in this experiment showed that the Bacillus subtillis was 
more sensitive to SnO2 followed by ZnO, then FeS2, and less sensi-
tive to the ZnS particles. 
 Figure 5 illustrates the results for the test nanoparticles against 
E. coli. Results obtained indicated that all nanoparticles except SnO2 
managed to produce inhibition zones against E. coli. The maximum 
inhibition zone was seen for ZnO nanoparticles at 30 μL with a 32 

 

Fig. 5. Diameter of zone of inhibition results produced by nanoparticles at 
varying concentrations against E. coli. 



 HIGHLY-EFFECTIVE ANTIFUNGAL AND ANTIBACTERIAL PROPERTIES 225 

mm inhibition zone. This was followed by FeS2 (25 mm) and finally 
ZnS (14 mm) at the same concentration for those that managed to 
produce the inhibition zone. Against E. coli, ZnO was seen to be the 
best as it managed to produce the largest inhibition zones for all 
the concentrations as compared to the other test nanoparticles. 
Refs. [6] and [17] showed that inhibition zones increased with con-
centration increase and were supported by Ref. [30], which ex-
plained that toxicity effect was concentration dependent [24–27]. 
This was in agreement with results for E. coli in this study as in-
crease in the inhibition zone was noted as the concentration of the 
nanoparticles increased for all the test nanoparticles except SnO2. 
However, not all the test nanoparticles produced inhibition zones, 
SnO2 had no inhibition zone for all the concentrations, showing that 
it did not have an effect on the E. coli. This was in agreement with 
Ref. [17] who illustrated that each species has a specific susceptibil-
ity to certain nanoparticles in relation to its ability to growth in the 
presence of those nanoparticles and, in this case, E. coli was not 
sensitive or susceptible to the SnO2 nanoparticles. Results obtained 
showed that E. coli was more sensitive to ZnO nanoparticles, and all 
the test nanoparticles managed to maintain clear inhibition zones 
after 48 hours of culture. 

3.3. Antifungal and Antibacterial Analysis 

In comparing all the bacteria and their response to exposure to the 
nanoparticles, a number of key things were noted. The ZnO nano-
particles were the most effective, in terms of eliciting an antibacte-
rial activity, across all the test isolates. This was due to its ability 
to produce inhibition zones that were large even though at times 
not maximum against the test bacterial isolates. This effectiveness 
can be attributed to the mechanism of action of the ZnO nanoparti-
cles, which is effective. The mechanism of nanoparticle toxicity de-
pends on composition, surface modification, intrinsic properties, and 
the bacterial species [72]. These results obtained for ZnO were in 
agreement with Refs. [6] and [17], which highlighted that the ZnO 
nanoparticles mechanism of action was effective in being bactericid-
al, with the mechanism being the disruption of the cell wall and 
membranes of the bacteria leading to loss of cellular components 
and eventual death of the cell. This was also attributed to the small 
size of the nanoparticles that allows them to pass through the mem-
branes easily and access the cellular contents and to their ability to 
cause stress on the cell membrane with eventual break down of the 
membrane [6]. 
 The next nanoparticles effective against the bacteria were FeS2, 
which showed great consistency in inhibiting the growth of the all 
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the bacterial test isolates, showing that all the bacterial samples 
had sensitivity to the FeS2 nanoparticles, with its mechanism of ac-
tion being that of production of the reactive oxygen species [58]. 
ZnS also had consistent but low inhibition zones for all the test iso-
lates, while SnO2 had effectiveness against both the Bacillus species 
but non-against E. coli. This was in agreement with what Ref. [17] 
explained that the effect of the nanoparticles toxicity on the bacte-
ria was not only dependant on the nanoparticles type but also the 
bacterial species involved as the inhibition differed with the bacte-
rial species and nanoparticles involved. In terms of susceptibility, 
the Bacillus cereus was the most sensitive to all the test nanoparti-
cles as it had fairly high-inhibition zones as compared to those ob-
tained for all the other isolates. This was followed by Bacillus sub-
tilis and finally E. coli was the less sensitive one on an overall scale. 
Results for sensitivity of Bacillus subtillis being more than that of 
E. coli obtained in this study was in agreement with Ref. [17], 
which also showed that Bacillus subtillis was more sensitive to the 
test nanoparticles than E. coli. 
 The activity of the nanoparticles against the fungi showed that, 
in relation to antifungal activity, FeS2 was the best, followed by 
ZnO nanoparticles. This was mainly due to its ability to inhibit the 
growth of the fungi by producing clear zones of inhibition. The 
ability to carry out this antifungal activity can be attributed to its 
mechanism of action, mainly disruption of the cell membrane and 
eventual disruption and death of the cell, in conjunction with the 
production of radical oxygen species that are also lethal to cell or-
ganelles [6, 58]. In addition, the production of the inhibition zones 
was also an indicator of the proper diffusion of the nanoparticles in 
the agar media. The zones of inhibition were also maintained by the 
nanoparticles after 48 hours of culture, indicating their effective-
ness in their fungicidal activity. 
 Comparing the effectiveness of the nanoparticles against the bac-
teria and fungi, results showed that the nanoparticles were more 
effective against the bacteria as shown by their ability to inhibit 
bacterial growth for the test isolates, while for the fungi, only two 
nanoparticles (ZnO and FeS2) were effective against the fungal iso-
lates, with one of those two, FeS2, being the only one that was ef-
fective to all the fungal isolates, as ZnO was only effective against 
one fungal isolate. This even supported more the position of Ref. 
[17] that effectiveness of the nanoparticles was based on the nano-
particles and the microorganism species involved. 

4. CONCLUSIONS 

The nanoparticles managed to show antifungal and antibacterial ac-
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tivities as they managed to produce inhibition zones against the test 
bacterial and fungal isolates. The results also showed that an in-
crease in the concentration led to an increase in the inhibition zone 
produced by the nanoparticles against the test isolates. However, 
some nanoparticles did not manage to elicit an effect on the bacteria 
(SnO2) and on the fungi (SnO2 and ZnS), showing that the test iso-
lates were not sensitive to the nanoparticles. The FeS2 and ZnO na-
noparticles were the ones that managed to show broad activity 
across the fungal and bacterial samples, as they managed to produce 
inhibition zones. 
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The article discusses the use of nanotechnology in the production of tex-
tile materials. Considering the fact that a person today is affected by 
many external factors, which can cause a negative impact on his body, the 
creation of tissue packages with multifunctional properties is appropriate. 
The work presents the results of research into the properties of textile 
materials using nanofibres; the impact of created materials on the human 
body is investigated; methods of packaging clothing details are studied; 
methods and means of creating packages of textile materials using nano-
modified materials are investigated. Particular attention is paid to the 
issue of methods of connecting packages of textile materials using nano-
modified components, in particular, attention is focused on the option of 
creating a package of materials with the addition of nanomodified compo-
nents, which consists of two non-woven materials different in their raw 
material composition (70% hemp fibres and 30% polyester including 15% 
low-melting polyethylene) and non-woven material obtained by the adhe-
sive method with antimicrobial properties, which are connected by an ad-
hesive thread. The creation of such a package solves the problem of 
providing the necessary elastic properties, and an additional layer of na-
nomaterial based on nanomodified fibres ensures the antibacterial proper-
ties of the package. The work proposes to use textile materials with cer-
tain properties in those parts of clothing, where it is necessary. 

Ó ñòàòò³ ðîçãëÿíóòî ïèòàííÿ âèêîðèñòàííÿ íàíîòåõíîëîã³é ó âèðîáíèö-
òâ³ òåêñòèëüíèõ ìàòåð³ÿë³â. Âðàõîâóþ÷è òå, ùî íà ëþäèíó ñüîãîäí³ ä³º 
áàãàòî çîâí³øí³õ ÷èííèê³â, ÿê³ ìîæóòü ñïðè÷èíèòè íå´àòèâíèé âïëèâ 
íà ¿¿ îðãàí³çì, ñòâîðåííÿ ïàêåò³â òêàíèí ç ïîë³ôóíêö³îíàëüíèìè âëàñ-
òèâîñòÿìè º äîðå÷íèì. Â ðîáîò³ ïðåäñòàâëåíî ðåçóëüòàòè äîñë³äæåíü 
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âëàñòèâîñòåé òåêñòèëüíèõ ìàòåð³ÿë³â ç âèêîðèñòàííÿì íàíîâîëîêîí, 
âèâ÷åíî âïëèâ ñòâîðåíèõ ìàòåð³ÿë³â íà îðãàí³çì ëþäèíè, âèâ÷åíî ìå-
òîäè ïàêåòóâàííÿ äåòàë³â îäÿãó, äîñë³äæåíî ìåòîäè òà çàñîáè ñòâîðåí-
íÿ ïàêåò³â òåêñòèëüíèõ ìàòåð³ÿë³â ç âèêîðèñòàííÿì íàíîìîäèô³êîâà-
íèõ ìàòåð³ÿë³â. Îêðåìó óâàãó ïðèä³ëåíî ïèòàííþ ìåòîä³â ç’ºäíàííÿ 
ïàêåò³â òåêñòèëüíèõ ìàòåð³ÿë³â ç âèêîðèñòàííÿì íàíîìîäèô³êîâàíèõ 
êîìïîíåíò³â, çîêðåìà çîñåðåäæåíî óâàãó íà âàð³ÿíò³ ñòâîðåííÿ ïàêåòó 
ìàòåð³ÿë³â ç äîäàâàííÿì íàíîìîäèô³êîâàíèõ êîìïîíåíò³â, ÿêèé ñêëà-
äàºòüñÿ ç äâîõ íåòêàíèõ ìàòåð³ÿë³â, ð³çíèõ çà ñâî¿ì ñèðîâèííèì ñêëà-
äîì (70% êîíîïëÿíèõ âîëîêîí ³ 30% ïîë³åô³ðó, â ò.÷. 15% íèçüêîòîï-
êîãî ïîë³åòèëåíó) òà íåòêàíîãî ìàòåð³ÿëó, îäåðæàíîãî êëåéîâèì ìåòî-
äîì, ç àíòèì³êðîáíèìè âëàñòèâîñòÿìè, ÿê³ ç’ºäíàí³ êëåéîâîþ íèòêîþ. 
Ñòâîðåííÿ òàêîãî ïàêåòó âèð³øóº ïðîáëåìó çàáåçïå÷åííÿ íåîáõ³äíèõ 
ïðóæí³õ âëàñòèâîñòåé, à äîäàòêîâèé ïðîøàðîê íàíîìàòåð³ÿëó íà îñíîâ³ 
íàíîìîäèô³êîâàíèõ âîëîêîí çàáåçïå÷óº àíòèáàêòåð³ÿëüí³ âëàñòèâîñò³ 
ïàêåòó. Â ðîáîò³ ïðîïîíóºòüñÿ çàñòîñîâóâàòè òåêñòèëüí³ ìàòåð³ÿëè ç 
âèçíà÷åíèìè âëàñòèâîñòÿìè â òèõ ÷àñòèíàõ îäÿãó, äå öå íåîáõ³äíî. 
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1. INTRODUCTION 

The new millennium has witnessed significant research and devel-
opment worldwide in the field of nanotextile development. In recent 
years, a number of innovative approaches have been implemented, 
which tend to apply the functional properties and adaptation of fab-
rics to specific requirements. The main and most promising direc-
tion of expanding the assortment and improving the properties of 
textile materials of various compositions is not the development of 
new types of chemicals for the production of textile fibres, but the 
modification of already existing fibres and finished textile materi-
als in order to give them new properties. 
 The results of the research of nanomaterials have created a great 
potential for the production, and the synthesis of high-tech materi-
als of a new generation with improved properties, or with complete-
ly new, previously unknown, valuable properties. When developing 
this method, the main problem is to identify the regularity of the 
combination of different molecular structures to create nanomateri-
als with predetermined properties. 
 The study of these issues makes it possible to expand the infor-
mation space, scientific and industrial cooperation with other coun-
tries, and expand the sales market for products of the national 
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manufacturer, including scientific ones. The possibility of Ukraine's 
participation in these processes as an equal partner exists only un-
der the condition of carrying out developments or producing com-
petitive products. Today, without the latest achievements, it is im-
possible to solve the task of providing textile materials in various 
spheres of the economy: automobile construction, road construction, 
the agricultural sector, the development of health care items, per-
sonal protection, etc. Based on this, it is possible to establish the 
fact that the problem of finding ways to create high-quality nano-
modified materials for various fields of application is a priority di-
rection for the development of the global textile industry and 
should become such for Ukraine. 

2. EXPERIMENTAL DETAILS 

The term ‘nanotechnology’ was first used and put into circulation 
in 1974 by the Japanese scientist Professor Norio Taniguchi of the 
University of Tokyo, but only in 1980 the measuring and working 
equipment necessary to work with nanoscale objects appear ap-
peared [1]. Later, more and more companies began to invest in the 
development of nanotechnology. Today, many countries of the world 
are conducting intensive fundamental research on the creation of 
new nanomaterials with special properties [2–4]. 
 Thus, it can be stated that the development of nanotechnology is 
taking over the world on a large scale, while not separating the use 
of nanoparticles in certain branches of production, which makes it 
possible to optimize the process of manufacturing various textile 
materials, and as a result, clothes, which can be used for various 
purposes, starting from clothes for everyday use and ending with 
workwear. 
 At the moment, the use of materials with multifunctional proper-
ties is gaining more and more importance, because with the devel-
opment of science, technology and human needs, the properties that 
materials should have are constantly changing. Therefore, the use 
of fabrics with nanoparticles, and, as a result, textile materials 
with multifunctional properties, is of great importance to human-
kind and is actively being implemented in production. 
 The analysis of global trends in the development of textiles indi-
cates a fundamental change in the concept of ‘multifunctional tex-
tiles’. The main task that is solved when creating nanotextiles is to 
ensure the necessary set of properties depending on the type of 
product. In this regard, in the last five to seven years, a new ap-
proach has been formed in the development of textile materials for 
a new purpose—the creation of multifunctional materials. When 
designing multifunctional nanotextiles, one has to solve the prob-
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lem of combining several necessary properties, sometimes opposite 
ones, in one material. The possibility of solving this problem de-
pends on a rational combination of the properties of the raw mate-
rials, the structure of textile materials and the technology of their 
production. One of the ways to solve such compromise problems can 
be the creation of multilayer textile composite products by connect-
ing (layering) individual textile products with different properties 
into one structure. This method makes it possible to use the ad-
vantages of each of the components and provides a fundamental op-
portunity to vary the properties of materials within the fairly wide 
limits. Polyfunctional textile composite materials can find qualified 
applications in various industries. 
 A promising direction is the study and improvement of technolo-
gies for obtaining non-woven materials, fabrics and products made 
of fibres, threads or other types of materials (textile and their com-
binations with non-textile, for example, films) without the use of 
spinning and weaving [6, 7]. In comparison with the traditional 
methods of production in the textile industry, namely, weaving and 
spinning, the production of non-woven materials is distinguished by 
the simplicity of the technology (including the reduction of the 
number of technological stages), the increase in the productivity of 
the equipment and, therefore, lower capital and labour costs, the 
variety of the range of cloths, the possibilities rational use of vari-
ous raw materials, lower cost of production, implementation of 
maximum automation of production, i.e., creation of flow lines and 
automatic factories, and non-woven materials themselves have high 
operational properties. Therefore, non-woven materials have become 
one of the main types of modern textile products, although their 
large-scale industrial production appeared only in the 1940s of the 
20th century. At the moment, the production of non-woven materi-
als is quite important, because their properties allow them to be 
used quite widely in various areas, for example, household, medi-
cine, construction [8]. 
 Packaging of clothing parts is carried out in various ways: 
thread, glue, welded [9]. The use of one or another connection in 
each specific case depends on the requirements for it, the type of 
connection of materials, the thickness of the package, as well as on 
the power and capabilities of the equipment used. Thus, work [10] 
shows the effective use of polymer sheets in the interlayer between 
fabrics, which become thinner as humidity increases, thereby reduc-
ing the gap between fabrics and reducing thermal insulation. Such 
moisture-sensitive polymers can be effectively used for the manu-
facture of clothing, which will provide comfortable conditions for 
being in it. Regarding the production and use of non-woven materi-
als in the manufacture of clothes, the important point of using this 
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or that connection in each specific case depends on the requirements 
for it, the type of connection of materials, the thickness of the 
package, as well as on the power and capabilities the equipment 
used. 
 The connection of layers of materials with the help of an adhesive 
thread that has antimicrobial properties can be considered as one of 
their alternative methods of packaging materials. Adhesive thread 
is a monofilament or polyfilament fibre made of a thermoplastic 
polymer. Adhesive thread is used to connect inconspicuously parts 
of clothing or a package. The second direction of using such a 
thread is the creation of non-woven materials from synthetic and 
natural fibres and their use in the creation of bags. The quality of 
the created package depends on the characteristics of the main ma-
terial, the spacer material and the duplicating modes. Taking into 
account the above, there was a need to determine the technical and 
technological capabilities of nanomodified materials, including 
nonwovens, and packages based on them. 
 The HB-1 installation was used to produce non-woven materials 
from thermoplastic polymers. This equipment can produce tubular 
frameless filter elements, roll materials from heat-bonded fibres, 
etc., as well as non-woven materials, the structure of which in our 
case includes components in combination with nanomodified poly-
ethylene fibres and polyethylene fibres of the 2212 brand (15%), 
which provide gluing of non-woven fabrics. Non-woven material is 
made by physicochemical method of binding fibrous base. Fibres 
(threads) in the fabric are fastened into a single system due to ad-
hesive interaction at the interface between the binder and fibre 
(thread). Elastomers, thermoplastic and thermoset polymers in the 
form of dispersions, solutions, aerosols, powders, fusible and bi-
component fibres are usually used as binders. Sometimes binders 
are not used; in this case, the basis of non-woven materials is sub-
jected to a special treatment (heat, chemical reagents, gases), which 
leads to a decrease in the flow of the polymer from which the fibres 
(threads) of the fibrous basis are made, or to the appearance of 
‘stickiness’ on their surface as a result of swelling, plasticization, 
which contributes to the bonding of fibres in the places of their 
contact. 
 In the presented work, the starting materials for determining the 
rational parameters of duplication when creating packages with na-
nomodified elements are adhesive threads, the composition of which 
is polyethylene 2212 1% Sevilen 0.5% antimicrobial additive and 
polyethylene 2212, a non-woven material obtained by the adhesive 
method with the addition of silver nanoparticles, namely, non-
woven material, in which 70% are natural fibres (hemp), 30% are 
synthetic (polypropylene, polyester, including 15% low-melting 
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components (polyethylene, polyester)), and top material (suit fabric 
68632). 
 During planar duplication, it is necessary to ensure uniform 
pressure, material heating temperature and constant temperature 
control directly in the package-gluing zone. These requirements are 
met by the semi-automatic VTO-1 installation modernized taking 
into account modern technical capabilities. The unit includes upper 
and lower pads with an adjustable heating temperature of 100–
2000 Ñ. If necessary, the design of the pads allows you to simulate 
wet heat treatment processes using steam and vacuum suction. 

3. RESULTS AND DISCUSSION 

Previous studies [11] demonstrated the possibility of using polyeth-
ylene threads of the 2012 series nanomodified with silver particles. 
Research results show that the use of nanomaterials, in particular 
silver-based, is an effective alternative to traditional methods of 
combating microorganisms and microbes. This is explained by the 
multiple resistances of the latter to drugs (for example, antibiotics). 
Instead, nanomaterials with silver particles make it possible to 
achieve impressive antimicrobial efficiency thanks to their in-
creased surface area, shape and size [12, 13]. In the presented work, 
the duplication of costume fabric 68632 with a non-woven nanomod-
ified material using the above-mentioned polyethylene threads was 
investigated and carried out on the VTO-1 installation with the pa-
rameters indicated in Table 1. As elements of the package, the cos-
tume fabric 68632 (wool—40%, viscose—40%, polyethylene—

TABLE 1. Comparative assessment of the quality of duplicating costume 
fabric 68632 with non-woven nanomodified material (NM) using polyeth-
ylene threads of the 2212 series. 

No. of 
package 

Temperature of the 
upper and lower pads 
of the press, T, Ñ 

Duplication 
time, t, s 

Pressure, 
Pa 

Duplication quality 
assessment 

1 
140 
100 

20 33.75 

The adhesive thread 
melted a little, but 
the gluing process 
did not take place 

2 
150 
100 

20 33.75 

NM stuck to the 
fabric without in-
fraction the struc-

ture of the top 

3 
160 
100 

20 33.75 
Partial melting of 

NM occurs 
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20%), non-woven material modified with silver nanoparticles, poly-
ethylene thread (article: 2012) are involved. 
 The given data indicate the expediency of using the second ver-
sion of the duplication parameters, but it was found that, in other 
versions, there is a waviness of the fabric of the top (Fig. 1). 
 Further studies of duplication processes are associated with 
change in some parameters, namely, time and temperature. The re-
sults are shown in Table 2. 
 The given data indicate the need to adjust the duplication time. 
At the same time, the best duplicating results are provided when 
using polyethylene threads, which are thermally stabilized at 
T 110 Ñ. Such threads provide sufficient strength of the adhesive 
connection. 
 Thus, the following duplicating parameters can be considered ra-
tional: Tv.p 150 C, t 15 s. 
 One of the options for packaging materials with the addition of 

 

Fig. 1. General appearance of the fabric of the top after duplicating it with 
non-woven material. 

TABLE 2. Comparative assessment of the quality of duplicating costume 
fabric 68632 with non-woven nanomodified material using polyethylene 
threads. 

No. of 
package 

Temperature of 
thermostabilization 

of polyethylene 
threads, T, C 

Duplication time, t, s Duplication quality 
assessment 

1 
1* 

without 
thermostabilization 

20 
15 

waviness 
satisfies 

2 
2* 

110 
110 

20 
15 

satisfies 
satisfies 

3 
3* 

120 
120 

20 
15 

waviness 
smaller waviness 

4 
4* 

130 
130 

20 
15 

waviness 
smaller waviness 



236 N. M. BEREZNENKO, S. M. BEREZNENKO, H. I. KUPALOVA et al. 

nanomodified components is a package consisting of two non-woven 
materials that differ in their raw material composition. Figure 2 
shows a package consisting of non-woven material (70% hemp fi-
bres and 30% polyester, including 15% low-melting polyethylene) 
and non-woven material obtained by the adhesive method with an-
timicrobial properties (Table 3), connected by an adhesive thread of 
the 2012 series. The creation of such package solves the problem of 
providing the necessary elastic properties, and an additional layer 
of nanomaterial based on nanomodified fibres ensures the antibacte-
rial properties of the package. 
 As can be seen from the above data, even a small introduction of 
Ag and Cu nanoparticles (0.0002–0.0004% by mass) into the PP 
structure has an antimicrobial and biostatic effect [8]. 
 It is advisable to use such package in those areas of clothing 

  
   a     b 

Fig. 2. Package containing nanomodified components: a) appearance; b) 
section, where 1—non-woven material (100% polypropylene); 2—non-
woven material based on hemp fibres (70% hemp fibres, 30% low-melting 
substances); 3—polyethylene threads. 

TABLE 3. Determination of the growth retardation zone of Saures ATCC 
25923 and C. aibicaus HT 885-653 of nanomodified non-woven materials 
based on polypropylene (PP) A7. 

No. 
example 

PP without bacteri-
cidal components 

Saures, growth 
retardation zone 

C. aibicaus, 
growth retardation zone 

1 
PP without a bacteri-

cidal component 
0 0 

2 
PP modified with 

0.5% Ag 
3–4 0–1 

3 
PP modified with 

0.5% Cu 
4–5 1–3 

4 
PP is impregnated 
with a nanocompo-

nent of Ag 
12–17 5–8 

5 After washing 4–6 4–6 
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where it is necessary to ensure dimensional stability (Fig. 3, posi-
tion 1) and to protect a person from the pathogenic influence of mi-
croflora (viruses, fungi, microbes) (Fig. 3, position 2). 
 As a substrate in such a package, it is advisable to use an adhe-
sive material that is in contact with a non-woven material based on 
hemp fibres (Figs. 3 and 4). This technology will make it possible to 
use this package as an additional part of clothing, for example, an 
insulating lining for hats or outerwear. According to the raw mate-
rial composition, the first layer of the bag is made of non-woven 
material (polypropylene), which allows moisture to pass inside the 
bag, where the second layer is placed, namely, a non-woven canvas 
based on hemp fibres, which has good sorption and antimicrobial 
properties, which will allow the bag to perform a barrier function. 
 According to Refs. [14, 15], hemp fibres neutralize the microbial 
environment, and the barrier function is manifested in a positive 
effect on the functional state of organs and organ systems, in addi-

 

Fig. 3. Areas of use of the package in clothing: 1—locations of the de-
signed package to ensure dimensional stability; 2—locations of the devel-
oped package to ensure human protection against the pathogenic effects of 
microflora (viruses, fungi, microbes). 

 

Fig. 4. An example of using a pad made of nanomodified materials (section 
of a package): 1—non-woven material (100% polypropylene); 2—non-
woven material based on hemp fibres (70% hemp fibres, 30% low-melting 
substances); 3—polyethylene threads; 4—adhesive material. 
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tion, hemp cotinine fibres exceed cotton fibres by 95% in breaking 
load. 
 The studies given in the Table 2 make it possible to create such 
packages without using adhesive thread (Fig. 5). 
 The melting point of non-woven polypropylene material is 150–
154 Ñ, which makes it possible to make an adhesive connection with 
another non-woven fabric by melting a certain part of the non-
woven polypropylene material itself. 

4. CONCLUSION 

The presented studies of materials with multifunctional properties 
allow solving a number of issues in the creation of light industry 
products for various purposes, namely: inhibition of the vital activ-
ity of microflora (antimicrobial activity is two times higher than 
the antimicrobial properties of cotton fabrics); implementation of 
thermoregulation; ensuring a high rate of dimensional stability. 
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Çàïðîïîíîâàíî íîâ³ åêîëîã³÷í³ çàñîáè íà îñíîâ³ âèñîêîïîðèñòèõ íîñ³¿â ç 
âèñîêîäèñïåðñíèìè ÷àñòèíêàìè âîãíåãàñèëüíèõ ñîëåé (àìîí³éôîñôàòó, 
ä³àìîí³éôîñôàòó òà êàë³é í³òðàòó) äëÿ ãàñ³ííÿ ïîæåæ íà ïîâåðõí³ âî-
äîéìè òà ïîïåðåäæåííÿ ïîøèðåííÿ ¿õ íà òîðôîâèùàõ. Äîñë³äæåíî ðî-
çïîä³ë ÷àñòèíîê âîãíåãàñèëüíèõ ñîëåé çà ³ììîá³ë³çàö³¿ ¿õ íà âíóòð³ø-
í³é ïîâåðõí³ âèñîêîïîðèñòèõ íîñ³¿â (ñïó÷åíîãî âåðì³êóë³òó òà òèðñè 
äåðåâèíè). Çà îö³íêîþ ñòóïåíÿ ïîíèæåííÿ ïîðèñòîñòè çà ³ììîá³ë³çàö³¿ 
âèÿâëåíî, ùî ç íîñ³¿â íàéá³ëüø ïðèäàòíèìè äëÿ âèãîòîâëåííÿ âîãíåãà-
ñèëüíèõ çàñîá³â òàêîãî òèïó º ñïó÷åíèé âåðì³êóë³ò ìàðêè FINE ZU ³ 
òèðñà äåðåâèíè; ç âîãíåãàñèëüíèõ ñîëåé — ä³àìîí³éôîñôàò ³ êàë³é í³ò-
ðàò. Çà äîïîìîãîþ ðåíò´åíîñòðóêòóðíî¿ àíàë³çè òà ñêàíóâàëüíî¿ åëåêò-
ðîííî¿ ì³êðîñêîï³¿ ïîêàçàíî, ùî çðàçêè âåðì³êóë³òó òà äåðåâèíè ï³ñëÿ 
îáðîáëåííÿ ³ììîá³ë³çàòîðàìè ì³ñòÿòü â ñîá³ à´ëîìåðîâàí³ ÷àñòèíêè ñî-
ëåé, ÿê³ â ö³ëîìó ð³âíîì³ðíî ïîêðèâàþòü ïîâåðõíþ íîñ³ÿ. 

New ecological means based on highly-porous media with highly-dispersed 
particles of fire-extinguishing salts (ammonium phosphate, diammonium 
phosphate, and potassium nitrate) are proposed for extinguishing fires on 
the surface of the reservoir and preventing their spread on peatlands. The 
distribution of fire-extinguishing salt particles during their immobiliza-
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tion on the inner surface of highly-porous media (swollen vermiculite and 
wood sawdust) is studied. According to the assessment of the degree of 
reduction of porosity during immobilization, it is found that the most 
suitable media for the fabrication of fire-extinguishing agents of this type 
are the expanded vermiculite brand FINE ZU and wood sawdust, and of 
fire-extinguishing salts, these are diammonium phosphate and potassium 
nitrate. With the use of x-ray structural analysis and scanning electron 
microscopy, it is shown that the vermiculite and wood samples after 
treatment with immobilizers contain agglomerated salt particles, which, 
in general, evenly cover the surface of the carrier. 

Êëþ÷îâ³ ñëîâà: åêîëîã³÷í³ çàñîáè ãàñ³ííÿ òà ïîïåðåäæåííÿ ïîæåæ, âè-
ñîêîïîðèñò³ íîñ³¿, âèñîêîäèñïåðñí³ ÷àñòèíêè, âîãíåãàñèëüí³ ñîë³, ³íã³-
áóâàííÿ, ³ììîá³ë³çàö³ÿ. 

Key words: ecological means of extinguishing and preventing fires, high-
ly-porous media, highly-dispersed particles, fire-extinguishing salts, inhi-
bition, immobilization. 
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1. ÂÑÒÓÏ 

Ïîæåæ³ ãîðþ÷èõ ð³äèí íà ïîâåðõí³ âîäîéìèù (ìîð³â, îêåàí³â) ³ 
ïîæåæ³ íà òîðô’ÿíèêàõ ìàþòü ñï³ëüí³ ðèñè. Êîëè âîíè âèíèêà-
þòü, òî ïðîäîâæóþòüñÿ òèæíÿìè, à òî é ì³ñÿöÿìè, ³ ïðèçâîäÿòü 
äî çíà÷íèõ ìàòåð³ÿëüíèõ çáèòê³â ³ äî ïîì³òíîãî ïîã³ðøåííÿ åêî-
ëîã³÷íî¿ ñèòóàö³¿. Ãîð³ííÿ íàôòè é ¿¿ ïîõ³äíèõ ïðîäóêóº âåëèêó 
ê³ëüê³ñòü ïðîäóêò³â ïîâíîãî é íåïîâíîãî çãîðàííÿ òà ìàçóòîïîä³-
áíèõ çàëèøê³â. Ñåðåä ïðîäóêò³â çãîðàííÿ [1]: 
— âåëèêà ê³ëüê³ñòü âóãëåêèñëîãî ãàçó, ÿêèé ñïðèÿº ãëîáàëüíîìó 
ïîòåïë³ííþ; 
— îòðóéíèé äëÿ ëþäåé ³ òâàðèí ÷àäíèé ãàç; 
— äèì, ÿêèé ìàº êàíöåðîãåíí³ âëàñòèâîñò³ òà ïîíèæóº ïðîçî-
ð³ñòü àòìîñôåðè. 
 Çàëèøêè íåïîâíîãî çãîðàííÿ íàôòè ÿâëÿþòü ñîáîþ ñóì³ø ìà-
çóòó ç á³òóìîì. ¯¿ ãóñòèíà áëèçüêà äî ãóñòèíè ìîðñüêî¿ âîäè. Òî-
ìó öÿ ñóì³ø ïëàâàº íåäàëåêî â³ä ïîâåðõí³ òà ïåðåì³ùóºòüñÿ íà 
âåëèê³ â³ääàë³. Ó âîä³ âîíà çáåð³ãàºòüñÿ òðèâàëèé ÷àñ, ùî ñòâî-
ðþº íåáåçïåêó äëÿ ïëàíêòîíó òà ìîðñüêèõ òâàðèí [1]. À âèíèêà-
þòü ïîæåæ³ ç ãîð³ííÿì ð³äèí äóæå ÷àñòî [1–3]! Ïîæåæ³ íà òîð-
ôîâèùàõ òåæ ïðîäîâæóþòüñÿ ì³ñÿöÿìè é îõîïëþþòü âåëèê³ 
ïëîù³ [4, 5]. Âîäíî÷àñ âîíè ñòàþòü äæåðåëîì ïîøèðåííÿ ÷àäíîãî 
ãàçó, ìåòàíó, ðàäîíó òà êàíöåðîãåííîãî äèìó, ³ â äóæå âåëèêèõ 
ê³ëüêîñòÿõ óòâîðþºòüñÿ âóãëåêèñëèé ãàç, ÿêèé âíîñèòü âàãîìó 
÷àñòêó ó çì³íó êë³ìàòó ïëàíåòè [4]. Ãàñ³ííÿ îáîõ ç öèõ ïîæåæ — 
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äóæå ñêëàäíà çàäà÷à. Ãîð³ííÿ ð³äèí íà ïîâåðõí³ âîäîéìè ïåðå-
âàæíî çàê³í÷óºòüñÿ ëèøå ï³ñëÿ âèãîðàííÿ âñ³º¿ ãîðþ÷î¿ ðå÷îâè-
íè. Âîäíîðàç ïðàêòè÷íî âåñü âàíòàæ âòðà÷àºòüñÿ, à â íàâêîëèø-
íº ñåðåäîâèùå âèêèäàºòüñÿ âåëèêà ê³ëüê³ñòü øê³äëèâèõ ðå÷îâèí 
[1–3]. Ãîð³ííÿ òóò íåìîæëèâî ïðèïèíèòè âîäîþ, îñê³ëüêè íàôòà 
é ïðîäóêòè ïåðåðîáêè ¿¿ ëåãø³ çà âîäó òà çàâæäè âèïëèâàòèìóòü 
íà ¿¿ ïîâåðõíþ. Ãàñ³ííÿ ³íåðòíèìè ãàçàìè àáî õëàäîíàìè âèìàãàº 
ñòâîðåííÿ ïåâíî¿ êîíöåíòðàö³¿ ïîãàøóâàëüíîãî à´åíòà, ÿêî¿ íà 
â³äêðèòîìó ïðîñòîð³ äîñÿãòè íåìîæëèâî. Íå äàþòü áàæàíîãî 
åôåêòó é çâè÷àéí³ ïîðîøêîâ³ çàñîáè ãàñ³ííÿ ïîæåæ. Ïîðîøêè 
ìàþòü ïèòîìó ãóñòèíó, á³ëüøó çà 3 ã/ñì3. Öå çíà÷íî âèùå ïèòî-
ìî¿ ãóñòèíè âîäè òà âóãëåâîäíåâèõ ð³äèí. Â ðåçóëüòàò³ ïîðîøîê 
çà äåê³ëüêà ñåêóíä ï³ñëÿ íàíåñåííÿ çàíóðþºòüñÿ ï³ä ïîâåðõíþ òà 
çàëèøàº çîíó ãîð³ííÿ áåç çàõèñòó. Íà ïðàêòèö³ ãîð³ííÿ íàôòîï-
ðîäóêò³â íà ïîâåðõí³ âîäîéìè ç ð³çíèì óñï³õîì íàìàãàþòüñÿ 
ïðèïèíèòè ïîâ³òðÿíî-ìåõàí³÷íèìè ï³íàìè, ùî ìàº ìàñó íåäîë³-
ê³â, â ïåðøó ÷åðãó, ç òî÷êè çîðó åêîëîã³¿. 
 Íå ìåíø ñêëàäíî òà äîðîãî ãàñèòè ïîæåæ³ íà òîðôîâèùàõ. À 
ö³ ïîæåæ³ ñÿãàþòü íàâ³òü á³ëüøèõ ìàñøòàá³â, àí³æ ïîæåæ³ íà 
ìîð³. Íàéá³ëüøó òîðô’ÿíó ïîæåæó áóëî çàô³êñîâàíî â 1997 ðîö³ 
â ²íäîíåç³¿. Â àòìîñôåðó ïîòðàïèëî 0,81–2,57 òèñÿ÷ òîí âóãëåöþ. 
Ãîð³ííÿ ïðîäîâæóâàëîñÿ á³ëüøå ì³ñÿöÿ àæ äî ñåçîíó äîù³â. Äîù 
çàãàñèâ âèäèìèé âîãîíü, àëå ïîæåæà ïîòðîõó ïðîäîâæóºòüñÿ é 
çàðàç. Îñòàíí³ì ÷àñîì ïîä³áí³ ïîæåæ³ â³äáóâàëèñÿ ³ â Ï³âäåíí³é 
Àìåðèö³. Ìåíø³, àëå òåæ ïîòóæí³ òà äîâãîòåðì³íîâ³ ïîæåæ³ 
òîðô’ÿíèê³â ñïîñòåð³ãàþòüñÿ êîæíîãî ðîêó ³ â Óêðà¿í³. 
 Ñêëàäí³ñòü ãàñ³ííÿ òîðô’ÿíèê³â çóìîâëåíî äåê³ëüêîìà ÷èííè-
êàìè. Âîíè ïðîõîäÿòü ï³ä ïîâåðõíåþ çåìë³ é íåáåçïå÷í³ ðàïòî-
âèìè ïðîðèâàìè âîãíþ ç-ï³ä çåìë³ òà òèì, ùî ¿õí³é êðàé íå çàâ-
æäè ïîì³òíèé. Çàñîáè ãàñ³ííÿ, ïåðåâàæíèì ô³çèêî-õåì³÷íèì ìå-
õàí³çìîì ä³¿ ÿêèõ º ³çîëÿö³ÿ â³ä îêèñíèêà çîíè ãîð³ííÿ, òóò íå-
ïðèäàòí³. Òîðô ï³ä ïîâåðõíåþ ìàº êèñåíü ó ñâî¿é ñòðóêòóð³ òà 
ïîâ³òðÿ ççîâí³ äëÿ ãîð³ííÿ íå ïîòð³áíå. Âîãíåãàñèëüíèé ïîðîøîê 
äî ï³äøàðîâèõ ä³ëüíèöü íå ïðîíèêàº, éîãî ìîæíà íàíåñòè ëèøå 
íà ïîâåðõíþ. ªäèíèì çàñîáîì, ÿêèé çàñòîñîâóºòüñÿ äëÿ ãàñ³ííÿ 
ïîæåæ íà òîðôîâèùàõ, ëèøàºòüñÿ âîäà. Àëå òóò âîíà ìàëîåôåê-
òèâíîþ. Âîäà àáî íå ïðîíèêàº ï³ä ïîâåðõíþ, àáî ñò³êàº ñòðóìî÷-
êàìè â îêðåì³ ä³ðè ãëèáîêî ï³ä øàð òîðôó. Äî òîãî æ òîðôîâèùà 
ðîçòàøîâàí³ â ì³ñöÿõ, çäåá³ëüøîãî â³ääàëåíèõ â³ä äæåðåë âîäî-
ïîñòà÷àííÿ, à âîäè ïîòð³áíî äóæå áàãàòî. 
 ª â ïîæåæàõ íà ìîð³ òà â ïîæåæàõ íà òîðôîâèùàõ ³ ïðèíöè-
ïîâà â³äì³íí³ñòü. Àâàð³¿ òàíêåð³â ç âèëèâîì ³ çàãîðàííÿì íàôòî-
ïðîäóêò³â ïåðåäáà÷èòè ïðàêòè÷íî íåìîæëèâî. Îòæå, ö³ ïîæåæ³ 
äîâîäèòüñÿ ãàñèòè ëèøå ïî ôàêòó âèíèêíåííÿ ¿õ. À îò íà òîðôî-
âèùàõ ñèòóàö³ÿ ³íàêøà. Òóò, ÿê ³ â áàãàòüîõ ³íøèõ âèïàäêàõ, 
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ïîæåæó íàáàãàòî ëåãøå ïîïåðåäèòè, í³æ ïîò³ì ¿¿ ãàñèòè. Îñîáëè-
â³ñòü ïîæåæ íà òîðôîâèùàõ ïîëÿãàº ó òîìó, ùî âèíèêàþòü âîíè 
ïåðåâàæíî íà ïîâåðõí³, ³ âæå ïîò³ì ïîøèðþþòüñÿ ó âãëèá ³ 
âøèð. Îòæå, òðåáà àáî íå äàâàòè ïîëóì’þ âèíèêíóòè, òðèìàþ÷è 
ïîâåðõíþ âîëîãîþ, àáî ïðèäóøóâàòè âîãîíü â ïåðø³ æ ìîìåíòè 
éîãî ïîÿâè. Ïîñò³éíî çâîëîæóâàòè ïîâåðõíþ áàãàòîãåêòàðíîãî 
òîðôîâèùà ïðàêòè÷íî íåìîæëèâî. Ã³ïîòåòè÷íî ìîæíà áóëî á ðî-
çñ³ÿòè ïî ïîâåðõí³ âîãíåãàñèëüíèé ïîðîøîê — ñâîãî ðîäó ïðîô³-
ëàêòèêó çàãîðàííÿ. Àëå îñíîâíîþ ä³ºâîþ ðå÷îâèíîþ âîãíåãàñè-
ëüíèõ ïîðîøê³â º âîäîðîç÷èííà ñ³ëü. Òîæ ïåðøèé æå äîù àáî 
òàëà âîäà âèìèþòü öþ ñ³ëü ó íèæ÷³ øàðè, ³ ïîâåðõíÿ çàëèøèòüñÿ 
áåç çàõèñòó. 
 Óïðîäîâæ îñòàíí³õ äåñÿòèë³òü ó ×²ÏÁ ³ì. Ãåðî¿â ×îðíîáèëÿ 
ïðîâîäÿòüñÿ äîñë³äæåííÿ ç ðîçðîáêè ïðèíöèïîâî íîâèõ âîãíåãà-
ñèëüíèõ çàñîá³â. Ö³ çàñîáè ÿâëÿþòü ñîáîþ âèñîêîïîðèñò³ íîñ³¿ 
(ñïó÷åíèé âåðì³êóë³ò àáî òèðñà äåðåâèíè), âíóòð³øíþ ïîâåðõíþ 
ïîð ÿêèõ çà ñïåö³ÿëüíîþ òåõíîëîã³ºþ ³ììîá³ë³çîâàíî âîãíåãàñíè-
ìè ñîëÿìè [6–12]. Âîíè ìàþòü íàñèïíó ãóñòèíó, íèæ÷ó çà ïèòî-
ìó ãóñòèíó âóãëåâîäí³â ³, òèì ïà÷å, âîäè. Îòæå, ç íàíåñåííÿì íà 
ïîâåðõíþ áóäü-ÿêî¿ ð³äèíè ö³ çàñîáè íå çàíóðþþòüñÿ ï³ä ¿¿ ïîâå-
ðõíþ, à ïîñò³éíî çíàõîäÿòüñÿ ó çîí³ ãîð³ííÿ. Ëèøàþòüñÿ ö³ çàñî-
áè íà ïîâåðõí³ àáî ïîáëèçó ¿¿ òà ç íàíåñåííÿì íà òîðôîâèùå; òóò 
âîíè ìîæóòü ëèøàòèñÿ íåóøêîäæåíèìè äåê³ëüêà ðîê³â. 
 Êàï³ëÿðè öèõ íîñ³¿â íàñò³ëüêè âóçüê³, ùî âîäà, ç îãëÿäó íà ¿¿ 
çíà÷íèé ïîâåðõíåâèé íàòÿã, âñåðåäèíó íèõ ïðîíèêíóòè íå ìîæå. 
Îòæå, ç íàíåñåííÿì íà ïîâåðõíþ ãîðþ÷î¿ ð³äèíè, ùî ïëàâàº íà 
âîäîéì³, êîíòàêò çàñîáó ç âîäîþ äî âèìèâàííÿ âîãíåãàñèëüíî¿ ñî-
ë³ òà äåçàêòèâàö³¿ íå ïðèâîäèòü. Ó âèïàäêó çàñòîñóâàííÿ öüîãî 
çàñîáó äëÿ ïîïåðåäæåííÿ ïîøèðåííÿ ïîæåæ íà òîðôîâèùàõ àí³ 
äîù, àí³ òàë³ âîäè òåæ âèìèòè âîãíåãàñèëüíó ñ³ëü íå â çìîç³. Ëå-
ãêèé çàñ³á ê³ëüêà ðîê³â ìîæå çíàõîäèòèñÿ íà ïîâåðõí³ òîðôîâè-
ùà áåç âòðàòè ñâî¿õ ÿêîñòåé. Ï³äâèùåííÿ æ òåìïåðàòóðè é ó âè-
ïàäêó ãàñ³ííÿ ïîæåæ íà ìîð³, é ó âèïàäêó âèíèêíåííÿ çàãîðàííÿ 
íà ïîâåðõí³ òîðô’ÿíèêà ïðèâîäèòü äî äåñîðáö³¿ ç êàï³ëÿð³â âîãíå-
ãàñèëüíèõ ñîëåé, ðîçêëàäàííÿ öèõ ñîëåé ³ äî åôåêòèâíîãî ãàñ³í-
íÿ ïîæåæ³ çà ³íã³áóâàëüíèì ô³çèêî-õåì³÷íèì ìåõàí³çìîì. Ùå 
îäíà ïåðåâàãà òàêèõ çàñîá³â — àáñîëþòíà íåøê³äëèâ³ñòü ¿õ äëÿ 
íàâêîëèøíüîãî ñåðåäîâèùà. Ñïó÷åíèé âåðì³êóë³ò âèêîðèñòîâó-
ºòüñÿ ó ñ³ëüñüêîìó ãîñïîäàðñòâ³ äëÿ ñòðóêòóðóâàííÿ ´ðóíò³â, òèð-
ñà äåðåâèíè — âçàãàë³ ïðèðîäí³é ìàòåð³ÿë, à âîãíåãàñèëüí³ ñîë³ 
(àìîí³þ ôîñôàòè òà êàë³þ í³òðàò) º ïî ñóò³ ì³íåðàëüíèìè äîáðè-
âàìè. 
 Â äàí³é ðîáîò³ áóëî ïîñòàâëåíî çàâäàííÿ ðîçðîáèòè íîâ³ åêîëî-
ã³÷í³ çàñîáè íà îñíîâ³ âèñîêîïîðèñòèõ íîñ³¿â ç âèñîêîäèñïåðñíè-
ìè ÷àñòèíêàìè âîãíåãàñèëüíèõ ñîëåé (àìîí³éôîñôàòó, ä³àìîí³é-
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ôîñôàòó òà êàë³é í³òðàòó) äëÿ ãàñ³ííÿ ïîæåæ íà ïîâåðõí³ âîäîé-
ìè òà ïîïåðåäæåííÿ ïîøèðåííÿ ¿õ íà òîðôîâèùàõ ³ äîñë³äèòè 
ñòðóêòóðó îäåðæàíèõ ìàòåð³ÿë³â, çîêðåìà ðîçïîä³ë ÷àñòèíîê âîã-
íåãàñèëüíèõ ñîëåé çà ³ììîá³ë³çàö³¿ ¿õ íà âíóòð³øí³é ïîâåðõí³ âè-
ñîêîïîðèñòèõ íîñ³¿â (ñïó÷åíîãî âåðì³êóë³òó òà òèðñè äåðåâèíè). Ç 
ö³ºþ ìåòîþ âèâ÷àëèñÿ ïîðèñò³ñòü, ì³êðîñòðóêòóðà òà ñòðóêòóðí³ 
õàðàêòåðèñòèêè âèõ³äíèõ íîñ³¿â ³ íîñ³¿â ç ³ììîá³ë³çîâàíèìè â ïî-
ðàõ âîãíåãàñèëüíèìè ñîëÿìè. 

2. ÌÅÒÎÄÈÊÀ ÅÊÑÏÅÐÈÌÅÍÒÓ 

Â äîñë³äæåíèõ çðàçêàõ â ÿêîñò³ íîñ³¿â âèêîðèñòîâóâàâñÿ ñïó÷å-
íèé âåðì³êóë³ò ìàðîê FINE UE òà FINE ZU (âèðîáíèê — ÍÂÎ 
«ÓÊÐÂÅÐÌ²ÊÓË²Ò», íàñèïíà ãóñòèíà — 0,108 ã/ñì3 é 0,172 
ã/ñì3 â³äïîâ³äíî) òà òèðñà ñîñíè (òàáë. 1). Âåðìèêóë³ò — ì³íåðàë 
êëàñó âîäíèõ àëþìîñèë³êàò³â Ìà´í³þ òà Ôåðóìó øàðóâàòî¿ áó-
äîâè ³ç çàãàëüíîþ ôîðìóëîþ — (Mg, Fe2+, Fe3+)3[(OH)2(Al, Si)4· 
4H2O; õåì³÷íèé ñêëàä çì³ííèé, ãóñòèíà — 2,4–2,7 ã/ñì3. Âèêî-
ðèñòîâóºòüñÿ ñïó÷åíèé âåðì³êóë³ò ìàéæå âèêëþ÷íî äëÿ âèãîòîâ-
ëåííÿ òåïëî³çîëÿö³éíèõ ïëèò ³ ³íîä³ ïðîñòî äëÿ çàñèïêè ç ò³ºþ æ 
ìåòîþ. Ðàí³øå í³ â ÿêîñò³ ïðîñòî âîãíåãàñèëüíîãî çàñîáó, í³ â 
ÿêîñò³ íîñ³¿â âîãíåãàñèëüíîãî çàñîáó âåðì³êóë³ò íå çàñòîñîâóâàâ-
ñÿ. 
 Ïåðåä ïðîâåäåííÿì îïåðàö³é ³ììîá³ë³çàö³¿ çðàçêè íîñ³¿â ïðî-
ìèâàëèñÿ äèñòèëüîâàíîþ âîäîþ òà âèñóøóâàëèñÿ çà òåìïåðàòóðè 
ó 80–90 Ñ. ²ììîá³ë³çàö³ÿ çðàçê³â ñïó÷åíîãî âåðì³êóë³òó ðîç÷èíà-
ìè àìîí³é- ³ ä³àìîí³éôîñôàò³â ïðîâîäèëàñÿ ³ç çàñòîñóâàííÿì âà-
êóóìíî¿ òåõí³êè [6, 7, 9]. ²ììîá³ë³çàö³ÿ çðàçê³â äåðåâèíè ðîç÷è-
íàìè àìîí³é- ³ ä³àìîí³éôîñôàò³â ³ êàë³é í³òðàòîì — ïðîñòèì ñòè-
ñêàííÿì–â³äïóñêàííÿì ¿õ ó ðîç÷èíàõ àìîí³é- ³ ä³àìîí³éôîñôàò³â 
àáî êàë³é í³òðàòó [8, 9]. Ï³ñëÿ çàïîâíåííÿ êàï³ëÿð³â ðîç÷èíàìè 
çðàçêè âèñóøóâàëèñÿ â ñóøèëüí³é øàô³ òà äëÿ ïîâíîãî âèäàëåí-
íÿ âîëîãè âèòðèìóâàëèñÿ òåïëèìè ïðîòÿãîì 3–4 ãîäèí ó âàêóóì-
íîìó åêñèêàòîð³ çà çàëèøêîâîãî òèñêó ó 1–3 ìì ðò. ñò. 
 Ïîðèñò³ñòü P îö³íþâàëàñÿ çà ðîçðîáëåíîþ àâòîðàìè ìåòîäè-
êîþ, ùî óìîæëèâëþº ïðîâîäèòè åêñïðåñ-òåñòè âèñîêîïîðèñòèõ 
ìàòåð³ÿë³â ç íèçüêîþ íàñèïíîþ ãóñòèíîþ, çà ôîðìóëîþ [13]: 

 

2 1V V m
P

m
, 

äå V2 — îá’ºì ð³äèíè ç îá’ºìîì óòðèìóâà÷à äëÿ ìàòåð³ÿëó òà 
îá’ºìîì ïîäð³áíåíîãî âèñîêîïîðèñòîãî ìàòåð³ÿëó; V1 — îá’ºì ð³-
äèíè ðàçîì ç îá’ºìîì óòðèìóâà÷à äëÿ ìàòåð³ÿëó; m/  — ïîïðàâ-
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êà, ùî âðàõîâóº îá’ºì ìàòåð³ÿëó ó íåïîäð³áíåíîìó ñòàí³ (äëÿ ì³-
íåðàëó âåðìèêóë³ò 2,55 ã/ñì3); m — ìàñà ïîäð³áíåíîãî âèñî-
êîïîðèñòîãî ìàòåð³ÿëó. 
 Ôàçîâó àíàë³çó çðàçê³â ïðîâîäèëè íà ïîðîøêîâîìó ðåíò´åí³â-
ñüêîìó äèôðàêòîìåòð³ ÄÐÎÍ-4 ó ãåîìåòð³¿ Áðå´´à–Áðåíòàíî ó 
ìîíîõðîìàòèçîâàíîìó ÌîK -âèïðîì³íåíí³ ( 0.71068 Å) ç öèô-
ðîâîþ ðåºñòðàö³ºþ äàíèõ. Óìîâè åêñïåðèìåíòó: U — 45 êÂ, I — 
20 ìÀ, êðîê ì³æ òî÷êàìè — 0,05 ´ðàä, âèòðèìêà â êîæí³é òî÷ö³ 
— 4 ñ. Ðîçì³ð îáëàñòåé êîãåðåíòíîãî ðîçñ³ÿííÿ (íàíîêðèñòàë³ò³â) 
äëÿ âåðì³êóë³òó FINE ZU òà FINE UE ó âèõ³äíîìó ñòàí³ áóëî 
îö³íåíî çà ð³âíÿííÿì Øåððåðà çà ìåòîäèêîþ, îïèñàíîþ â [14]. 
Äîñë³äæåííÿ ì³êðîñòðóêòóðè çðàçê³â ó âèõ³äíîìó é îáðîáëåíîìó 
ñòàíàõ áóëè âèêîíàí³ çà äîïîìîãîþ ñêàíóâàëüíîãî åëåêòðîííîãî 
ì³êðîñêîïà JEOL JSEM IT-300. 

3. ÅÊÑÏÅÐÈÌÅÍÒÀËÜÍ² ÐÅÇÓËÜÒÀÒÈ ÒÀ ¯Õ ÎÁÃÎÂÎÐÅÍÍß 

Ðåçóëüòàòè âèçíà÷åííÿ ïîðèñòîñòè çðàçê³â íàâåäåíî ó òàáë. Âèä-
íî, ùî ñïó÷åíèé âåðì³êóë³ò FINE ZU ìàº ïîðèñò³ñòü á³ëüøó, í³æ 
ñïó÷åíèé âåðì³êóë³ò FINE UE ³, îòæå, äëÿ âèêîðèñòàííÿ â ÿêîñò³ 

ÒÀÁËÈÖß. Äîñë³äæåí³ çðàçêè òà ¿õíÿ ïîðèñò³ñòü.1 

¹ 
ç/ï 

Íîñ³é ²ììîá³ë³çàò 
Ê³ëüê³ñòü îáðîáëåíü 

(öèêë³â ³ììîá³ë³çàö³¿) 
Ñåðåäíÿ 

ïîðèñò³ñòü P, ñì3/ã 

1 
Âåðì³êóë³ò 
FINE ZU 

— — 2,64 

2 
Âåðì³êóë³ò 
FINE ZU 

Àìîí³éôîñôàò 1 2,48 

3 
Âåðì³êóë³ò 
FINE ZU 

Ä³àìîí³éôîñôàò 1 1,86 

4 
Âåðì³êóë³ò 
FINE ZU 

Ä³àìîí³éôîñôàò 2 1,70 

5 
Âåðì³êóë³ò 
FINE UE 

— — 1,24 

6 
Âåðì³êóë³ò 
FINE UE 

Àìîí³éôîñôàò 1 1,18 

7 
Âåðì³êóë³ò 
FINE UE 

Ä³àìîí³éôîñôàò 1 0,83 

8 Òèðñà ñîñíè — — 1,64 
9 Òèðñà ñîñíè Ä³àìîí³éôîñôàò 1 1,46 

10 Òèðñà ñîñíè Ä³àìîí³éôîñôàò 2 1,34 
11 Òèðñà ñîñíè Êàë³þ í³òðàò 1 0,93 
12 Òèðñà ñîñíè Êàë³þ í³òðàò 2 0,56 
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íîñ³¿â âîãíåãàñèëüíèõ ñîëåé º á³ëüø ïðèäàòíèì. ßê ³ î÷³êóâàëî-
ñÿ, ³ììîá³ë³çàö³ÿ ñîëåé ó âñ³õ âèïàäêàõ çàïîâíþº ïîðîæíèñòîñò³ 
òà ïîíèæóº çàãàëüíó ïîðèñò³ñòü ç 2,64 äî 1,70 ³ ç 1,24 äî 0,83 
äëÿ çðàçê³â âåðì³êóë³òó FINE ZU ³ FINE UE â³äïîâ³äíî. Ö³êàâî, 
ùî ä³àìîí³éôîñôàò àäñîðáóºòüñÿ çíà÷íî êðàùå, í³æ ìîíîàìîí³é-
íà ñ³ëü. Âîäíî÷àñ ïåðøèé öèêë ³ììîá³ë³çàö³¿ çàïîâíþº á³ëÿ òðå-
òèíè çàãàëüíîãî îá’ºìó. Ùî ñòîñóºòüñÿ äåðåâèíè, òî òóò íàéë³ïø³ 
ðåçóëüòàòè ñïîñòåð³ãàþòüñÿ ç êàë³é í³òðàòîì. Âæå ïåðøèé æå 
öèêë äàº çìîãó çàïîâíèòè á³ëÿ 40% ïîðîæíèñòîñòè, à ï³ñëÿ äðó-
ãîãî öèêëó çàïîâíåíî ïîíàä 60% — öå íàâ³òü á³ëüøå, í³æ ïîòð³-
áíî, îñê³ëüêè çá³ëüøóºòüñÿ íàñèïíà ìàñà çàñîáó, à ç âèêîðèñòàí-
íÿì â³í áóäå çàíóðþâàòèñÿ ï³ä ïîâåðõíþ. 
 Ðåíò´åí³âñüê³ äèôðàêòîãðàìè äåðåâèíè ñîñíè (òèðñè) ó âèõ³ä-
íîìó é îáðîáëåíîìó ñòàíàõ íàâåäåíî íà ðèñ. 1. Äîáðå âèäíî, ùî ó 
âèõ³äíîìó ñòàí³ òèðñà ñîñíè õàðàêòåðèçóºòüñÿ òèïîâî âèðàæåíîþ 
àìîðôíîþ ñòðóêòóðîþ, ùî ïðîÿâëÿºòüñÿ ó ïðèñóòíîñò³ øèðîêîãî 
äèôóçíîãî ãàëî â îêîë³ 5–12 ´ðàäóñ³â (ðèñ. 1, à). Íà ðèñóíêó 1, á, 
â íàâåäåíî äèôðàêòîãðàìè òèðñè ñîñíè ï³ñëÿ îáðîáëåííÿ êàë³é 
í³òðàòîì ³ ä³àìîí³éôîñôàòîì â³äïîâ³äíî. Íà öèõ æå ðèñóíêàõ íà-
íåñåíî òàêîæ äèôðàêòîãðàìè â³äïîâ³äíèõ õåì³÷íèõ ðå÷îâèí, ÿê³ 
çíàõîäÿòüñÿ ó êðèñòàë³÷íîìó ñòàí³. 
 Ìîæíà çðîáèòè âèñíîâîê, ùî äèôðàêö³éí³ êàðòèíè îáðîáëåíî¿ 
òèðñè º ñóïåðïîçèö³ºþ äèôðàêö³¿ â³ä äåðåâèíè òà â³äïîâ³äíî¿ õå-
ì³÷íî¿ ðå÷îâèíè, ùî âêàçóº íà äîáðó àäñîðáö³þ ñîëåé äåðåâèíîþ 
â ïðîöåñ³ ¿¿ îáðîáëåííÿ. 
 Ðåíò´åí³âñüê³ äèôðàêòîãðàìè âåðì³êóë³òó ZU ó âèõ³äíîìó é 

 

Ðèñ. 1. Äèôðàêòîãðàìè äåðåâèíè ñîñíè (òèðñà) ó âèõ³äíîìó (à) é îáðîá-
ëåíîìó ñòàíàõ (á — ³ììîá³ë³çàö³ÿ êàë³é í³òðàòîì; â — ä³àìîí³éôîñôà-
òîì); äèôðàêòîãðàìè â³äïîâ³äíèõ ðå÷îâèí-³ììîá³ë³çàò³â íàâåäåíî ñó-
ö³ëüíèìè ñ³ðèìè ë³í³ÿìè.2 
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îáðîáëåíîìó àìîí³éôîñôàòîì ñòàíàõ íàâåäåíî íà ðèñ. 2. Ó âèõ³ä-
íîìó ñòàí³ âåðì³êóë³ò ZU ìàº êðèñòàë³÷íó ñòðóêòóðó (ðèñ. 2, à). 
Äèôðàêö³éí³ ë³í³¿ º ðîçøèðåíèìè, ùî ñâ³ä÷èòü ïðî íàíîäèñïåðñ-
íèé ñòàí ïîðîøêó. Îö³íêà ðîçì³ðó ³íäèâ³äóàëüíèõ ÷àñòèíîê âè-
õ³äíîãî ïîðîøêó çà ôîðìóëîþ Øåððåðà [14] ïîêàçóº, ùî âîíè 
çíàõîäÿòüñÿ â íàíîðîçì³ðíîìó ä³ÿïàçîí³ 5 íì. 
 Îáðîáëåííÿ ä³àìîí³éôîñôàòîì ïðèâîäèòü äî ïîÿâè íà äèôðàê-
òîãðàìàõ âëàñòèâèõ éîìó ï³ê³â (ðèñ. 2, á, â, ã). Íà öèõ æå ðèñóí-
êàõ äëÿ ïîð³âíÿííÿ ñóö³ëüíîþ ë³í³ºþ íàíåñåíî äèôðàêòîãðàìè 
÷èñòîãî ä³àìîí³éôîñôàòó. Ïðè÷îìó ê³ëüê³ñòü ä³àìîí³éôîñôàòó â 
çðàçêàõ çàëåæèòü â³ä ðåæèìó îáðîáëåííÿ: ó âèïàäêó ïîäâ³éíî¿ 
³ììîá³ë³çàö³¿ (ðèñ. 2, â) éîãî ïîì³òíî á³ëüøå, í³æ ï³ñëÿ îäíîêðà-
òíîãî îáðîáëåííÿ (ðèñ. 2, á). 
 Åëåêòðîííî-ì³êðîñêîï³÷í³ äîñë³äæåííÿ íà ñêàíóâàëüíîìó åëå-
êòðîííîìó ì³êðîñêîï³ ó ðåæèì³ çâîðîòíüî ðîçñ³ÿíèõ åëåêòðîí³â 
ïîêàçàëè, ùî âåðì³êóë³ò ZU ó âèõ³äíîìó ñòàí³ õàðàêòåðèçóºòüñÿ 
íåîäíîð³äíîþ ì³êðîñòðóêòóðîþ ó âèãëÿä³ îêðåìèõ ïëàñòèí ³ç 
øèðîêîþ äèñïåðñ³ºþ çà ðîçì³ðàìè — â³ä äåê³ëüêîõ äî 50 ìêì ç 
ÿâíîþ ñõèëüí³ñòþ äî à´ëîìåðàö³¿ (ðèñ. 3, à, á). Îáðîáëåííÿ ä³à-
ìîí³éôîñôàòîì ïðèâîäèòü äî âèíèêíåííÿ á³ëüø îäíîð³äíîãî ñòà-
íó ç³ çá³ëüøåíèì ðîçì³ðîì ÷àñòèíîê-à´ëîìåðàò³â âåðì³êóë³òó ZU: 
îäíîêðàòíå îáðîáëåííÿ — ðîçì³ð ÷àñòèíîê ó 20–100 ìêì (ðèñ. 3, 
æ, ç), äâîêðàòíå — 50–200 ìêì (ðèñ. 3, ä, å). Âîäíî÷àñ ïîâåðõíþ 
÷àñòèíîê âåðì³êóë³òó ZU âêðèòî á³ëüø äèñïåðñíèìè ÷àñòèíêàìè 
ä³àìîí³éôîñôàòó ³ç ðîçì³ðàìè ó 5–10 ìêì, ÿê³ äîñòàòíüî îäíîð³-
äíî ðîçïîä³ëåí³ ïî íüîìó. 
 Ðåíò´åí³âñüê³ äèôðàêòîãðàìè âåðì³êóë³òó UE ó âèõ³äíîìó é 

 

Ðèñ. 2. Äèôðàêòîãðàìè âåðìèêóë³òó ZU (÷îðí³ òî÷êè) ó âèõ³äíîìó (à) é 
îáðîáëåíîìó àìîí³éôîñôàòîì ñòàíàõ (á, â, ã; äèôðàêòîãðàìè ä³àìîí³é-
ôîñôàòó íàâåäåíî ñóö³ëüíèìè ñ³ðèìè ë³í³ÿìè).3 
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îáðîáëåíîìó àìîí³éôîñôàòîì ñòàíàõ íàâåäåíî íà ðèñ. 4. 
 Ó âèõ³äíîìó ñòàí³ âåðì³êóë³ò UE õàðàêòåðèçóºòüñÿ êðèñòàë³÷-
íîþ ñòðóêòóðîþ (ðèñ. 4, à). Äèôðàêö³éí³ ë³í³¿ ìàþòü çíà÷íó ³í-
òåíñèâí³ñòü ³ íåâåëèêó ï³âøèðèíó, ùî ñâ³ä÷èòü ïðî éîãî á³ëüøó 
ñòðóêòóðíó äîñêîíàë³ñòü ó ïîð³âíÿíí³ ç âåðì³êóë³òîì ZU. Ñåðåä-
í³é ðîçì³ð ³íäèâ³äóàëüíèõ ÷àñòèíîê, îö³íåíèé çà ôîðìóëîþ Øå-

   
        à    á      â 

   
        ã    ä      å 
 

  
æ     ç 

Ðèñ. 3. Åëåêòðîííî-ì³êðîñêîï³÷í³ ì³êðîôîòîãðàô³¿ âåðì³êóë³òó ZU ó âè-
õ³äíîìó (à, á) é îáðîáëåíîìó àìîí³éôîñôàòîì ñòàíàõ (â, ã — ä³àìîí³é-
ôîñôàò, îäíå îáðîáëåííÿ; ä, å — ä³àìîí³éôîñôàò, äâà îáðîáëåííÿ; æ, ç 
— àìîí³éôîñôàò) çà ð³çíèõ çá³ëüøåíü (à — ¹1 âåðì³êóë³ò ZU âèõ³ä-
íèé; á — ¹1 âåðì³êóë³ò ZU âèõ³äíèé; â — ¹6 âåðì³êóë³ò ZU  

ä³àìîí³éôîñôàò, îäíå îáðîáëåííÿ; ã — ¹6 âåðì³êóë³ò ZU  
ä³àìîí³éôîñôàò, îäíå îáðîáëåííÿ; ä — ¹8 âåðì³êóë³ò ZU  
àìîí³éôîñôàò; å — ¹8 âåðì³êóë³ò ZU àìîí³éôîñôàò, äâà îáðîáëåííÿ; 

æ — ¹4 âåðì³êóë³ò ZU àìîí³éôîñôàò; ç — ¹4 âåðì³êóë³ò ZU  
àìîí³éôîñôàò).4 
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ððåðà, ñòàíîâèòü 15 íì. Îáðîáëåííÿ ä³àìîí³éôîñôàòîì ïðèâî-
äèòü äî ïîÿâè íà äèôðàêòîãðàìàõ âëàñòèâèõ éîìó ï³ê³â (ðèñ. 
4, á, â). Íà öèõ æå ðèñóíêàõ äëÿ ïîð³âíÿííÿ ñóö³ëüíîþ ë³í³ºþ 
òàêîæ íàíåñåíî äèôðàêòîãðàìè ÷èñòîãî ä³àìîí³éôîñôàòó. 
 Åëåêòðîííî-ì³êðîñêîï³÷í³ äîñë³äæåííÿ íà ñêàíóâàëüíîìó åëå-
êòðîííîìó ì³êðîñêîï³ ó ðåæèì³ çâîðîòíüî ðîçñ³ÿíèõ åëåêòðîí³â 
ïîêàçàëè, ùî âåðì³êóë³ò UE ó âèõ³äíîìó ñòàí³ òàêîæ õàðàêòåðè-
çóºòüñÿ íåîäíîð³äíîþ ì³êðîñòðóêòóðîþ ó âèãëÿä³ îêðåìèõ ïëàñ-
òèí ³ç øèðîêîþ äèñïåðñ³ºþ çà ðîçì³ðàìè — â³ä äåê³ëüêîõ äî 100 
ìêì ³ç ñõèëüí³ñòþ äî à´ëîìåðàö³¿ ÷àñòèíîê ïîðîøêó (ðèñ. 5, à, 
á). Îáðîáëåííÿ ä³àìîí³éôîñôàòîì ïðèâîäèòü äî ïîÿâè íà ïîâåðõ-
í³ ïëàñòèíîê âåðì³êóë³òó UE äèñïåðñíèõ ÷àñòèíîê ä³àìîí³éôîñ-
ôàòó ³ç ðîçì³ðàìè ó 3–10 ìêì, ÿê³ äîñòàòíüî îäíîð³äíî ðîçïîä³-
ëåí³ ïî íèõ (ðèñ. 5, â, ã òà ðèñ. 5, ä, å). 
 Òàêèì ÷èíîì, âèçíà÷åííÿ ïîðèñòîñòè äîñë³äæåíèõ çðàçê³â ïî-
êàçàëî, ùî ç äâîõ ìàðîê ñïó÷åíîãî âåðì³êóë³òó á³ëüø ïðèäàòíèì 
äëÿ âèãîòîâëåííÿ çàñîá³â ãàñ³ííÿ ïîæåæ³ íà ïîâåðõí³ âîäîéìè òà 
âèãîòîâëåííÿ çàñîá³â ïîïåðåäæåííÿ ïîæåæ íà òîðôîâèùàõ º ñïó-
÷åíèé âåðì³êóë³ò ìàðêè FINE ZU. Çà ³ììîá³ë³çàö³¿ éîãî ñîëÿìè 
àìîí³þ äî òðåòèíè îá’ºìó ïîðîæíèí ìîæå áóòè çàïîâíåíî âæå ó 
ïåðøîìó öèêë³ ³ììîá³ë³çàö³¿–âèñóøóâàííÿ. Ç ñîëåé àìîí³þ ë³ï-
ø³ ðåçóëüòàòè îäåðæàíî ³ç çàñòîñóâàííÿì ä³àìîí³éôîñôàòó. Äîñ-
òàòíüî ïðèäàòí³ ðåçóëüòàòè ä³àìîí³éôîñôàò ïîêàçàâ ³ äëÿ âèãîòî-
âëåííÿ çàñîá³â íà îñíîâ³ òèðñè äåðåâèíè. Äëÿ âèãîòîâëåííÿ æ 
´åíåðàòîð³â âîãíåãàñèëüíîãî àåðîçîëþ [8] â ÿêîñò³ îêèñíèêà äëÿ 
äåðåâèíè íàéá³ëüøå ï³äõîäèòü êàë³é í³òðàò. Àëå â öüîìó âèïàä-
êó, ùîá çáåðåãòè äîñòàòíüî íèçêó íàñèïíó ìàñó, ³ììîá³ë³çàö³þ 
òðåáà íàâ³òü îáìåæóâàòè. Ñïðàâà â òîìó, ùî çà ð³âíÿííÿì ðåàêö³¿ 

 

Ðèñ. 4. Äèôðàêòîãðàìè âåðì³êóë³òó UÅ (÷îðí³ òî÷êè) ó âèõ³äíîìó (à) é 
îáðîáëåíîìó àìîí³éôîñôàòîì ñòàíàõ (á, â; äèôðàêòîãðàìè ä³àìîí³éôîñ-
ôàòó é àìîí³éôîñôàòó íàâåäåíî ñ³ðèìè ñóö³ëüíèìè ë³í³ÿìè).5 



 ÃÀÑ²ÍÍß ÏÎÆÅÆ ÍÀ ÎÑÍÎÂ² ÂÎÃÍÅÃÀÑß×Î¯ ÑÎË² 251 

äëÿ îêèñíåííÿ äåðåâèíè ïîòð³áíà äîñòàòíüî âåëèêà ê³ëüê³ñòü êà-
ë³þ í³òðàòó. Àëå, ÿêùî äåðåâèíà áóäå ïðîñî÷åíà òàêîþ ê³ëüê³ñòþ 
ñîë³, âîíà çá³ëüøèòü ñâîþ íàñèïíó ìàñó. Äëÿ âèêîðèñòàííÿ çàäëÿ 
ïîïåðåäæåííÿ ïîøèðåííÿ ïîæåæ³ íà òîðôîâèùàõ öå îñîáëèâîãî 
çíà÷åííÿ íå ìàº. Õî÷à ³ òóò ë³ïøå, ùîá çàñ³á ÿêîìîãà äîâøå çà-
ëèøèâñÿ íà ïîâåðõí³, à íå çàíóðþâàâñÿ ï³ä ÷àñ äîù³â ³ òàíåííÿ 
ñí³ãó òà íå çàìóëþâàâñÿ ÷àñòèíêàìè ´ðóíòó. À îò ï³ä ÷àñ ãàñ³ííÿ 
ïîæåæ ãîðþ÷èõ ð³äèí íà ìîð³ öå ìàº ³ñòîòíå çíà÷åííÿ. Çîíà ãî-
ð³ííÿ òóò çíàõîäèòüñÿ íà ïîâåðõí³ ð³äèíè — íàâ³òü íàä íåþ. Îò-
æå çàñ³á ãàñ³ííÿ ìàº áóòè äîñòàòíüî ëåãêèì, ç íàñèïíîþ ìàñîþ, 
ìåíøîþ çà ãóñòèíó ³ âîäè, ³ íàôòîïðîäóêòó. 

4. ÂÈÑÍÎÂÊÈ 

Íà îñíîâ³ âèñîêîïîðèñòèõ íîñ³¿â ç âèñîêîäèñïåðñíèìè ÷àñòèíêà-
ìè âîãíåãàñèëüíèõ ñîëåé (àìîí³éôîñôàòó, ä³àìîí³éôîñôàòó òà 
êàë³é í³òðàòó) ðîçðîáëåíî íîâ³ åêîëîã³÷í³ çàñîáè äëÿ ãàñ³ííÿ ïî-
æåæ íà ïîâåðõí³ âîäîéìè òà ïîïåðåäæåííÿ ïîøèðåííÿ ¿õ íà òî-

   
        à    á      â 

   
        ã    ä      å 

Ðèñ. 5. Åëåêòðîííî-ì³êðîñêîï³÷í³ ì³êðîôîòîãðàô³¿ âåðì³êóë³òó ZU ó âè-
õ³äíîìó (à, á) é îáðîáëåíîìó àìîí³éôîñôàòîì ñòàíàõ (â, ã — àìîí³éôî-
ñôàò; ä, å — ä³àìîí³éôîñôàò) çà ð³çíèõ çá³ëüøåíü (à — ¹2 âåðì³êóë³ò 
UÅ âèõ³äíèé; á — ¹2 âåðì³êóë³ò UÅ âèõ³äíèé; â — ¹5 âåðì³êóë³ò 
UE  àìîí³éôîñôàò; ã — ¹5 âåðì³êóë³ò UE àìîí³éôîñôàò; ä — ¹7 âå-
ðì³êóë³ò UE ä³àìîí³éôîñôàò; å — ¹7 âåðì³êóë³ò UE  

ä³àìîí³éôîñôàò).6 
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ðôîâèùàõ. Çà äîïîìîãîþ ðåíò´åíîñòðóêòóðíî¿ àíàë³çè òà ñêàíó-
âàëüíî¿ åëåêòðîííî¿ ì³êðîñêîï³¿ ïîêàçàíî, ùî çðàçêè âåðì³êóë³òó 
òà äåðåâèíè ï³ñëÿ îáðîáëåííÿ ³ììîá³ë³çàòàìè ì³ñòÿòü â ñîá³ à´-
ëîìåðîâàí³ âèñîêîäèñïåðñí³ ÷àñòèíêè ñîëåé, ÿê³ â ö³ëîìó ð³âíî-
ì³ðíî ïîêðèâàþòü ïîâåðõíþ íîñ³ÿ. Äîñë³äæåíî ðîçïîä³ë ÷àñòèíîê 
âîãíåãàñèëüíèõ ñîëåé çà ³ììîá³ë³çàö³¿ ¿õ íà âíóòð³øí³é ïîâåðõí³ 
âèñîêîïîðèñòèõ íîñ³¿â (ñïó÷åíîãî âåðì³êóë³òó òà òèðñè äåðåâè-
íè). 
 Çà îö³íêîþ ñòóïåíÿ ïîíèæåííÿ ïîðîæíèñòîñòè (ïîðèñòîñòè) çà 
³ììîá³ë³çàö³¿ âèÿâëåíî, ùî ç íîñ³¿â íàéá³ëüø ïðèäàòíèìè äëÿ âè-
ãîòîâëåííÿ âîãíåãàñèëüíèõ çàñîá³â òàêîãî òèïó º ñïó÷åíèé âåð-
ì³êóë³ò ìàðêè FINE ZU ³ òèðñà äåðåâèíè. Çà ³ììîá³ë³çàö³¿ âåðì³-
êóë³òó ñîëÿìè àìîí³þ äî òðåòèíè îá’ºìó ïîðîæíèí ìîæå áóòè 
çàïîâíåíî âæå ó ïåðøîìó öèêë³ ³ììîá³ë³çàö³¿-âèñóøóâàííÿ. Ç 
ñîëåé àìîí³þ ë³ïø³ ðåçóëüòàòè îäåðæàíî ³ç çàñòîñóâàííÿì ä³àìî-
í³éôîñôàòó. Äëÿ âèãîòîâëåííÿ ´åíåðàòîð³â âîãíåãàñèëüíîãî àåðî-
çîëþ â ÿêîñò³ îêèñíèêà äëÿ äåðåâèíè íàéá³ëüøå ï³äõîäèòü êàë³é 
í³òðàò. Àëå â öüîìó âèïàäêó, ùîá çáåðåãòè äîñòàòíüî íèçêó íà-
ñèïíó ìàñó, ³ììîá³ë³çàö³þ òðåáà îáìåæóâàòè. 

 Ðîáîòó âèêîíàíî â ðàìêàõ òåìè «Äîñë³äæåííÿ ìîæëèâîñò³ ïî-
ïåðåäæåííÿ ïîæåæ íà òîðôîâèùàõ øëÿõîì îáðîáêè ïîâåðõîíü 
íîñ³ÿìè, ùî ïðîñî÷åí³ âîãíåãàñíèìè ñîëÿìè» òà Äîãîâîðó ïðî 
ñï³âðîá³òíèöòâî ì³æ ×åðêàñüêèì ³íñòèòóòîì ïîæåæíî¿ áåçïåêè 
³ì. Ãåðî¿â ×îðíîáèëÿ òà ²íñòèòóòîì ìåòàëîô³çèêè ³ì. Ã. Â. Êóð-
äþìîâà ÍÀÍ Óêðà¿íè. 

ÖÈÒÎÂÀÍÀ Ë²ÒÅÐÀÒÓÐÀ–REFERENCES 

1. A. G. Alekseev, G. I. Yelagin, V. V. Nakonetchniy, O. M. Nuyanzin, and 
M. A Kutsenko, Collection of Scientific Works of the Cherkasy Institute of 
Fire Safety Named After the Heroes of Chernobyl of the National University 
of Civil Defense of Ukraine (2019) ð. 5 (in Ukrainian). 

2. R. Campbell, Report of National Fire Protection Association (2014); 
https://www.nfpa.org/News-and-Research/Fire-statistics-and-reports 

3. J. G. Hylton, Report of National Fire Protection Association (2017), ð. 39; 
https://www.nfpa.org/-/media/Files/News-and-Research/Fire-
statistics/Fire-service/osfdprofile.pdf 

4. G. Yelagin, ². Nesen, Ì. Kutsenko, Î. Alekseeva, Î. Nuyanzin, À. Alekseev, 
and V. Slovinskyi, Colloquium-Journal, 1, No. 4: 52: 163 (2023) (in Ukraini-
an); doi:10.24412/2520-6990-2023-4163-52-57 

5. Ya. Kyryliv, V. Kîvalyshin, and R. Sukatch, Emergencies: Safety and De-
fence: Materials of ²Õ All-Ukrainian Research and Practice Conference with 
International Participation (Cherkasy: Cherkasy Institute of Fire Safety 
Named After the Heroes of Chernobyl of the National University of Civil 
Defense of Ukraine: 2019), ð. 59. 

6. G. I. Yelàgin, Ì. À Kryshtàl, and R. À. Palagin, Vîgnågàsnyy Zasib [Fire 



 ÃÀÑ²ÍÍß ÏÎÆÅÆ ÍÀ ÎÑÍÎÂ² ÂÎÃÍÅÃÀÑß×Î¯ ÑÎË² 253 

Extinguisher] (Pàtånt of Ukraine No. 91400 (Bul. No. 13) (2014)) (in 
Ukrainian). 

7. G. I. Yelàgin, ². Î. Yuschuk, Ye. Î. Òischånkî, and Î. S. Àlåksååvà, Sposib 
Vyrobnytstva Vognegasnogo Zasobu [The Method of Obtaining a Fire-
Extinguishing Agent] (Pàtånt 136531 (Bul. No. 16) (2019)) (in Ukrainian). 

8. G. I. Yelàgin, Ye. Î. Òischånkî, Î. S. Àlåksååvà, V. V. Nàkînetchniy, and 
À. G. Àlåksååv, Sposib Vyhotovlennya Generatora Vohnehasnoho Aerozolyu 
[Method of Making a Fire-Extinguisher Aerosol Generator] (Pàtånt No. 
147259 (Bul. No. 16) (2021)) (in Ukrainian). 

9. G. Yelagin, Ì. Kutsenko, À. Alekseev, A. Nuianzin, and ². Nesen, The Sci-
entific Heritage, 1, No. 84: 15 (2022) (in Ukrainian); doi:10.24412/9215-
0365-2022-84-1-15-25 

10. Ì. Kutsenko, G. Yelagin, À. Alekseev, Î. Alekseeva, Tsyvil’na Bezpeka: 
Derzhavne Upravlinnya ta Kryzovyy Menedzhment [Civil Safety: State Ad-
ministration and Crisis Management] (2022), ð. 6 (in Ukrainian). 

11. ². Nesen, G. Yelagin, Î. Alekseeva, A. Nuianzin, À. Alekseev, and 
Ì. Kutsenko, Sposib Zapobihannya Poshyrennyu Pozhezhi na Torfovyshchi 
[A Method of Prevention of Distribution of Fire is on a Peatbog] (Pàtånt 
153448 (Bul. No. 27) (2023)) (in Ukrainian). 

12. G. Yelagin, ². Nesen, Î. Alekseeva, and À. Alekseev, Materials of Õ²V In-
ternational Research and Practice Conference ‘Theory and Practice of Extin-
guishing of Fires and Liquidation of Emergencies’ (Cherkasy: Cherkasy Insti-
tute of Fire Safety Named After the Heroes of Chernobyl of the National 
University of Civil Defense of Ukraine: 2023), p. 178–180. 

13. G. Yelagin, ². Nesen, O. Dudarko, Î. Nuyanzin, Je. Òitshånkî, Î. Alekseeva, 
S. Nozko, and À. Alekseev, Prystriy dlya Ehkspres Vyznachennya Porozh-
nystosti Podribnenykh Dribnoporystykh Materialiv z Nyz’koyu Nasypnoyu 
Masoyu [Device for Express Determination of Hollowness of Crushed Fine-
Porous Materials with Low Bulk Mass] (Patent application No. à 2020 01522 
(2022)) (in Ukrainian). 

14. L. I. Ivaschuk, O. D. Rud, and A. M. Lakhnik, Metallofizika i Noveishie 
Tekhnologii, 28, Special issue: 285 (2006) (in Ukrainian). 

                                           
1Chernobyl Heroes Cherkasy Institute of Fire Safety  
 of National University of Civil Protection of Ukraine,  
 8, Onoprienko Str.,  
 UA-18034 Cherkasy, Ukraine 
2O. O. Chuiko Institute of Surface Chemistry, N.A.S. of Ukraine,  
 17, General Naumov Str.,  
 UA-03164 Kyiv, Ukraine  
3G. V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,  
 36, Academician Vernadsky Blvd.,  
 UA-03142 Kyiv, Ukraine 
 
1 TABLE 1. Studied samples and their porosity 
2 Fig. 1. X-ray diffractograms of pinewood (sawdust) in the initial (a) and processed states 
(á—immobilization with potassium nitrate, â—with diammonium phosphate; diffractograms 
of the corresponding immobilized substances are shown by solid grey lines). 
3 Fig. 2. X-ray diffractograms of ZU vermiculite (black dots) in the initial (a) and ammonium 
phosphate-treated states (á, â, ã—diffractograms of diammonium phosphate are shown by 
solid grey lines). 
4 Fig. 3. SEM micrographs of ZU vermiculite in the initial (a, á) and ammonium phosphate-
treated states (â, ã—diammonium phosphate, one treatment; ä, å—diammonium phosphate, 
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two treatments; æ, ç—ammonium phosphate) at different magnifications. 
5 Fig. 4. X-ray diffractograms of UE vermiculite (black dots) in the initial (a) and ammonium 
phosphate-treated states (á, â—diffractograms of diammonium phosphate and ammonium 
phosphate are shown by grey solid lines). 
6 Fig. 5. SEM micrographs of ZU vermiculite in the initial (a, á) and ammonium phosphate-
treated states (â, ã—ammonium phosphate; ä, å—diammonium phosphate) at different magni-
fications. 
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Êîíñòðóêö³¿ åëåêòðîííî-ïðîìåíåâèõ òåïëîçàõèñíèõ ïîêðèòò³â 

íà ëîïàòêàõ ãàçîâèõ òóðá³í, â òîìó ÷èñë³ ç íàíî÷àñòèíêàìè 

áîðèä³â ó çîâí³øíüîìó êåðàì³÷íîìó øàð³ 

Í. ². Ãðå÷àíþê1, Â. Ã. Ãðå÷àíþê2, Â. Î. ×îðíîâîë2, ². Ì. Ãðå÷àíþê2, 
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Â ñòàòò³ äîêëàäíî ðîçãëÿäàþòüñÿ êîíñòðóêö³¿ òåïëîçàõèñíèõ ïîêðèòò³â, 
ÿê³ ìîæóòü áóòè ðåàë³çîâàí³ ìåòîäîì åëåêòðîííî-ïðîìåíåâî¿ òåõíîëîã³¿ 
âèïàðîâóâàííÿ–êîíäåíñàö³¿. Ïðîàíàë³çîâàíî íàÿâí³ êîíñòðóêö³¿ òåïëî-
çàõèñíèõ ïîêðèòò³â íà ëîïàòêàõ ãàçîâèõ òóðá³í ð³çíîãî ïðèçíà÷åííÿ. 
Àíàë³çà ïîêàçàëà, ùî òåïëîçàõèñí³ ïîêðèòòÿ çàáåçïå÷óþòü çá³ëüøåííÿ 
òåìïåðàòóðè ãàçó ïåðåä âõîäîì ó ïðîòî÷íó ÷àñòèíó òóðá³íè ÷è òî ï³ä-
âèùåííÿ åêñïëóàòàö³éíîãî ðåñóðñó ëîïàòîê çà íåçì³ííî¿ òåìïåðàòóðè 
ãàçó, ùî âåäå äî ï³äâèùåííÿ ÊÊÄ é åêîíîì³¿ ïàëèâà. Âñòàíîâëåíî îï-
òèìàëüí³ ïàðàìåòðè äëÿ ð³çíèõ òèï³â ïîêðèòò³â, âêëþ÷àþ÷è êîíñòðóê-
ö³þ òà êîìïîíåíòíèé ñêëàä øàð³â, ùî ñïðèÿº ï³äâèùåííþ æàðîòðèâ-
êîñòè òà çàãàëüíîãî ðåñóðñó ðîáîòè ïîêðèòòÿ. Ïîêàçàíî ïåðñïåêòèâè 
âèêîðèñòàííÿ òåðìîáàð’ºðíèõ ïîêðèòò³â ç íàíî÷àñòèíêàìè áîðèä³â ó 
çîâí³øíüîìó êåðàì³÷íîìó øàð³. Äåòàëüíî îïèñàíî ëàáîðàòîðí³ òà ïðî-
ìèñëîâ³ åëåêòðîííî-ïðîìåíåâ³ óñòàòêîâàííÿ äëÿ íàíåñåííÿ ïîêðèòò³â, 
ÿê³ çàáåçïå÷óþòü îïòèìàëüí³ óìîâè äëÿ ðîáîòè òà âèòîïëåííÿ ìàòåð³ÿ-
ë³â. Îñîáëèâó óâàãó çîñåðåäæåíî íà íîâ³òíüîìó óñòàòêîâàíí³ Ë-9, ÿêå 
â³äð³çíÿºòüñÿ â³ä ïîïåðåäí³õ âèêîðèñòàííÿì åëåêòðîííî-ïðîìåíåâèõ 
ãàðìàò ç õîëîäíîþ êàòîäîþ, ùî ï³äâèùóº ñòàá³ëüí³ñòü ³ òðèâàë³ñòü ¿õ-
íüî¿ ðîáîòè. Êð³ì òîãî, â ñòàòò³ îïèñàíî òåõí³÷í³ îñîáëèâîñò³ óñòàòêî-
âàíü, ¿õí³ êîíñòðóêö³ÿ òà ìîæëèâîñò³ âèêîðèñòàííÿ äëÿ íàíåñåííÿ ð³ç-
íèõ òèï³â ïîêðèòò³â. Íàäàíî òàêîæ ³íôîðìàö³þ ùîäî ñèñòåìè óïðàâ-
ë³ííÿ óñòàòêîâàííÿìè òà ïðèíöèïó ðîáîòè íîâ³òíüîãî óñòàòêîâàííÿ, 
ÿêå ìîæå çàñòîñîâóâàòèñÿ äëÿ îñàäæåííÿ ð³çíèõ òèï³â çàõèñíèõ ïîê-
ðèòò³â, âêëþ÷àþ÷è íîâ³ ñèë³öèäí³ ïîêðèòòÿ ì³êðîøàðîâîãî òèïó. Âðà-
õîâóþ÷è öåé äåòàëüíèé îãëÿä òåõíîëîã³é òà óñòàòêîâàíü, ñòàòòÿ äåìîí-
ñòðóº íàïðÿì äîñë³äæåíü ³ ðîçâèòêó â ãàëóç³ òåïëîçàõèñíèõ ïîêðèòò³â 
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äëÿ ï³äâèùåííÿ íàä³éíîñòè é åôåêòèâíîñòè ãàçîâèõ òóðá³í. 

The article provides a comprehensive analysis of heat-resistant coating 
structures, which can be implemented using the electron-beam evapora-
tion-condensation method. The authors are examined available construc-
tions of heat-resistant coatings on blades of various-purpose gas turbines. 
The analysis reveals that these coatings result in an increase in gas tem-
perature before entering the turbines’ flow path or an enhancement of the 
blades’ operational lifespan, while maintaining the gas temperature lead-
ing to increased efficiency and fuel savings. Optimal parameters are estab-
lished for different types of coatings, including the structure and compo-
sitional makeup of layers, contributing to improved heat resistance and 
overall coating durability. The prospects of utilizing thermal-barrier coat-
ings with nanoparticle borides in an external ceramic layer are highlight-
ed. Detailed descriptions of the laboratory and industrial electron-beam 
facilities for applying coatings are provided, ensuring optimal conditions 
for material workability and melting. Special attention is directed towards 
the latest L-9 facility distinguished from its predecessors by employing 
electron-beam guns with a cold cathode enhancing their stability and op-
erational longevity. Furthermore, the article outlines the technical specif-
ics of these facilities, their construction, and their capabilities for apply-
ing various types of coatings. Information regarding the management sys-
tem of these setups and the operational principle of the cutting-edge facil-
ity capable of depositing various protective coatings, including new micro-
layered silicide coatings, is also presented. Considering this detailed re-
view of technologies and facilities, the article highlights the direction of 
research and development in the field of protective heat-resistant coat-
ings, aiming to enhance the reliability and efficiency of gas turbines. 

Êëþ÷îâ³ ñëîâà: åëåêòðîííî-ïðîìåíåâå îáëàäíàííÿ, ìåòîä âèïàðîâóâàí-
íÿ–êîíäåíñàö³¿, ïàðîêîíäåíñîâàí³ êîìïîçèö³éí³ ìàòåð³ÿëè, òåïëîçàõè-
ñí³ ïîêðèòòÿ, ëîïàòêè ãàçîâèõ òóðá³í. 
Key words: electron-beam equipment, evaporation–condensation method, 
vapour-condensed composite materials, thermal-barrier coatings, gas-
turbine blades. 

(Îòðèìàíî 12 ãðóäíÿ 2023 ð.; ï³ñëÿ äîîïðàöþâàííÿ — 26 êâ³òíÿ 2024 ð.) 
  

1. ÂÑÒÓÏ 

Ñòâîðåííÿ åôåêòèâíèõ ãàçîâèõ òóðá³í, ÿê³ ïðàöþþòü íàä³éíî, º 
ñêëàäíîþ ïðîáëåìîþ, ùî âèíèêàº â õîä³ ðîçâèòêó ãàçîòóðáîáóäó-
âàííÿ. Êëþ÷îâèìè àñïåêòàìè ö³º¿ ñêëàäíîñòè º ðîáî÷³ òà ñîïëîâ³ 
ëîïàòêè òóðá³íè, ÷è¿ ìàòåð³ÿëè òà êîíñòðóêö³ÿ ìàþòü âàæëèâå 
çíà÷åííÿ äëÿ äîïóñòèìî¿ òåìïåðàòóðè ãàçó ïåðåä òóðá³íîþ é, îò-
æå, âïëèâàþòü íà òåõí³êî-åêîíîì³÷í³ õàðàêòåðèñòèêè ãàçîòóð-
á³ííèõ äâèãóí³â (ÃÒÄ). Íèí³ òåõíîëîã³÷í³ âèêëèêè, ïîâ’ÿçàí³ ³ç 
ïîäàëüøèì ðîçâèòêîì êîíâåêòèâíîãî îõîëîäæåííÿ ëîïàòîê ³ 
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ñòàíîì ìåòàëóð´³¿ æàðîì³öíèõ ñòîï³â, ñâ³ä÷àòü ïðî íåîáõ³äí³ñòü 
âäîñêîíàëåííÿ ïàðàìåòð³â öèêëó ÃÒÄ. Öå âèìàãàº ðîçðîáêè íîâî¿ 
ñèñòåìè çàõèñòó ëîïàòîê ãàçîâèõ òóðá³í ³ ïåðåõîäó â³ä æàðîòðèâ-
êèõ áàãàòîêîìïîíåíòíèõ ïîêðèòò³â äî òåïëîçàõèñíèõ (ÒÇÏ). 
Ñïðîáè ñòâîðåííÿ çàõèñíèõ òåïëîïîêðèòò³â äëÿ ãàçîâèõ òóðá³í 
áóëè çàñòîñîâàí³ ïîíàä 60 ðîê³â òîìó. Àëå çàö³êàâëåííÿ â öèõ 
òåõíîëîã³ÿõ îñòàíí³ì ÷àñîì çíà÷íî çðîñëî, îñê³ëüêè ñó÷àñí³ ÃÒÄ 
ïðàöþþòü çà äóæå âèñîêèõ òåìïåðàòóð, ùî ñòàâèòü íîâ³ âèêëèêè 
ïåðåä ìàòåð³ÿëàìè òà òåõíîëîã³ÿìè òåïëîçàõèñòó. 

2. ÅÊÑÏÅÐÈÌÅÍÒÀËÜÍÀ ×ÀÑÒÈÍÀ 

Ó ÍÂÏ «Åëòåõìàø» çàõèñí³ ïîêðèòòÿ íà ëîïàòêè ãàçîâèõ òóðá³í 
íàíîñèëè øëÿõîì åëåêòðîííî-ïðîìåíåâîãî âèïàðîâóâàííÿ ñòîï³â 
MeCrAlY (äå Me — NiCoFe), MeCrAlYHfSiZr ³ êåðàì³êè íà îñíîâ³ 
ZrÎ2, ñòàá³ë³çîâàíîãî Y2Î3 òà ïîäàëüøî¿ êîíäåíñàö³¿ ïàðîâî¿ ôàçè 
íà ïîâåðõí³ ðîáî÷èõ ëîïàòîê ãàçîâèõ òóðá³í ð³çíîãî ïðèçíà÷åííÿ 
[1] (ðèñ. 1). 
 Ïðîâåäåí³ äîñë³äæåííÿ ïîêàçàëè, ùî çàñòîñóâàííÿ òåïëîçàõè-
ñíèõ ïîêðèòò³â çàâòîâøêè ó 250 ìêì ç òåïëîïðîâ³äí³ñòþ ó 
1 Âò/(ì2·Ê) íà äâîõ ùàáëÿõ òóðá³íè äàº çìîãó ðåàë³çóâàòè îäíó ç 
äâîõ ìîæëèâîñòåé [2–7]: 1) çà íåçì³ííî¿ ðîáî÷î¿ òåìïåðàòóðè ìà-
òåð³ÿëó ëîïàòîê çá³ëüøèòè òåìïåðàòóðó ãàçó ïåðåä òóðá³íîþ ïðè-
áëèçíî íà 100 Ñ, ùî ïðèâåäå äî ï³äâèùåííÿ ÊÊÄ é åêîíîì³¿ ïà-
ëèâà íà ïîíàä 13%; 2) íå çì³íþþ÷è òåìïåðàòóðó ãàçó ïåðåä òóð-
á³íîþ, çá³ëüøèòè äîâãîâ³÷í³ñòü ëîïàòîê ïðèáëèçíî â 4 ðàçè âíà-
ñë³äîê ïîíèæåííÿ ¿õíüî¿ ðîáî÷î¿ òåìïåðàòóðè. 
 Çàãàëüíà òîâùèíà îäíîøàðîâèõ æàðîòðèâêèõ ïîêðèòò³â íå ïå-
ðåâèùóº 150 ìêì, äâîøàðîâèõ òåïëîçàõèñíèõ — 200 ìêì, òðè-
øàðîâèõ òåïëîçàõèñíèõ — 300 ìêì. Òîâùèíà äåìïôóâàëüíîãî 
âíóòð³øíüîãî øàðó ç ïîíèæåíèì âì³ñòîì Al (3–6% ìàñ.) ó òðè-
øàðîâèõ òåïëîçàõèñíèõ ïîêðèòòÿõ âàð³þºòüñÿ â³ä 30 äî 50 ìêì, 
ïðîì³æíîãî æàðîòðèâêîãî øàðó ñòàíîâèòü 50–80 ìêì, çîâí³ø-
íüîãî êåðàì³÷íîãî — 80–120 ìêì. Êîíöåíòðàö³¿ Õðîìó, Àëþì³-
í³þ, ²òð³þ â æàðîòðèâêîìó øàð³ ñêëàäàþòü â³äïîâ³äíî 18–24% 
ìàñ., 10–130% ìàñ., 0,4–1,8% ìàñ., à Öèðêîí³þ, Ãàôí³þ, Ñèë³-
ö³þ ñòàíîâëÿòü â³ä 0,05 äî 0,2% ìàñ. 

3. ÐÅÇÓËÜÒÀÒÈ É ÎÁÃÎÂÎÐÅÍÍß  

Äîäàòêîâå ëå´óâàííÿ ñòîï³â MeCrAlY Öèðêîí³ºì, Ãàôí³ºì ³ Ñè-
ë³ö³ºì óìîæëèâèëî, ç îäíîãî áîêó, ï³äâèùèòè æàðîòðèâê³ñòü îä-
íîøàðîâèõ áàãàòîêîìïîíåíòíèõ ³ êîìïîçèö³éíèõ æàðîòðèâêèõ 
ïîêðèòò³â, à ç ³íøîãî áîêó, çà âèêîðèñòàííÿ çàçíà÷åíèõ ñòîï³â â 
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ÿêîñò³ ìàòåð³ÿë³â äëÿ âíóòð³øíüîãî äåìïôóâàëüíîãî òà ïðîì³æ-
íîãî æàðîòðèâêîãî øàð³â óïîâ³ëüíèòè äèôóç³éí³ ïðîöåñè íà ìåæ³ 
îñíîâà–äåìïôóâàëüíèé øàð, ïðîì³æíèé æàðîòðèâêèé øàð–
çîâí³øí³é êåðàì³÷íèé øàð ³ òèì ñàìèì ï³äâèùèòè çàãàëîì ðå-
ñóðñ ðîáîòè ïîêðèòòÿ. 
 Ùå á³ëüøå ñïîâ³ëüíåííÿ äèôóç³éíèõ ïðîöåñ³â ó ïîêðèòò³ â³ä-
áóâàºòüñÿ, êîëè âèêîðèñòîâóºòüñÿ ïðîì³æíèé æàðîòðèâêèé øàð 
ó ì³êðîøàðîâîìó âàð³ÿíò³. Îïòèìàëüí³ ïàðàìåòðè äîñÿãàþòüñÿ çà 
òîâùèíè ìåòàëåâîãî òà êîìïîçèö³éíîãî øàð³â, ùî ÷åðãóþòüñÿ, 
â³ä 0,5 äî 1 ìêì, à êîíöåíòðàö³¿ äèñïåðñíèõ òÿæêîòîïêèõ ÷àñòè-

    
               à                         á                      â                     ã 

    
            ä                      æ                      ç 

Ðèñ. 1. Ñõåìè æàðîòðèâêèõ ³ òåïëîçàõèñíèõ ïîêðèòò³â, îäåðæàíèõ åëå-
êòðîííî-ïðîìåíåâèì îñàäæåííÿì: à — îäíîøàðîâ³ ìåòàëåâ³ òèïó 
MeCrAlY, MeCrAlY(HfSiZr); á — îäíîøàðîâ³ êîìïîçèö³éí³ ì³êðîøàðîâ³ 
òèïè ç ÷åðãóâàííÿì øàð³â MeCrAlY (MeCrAlYHfSiZr)/MeCrAlY 
(MeCrAlYHfSiZr) ÌåÎ, äå ÌåÎ–Al2Î3 àáî ZrÎ2 6–8 ìàñ.% Y2Î3; â — 
äâîøàðîâ³ ïîêðèòòÿ ç âíóòð³øí³ì ìåòàëåâèì MeCrAlY (MeCrAlYHfSiZr) 
³ çîâí³øí³ì êåðàì³÷íèì øàðàìè; ã — äâîøàðîâ³ ïîêðèòòÿ ç âíóòð³øí³ì 
êîìïîçèö³éíèì MeCrAlY(MeCrAlYHfSiZr) ÌåÎ äèñïåðñíîçì³öíåíîãî 
àáî ì³êðîøàðîâîãî òèï³â ³ çîâí³øí³ì êåðàì³÷íèì (ZrÎ2–Y2Î3) øàðàìè; ä 
— òðèøàðîâ³ ïîêðèòòÿ ç âíóòð³øí³ì ³ ïðîì³æíèì ìåòàëåâèìè øàðàìè 
íà îñíîâ³ ñòîï³â MeCrAlY (MeCrAlYHfSiZr) òà çîâí³øí³ì øàðîì íà îñ-
íîâ³ êåðàì³êè (ZrÎ2–Y2Î3); æ — òðèøàðîâ³ ïîêðèòòÿ ç âíóòð³øí³ì ìå-
òàëåâèì MeCrAlY (MeCrAlYHfSiZr), ïðîì³æíèì êîìïîçèö³éíèì 
MeCrAlY (MeCrAlYHfSiZr) ÌåÎ äèñïåðñíîçì³öíåíîãî àáî ì³êðîøàðî-
âîãî òèï³â òà çîâí³øí³ì êåðàì³÷íèì (ZrÎ2–Y2Î3) øàðàìè; ç — òðèøàðî-
â³ ïîêðèòòÿ ç âíóòð³øí³ì ìåòàëåâèì MeCrAlY (MeCrAlYHfSiZr), ïðî-
ì³æíèì êîìïîçèö³éíèì MeCrAlY (MeCrAlYHfSiZr) ÌåÎ äèñïåðñíîç-
ì³öíåíîãî ÷è òî ì³êðîøàðîâîãî òèï³â ³ çîâí³øí³ì êåðàì³÷íèì (ZrÎ2–
Y2Î3) ç íàíîäèñïåðñíèìè ÷àñòèíêàìè áîðèä³â, ÿê³ ï³ä ÷àñ îêèñíåííÿ 
çàë³êîâóþòü ì³êðîòð³ùèíè ó çîâí³øíüîìó êåðàì³÷íîìó øàð³, ùî âèíè-
êàþòü ÷åðåç òåðìîöèêëè íàãð³âó é îõîëîäæåííÿ.1 
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íîê ZrÎ2–Y2Î3, Al2Î3 ó êîìïîçèö³éíîìó ì³êðîøàð³ — â³ä 0,3 äî 
1% ìàñ. 
 Ï³ä ÷àñ êîíñòðóþâàííÿ òåïëîçàõèñíèõ ïîêðèòò³â (ÒÇÏ) âàæëè-
âîãî çíà÷åííÿ íàáóâàº ôîðìóâàííÿ áàð’ºðíîãî ì³êðîøàðó íà ìåæ³ 
ïîä³ëó ïðîì³æíèé æàðîòðèâêèé øàð–çîâí³øí³é êåðàì³÷íèé øàð. 
Çàçâè÷àé øàð ìåòàëîêåðàì³êè çàâòîâøêè â³ä 1 äî 5 ìêì íà îñíî-
â³ ñêëàäíèõ øï³íåëåé ç Al2Î3, ZrÎ2, Y2Î3, ÑrÎ3 ³ ñòîïó MeCrAlY 
îäåðæóþòü çà äîïîìîãîþ ñïåö³ÿëüíèõ òåõíîëîã³÷íèõ ñïîñîá³â. 
Ïîä³áíèé áàð’ºðíèé øàð ãàëüìóº óòâîðåííÿ îêñèäíî¿ (Al2Î3) ïë³-
âêè íà ìåæ³ ïîä³ëó ïðîì³æíèé øàð–çîâí³øí³é øàð òåïëîçàõèñ-
íîãî ïîêðèòòÿ. 
 ßêùî òîâùèíà ïë³âêè Al2Î3 ñÿãàº 10–15 ìêì, ñïîñòåð³ãàºòüñÿ 
â³äøàðóâàííÿ çîâí³øíüîãî êåðàì³÷íîãî øàðó ZrÎ2–Y2Î3. 
 Äâîøàðîâ³ ïîêðèòòÿ ìåòàë/êåðàì³êà (ðèñ. 1, â), îäåðæàí³ çà 
äâîñòàä³éíîþ òåõíîëîã³ºþ, øèðîêî çàñòîñîâóþòüñÿ íà ï³äïðèºìñ-
òâ³ «Çîðÿ–Ìàøïðîåêò» (ì. Ìèêîëà¿â, Óêðà¿íà) òà çàáåçïå÷óþòü 
ðåñóðñ ðîáîòè ëîïàòîê ïåðøîãî ñòóïåíÿ òóðá³íè ãàçîòóðá³ííèõ 
à´ðå´àò³â äëÿ ïåðåêà÷óâàííÿ ãàçó äî 25000 ãîäèí. Â äàíèé ÷àñ 
ïðîâîäÿòüñÿ ðîáîòè ç îïòèì³çàö³¿ òåõíîëîã³¿ íàíåñåííÿ äâîøàðî-
âèõ òåïëîçàõèñíèõ ïîêðèòò³â ç âíóòð³øí³ì êîìïîçèö³éíèì øà-
ðîì ì³êðîøàðîâîãî òèïó ç ÷åðãóâàííÿì øàð³â ÑîCrAlY–
ÑîCrAlY (ZrÎ2–Y2Î3) òà çîâí³øí³ì êåðàì³÷íèì øàðîì ZrÎ2–
Y2Î3. Ïîä³áí³ ïîêðèòòÿ íàíîñÿòüñÿ çà îäèí òåõíîëîã³÷íèé öèêë ³ 
ìàþòü çàáåçïå÷èòè ðåñóðñ äî 32000 ãîäèí. 
 Ï³äâèùåííÿ äîâãîâ³÷íîñòè ÒÇÏ äîö³ëüíå çà ðàõóíîê çì³íè 
êîíñòðóêö³¿ ïîêðèòò³â, îñê³ëüêè íåìàº íåîáõ³äíîñòè âíîñèòè 
ÿê³ñü çì³íè â ñõåìó òåõíîëîã³÷íîãî ïðîöåñó, ùî ïîâ’ÿçàíî ³ç çíà-
÷íèìè åíåðãåòè÷íèìè âèòðàòàìè. 
 Êîðè´óâàííÿ ó ñõåì³ êîíñòðóêö³¿ ÒÇÏ íå îáìåæåíî ìîæëèâîñ-
òÿìè åëåêòðîííî-ïðîìåíåâî¿ òåõíîëîã³¿. Ó òðèøàðîâèõ ïîêðèòòÿõ 
(ðèñ. 1, ä, æ, ç), ÿê óæå çàçíà÷àëîñÿ ðàí³øå, â ÿêîñò³ âíóòð³ø-
íüîãî äåìïôóâàëüíîãî øàðó âèêîðèñòîâóþòü ñòîïè MeCrAlY, 
MeCrAlYSiHfZr ³ç ñï³ââ³äíîøåííÿì êîìïîíåíò³â, ùî çàáåçïå÷óº 
âèñîêó ïëàñòè÷í³ñòü (â³äíîñíå ïîäîâæåííÿ çà ðîçðèâó 2,5%) ³ 
äîñòàòíþ æàðîòðèâê³ñòü. Öåé øàð ñëóæèòü äëÿ ïîíèæåííÿ íà-
ïðóæåíü ó ÒÇÏ, à òàêîæ äëÿ ãàëüìóâàííÿ òà áëîêóâàííÿ òð³ùèí, 
ùî ðîçâèâàþòüñÿ ç ïîâåðõí³ âãëèá îñíîâè. 
 Ïðîì³æíèé øàð ÿâëÿº ñîáîþ êîìïîçèò ï³äâèùåíî¿ æàðîòðèâ-
êîñòè òà òåðìîñòàá³ëüíîñòè. Òðåò³é çîâí³øí³é êåðàì³÷íèé øàð 
ñôîðìîâàíî íà îñíîâ³ ä³îêñèäó Öèðêîí³þ, ñòàá³ë³çîâàíîãî îêñè-
äîì ²òð³þ. Ó çîâí³øí³é êåðàì³÷íèé øàð äîäàòêîâî ââîäÿòü îäèí 
àáî ê³ëüêà áîðèä³â ç êîíöåíòðàö³ºþ ó 5–10% ìàñ., ðîçì³ð íàíî-
÷àñòèíîê ÿêèõ ñêëàäàº 10–20 íì. Çàçíà÷åí³ íàíî÷àñòèíêè ï³ä 
÷àñ îêèñíåííÿ çàë³êîâóþòü ì³êðîòð³ùèíè, ùî âèíèêàþòü ó çîâ-
í³øíüîìó êåðàì³÷íîìó øàð³. 
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Ðèñ. 2. Çîâí³øí³é âèãëÿä óí³âåðñàëüíîãî ëàáîðàòîðíîãî åëåêòðîííî-
ïðîìåíåâîãî óñòàòêîâàííÿ Ë-2.2 

       

 

Ðèñ. 3. Ñõåìè òåõíîëîã³÷íèõ ïðîöåñ³â óñòàòêîâàííÿ Ë-2: 1 — ðîáî÷à 
êàìåðà; 2 — åëåêòðîííî-ïðîìåíåâà (ÅÏ) ãàðìàòà äëÿ íàãð³âàííÿ âèðîá³â 
çíèçó; 3 — ÅÏ-ãàðìàòà äëÿ âèïàðîâóâàííÿ ìàòåð³ÿë³â; 4 — ÅÏ-ãàðìàòà 
äëÿ íàãð³âàííÿ âèðîá³â çâåðõó; 5 — âåðòèêàëüíèé ìåõàí³çì äëÿ ïîäà÷³ 
çàãîò³âêè äëÿ ñòîïëåííÿ; 6 — ìåõàí³çì ï³äâ³ñêè é îáåðòàííÿ âèðîáó; 7 
— îãëÿäîâà ñèñòåìà; 8 — ãàáàðèò öèë³íäðè÷íîãî âèðîáó; 9 — ãàáàðèò 
äèñêîâîãî âèðîáó; 10 — çàñë³íêà; 11 — òè´åëü; 12 — çëèâîê; 13 — ìå-
õàí³çì ïîäà÷³ çëèâêà äëÿ âèïàðîâóâàííÿ; 14 — ãîðèçîíòàëüíèé ìåõà-
í³çì ïîäà÷³ âèðîáó; 15 — øëþçîâà êàìåðà.3 
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 Îñòàííÿ ìîäèô³êàö³ÿ ÒÇÏ — äëÿ çàõèñòó ëîïàòîê ïåðøî¿ ùàá-
ëèíè òóðá³íè â³éñüêîâèõ äâèãóí³â ï’ÿòîãî ïîêîë³ííÿ. Òàê³ ðîáîòè 
ïðîâîäÿòüñÿ äëÿ óêðà¿íñüêèõ ï³äïðèºìñòâ, ùî ïðàöþþòü ó ãàëóç³ 
ãàçîòóðáîáóäóâàííÿ (ÄÏ «²â÷åíêî-Ïðîãðåñ» òà ÀÒ «Ìîòîð-Ñ³÷», 
ì. Çàïîð³ææÿ). 

Äëÿ íàíåñåííÿ æàðîòðèâêèõ ³ òåïëîçàõèñíèõ ïîêðèòò³â ðîçðî-
áëåíî ëàáîðàòîðíå òà ïðîìèñëîâå åëåêòðîííî-ïðîìåíåâå îáëàä-
íàííÿ. Íà ðèñóíêó 2 ïîêàçàíî çîâí³øí³é âèãëÿä óí³âåðñàëüíîãî 
ëàáîðàòîðíîãî åëåêòðîííî-ïðîìåíåâîãî óñòàòêîâàííÿ Ë-2 äëÿ òî-
ïëåííÿ òà âèïàðîâóâàííÿ ìàòåð³ÿë³â ó âàêóóì³ [8]. Ñõåìè òåõíî-
ëîã³÷íèõ ïðîöåñ³â ïðåäñòàâëåíî íà ðèñ. 3; òåõí³÷í³ õàðàêòåðèñ-
òèêè óñòàòêîâàííÿ íàâåäåíî ó òàáë. 1. 

ÒÀÁËÈÖß 1. Òåõí³÷í³ õàðàêòåðèñòèêè óñòàòêîâàííÿ Ë-2.4 

1 Âñòàíîâëåíà ïîòóæí³ñòü, êÂò 300 
2 Ïðèøâèäøóâàëüíà íàïðóãà, êÂ 20 

3 
Ðîçì³ð çëèâê³â, ùî âèïàðîâóþòüñÿ, ìì: 
— ä³ÿìåòåð 
— äîâæèíà 

 
70 
400 

4 
Ðîçì³ð çàãîò³âîê, ùî ñòîïëþþòüñÿ, ìì: 
— ä³ÿìåòåð 
— äîâæèíà 

 
80 
390 

5 
Ðîçì³ð çëèâê³â, ùî âèòîïëþþòüñÿ, ìì: 
— ä³ÿìåòåð, ïåðåòèí 
— äîâæèíà 

 
70 
400 

6 

Ðîçì³ð ïîâåðõí³ êîíäåíñàö³¿, ìì: 
— ïðÿìîêóòíüî¿ ïëàñêî¿ 
— êðóãëèé ïëàñêèé (ä³ÿìåòåð): 
— öèë³íäðè÷íî¿ 
— ä³ÿìåòåð 
— äîâæèíà 

 
350 350 

400 
 

150 
350 

7 Ê³ëüê³ñòü òè´ë³â, øò. 3 
8 Âíóòð³øí³é ä³ÿìåòåð òè´ë³â 70, 74 
9 Âàíòàæîï³äéîìí³ñòü ãîðèçîíòàëüíîãî øòîêà, êã 30 
10 Âàíòàæîï³äéîìí³ñòü ãîðèçîíòàëüíîãî øòîêà, êã 50 

11 

Ê³ëüê³ñòü ³ íîì³íàëüíà ïîòóæí³ñòü åëåêòðîííèõ ãàð-
ìàò, n êÂò: 
— äëÿ âèïàðîâóâàííÿ ìàòåð³ÿë³â 
— äëÿ íàãð³âàííÿ âèðîá³â 
— äëÿ ïåðåòîïëåííÿ 

 
 

3 60 
2 60 
(3 60) 

12 Ñòóï³íü âàêóóìó â ðîáî÷³é êàìåð³, Ïà 6 10 3–1 10 2 
13 Âèòðàòà îõîëîäæóâàëüíî¿ âîäè, ì3/ãîä 10 
14 Ïëîùà, çàéìàíà óñòàòêîâàííÿì, ì2 100 
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 Óñòàòêîâàííÿ ñêëàäàºòüñÿ ç ðîáî÷î¿ òà äîïîì³æíî¿ êàìåð äëÿ 

 

Ðèñ. 4. Çàãàëüíèé âèãëÿä óñòàòêîâàííÿ Ë-9 ³ ñõåìà íàíåñåííÿ ïîêðèò-
ò³â: 1 — êàìåðà òåõíîëîã³÷íà; 2 — êàìåðà øëþçîâà; 3 — åëåêòðîííà 
ãàðìàòà; 4 — êàñåòà; 5 — ìåõàí³çì ïîäà÷³ êàñåòè (âèðîáó); 6 — ìåõà-
í³çì ïîäà÷³ çëèâêà; 7 — òè´åëü; 8 — îãëÿäîâà ñèñòåìà; 9 — çàñë³íêà; 
10 — âàêóóìíà ñèñòåìà; 11 — ìàéäàí÷èê îáñëóãîâóâàííÿ; 12 — ïóëüò 
êåðóâàííÿ.5 

ÒÀÁËÈÖß 2. Òåõí³÷í³ õàðàêòåðèñòèêè óñòàòêîâàííÿ Ë-9.6 

1 Âñòàíîâëåíà ïîòóæí³ñòü, êÂò 400 
2 Ïðèøâèäøóâàëüíà íàïðóãà, êÂ 25 
3 Ðîçì³ð çëèâê³â, ùî âèïàðîâóþòüñÿ, ìì: 

— ä³ÿìåòåð 
— äîâæèíà 

 
70 
500 

4 Ðîçì³ðè êàñåòè ç íàïîðîøóâàíèìè ëîïàòêàìè, ìì: 
— ä³ÿìåòåð 
— äîâæèíà 

 
250 
500 

5 Ê³ëüê³ñòü òè´ë³â, øò. 4 
6 Âàíòàæîï³äéîìí³ñòü øòîêà ïîäà÷³ êàñåòè, êã 50 
7 Ê³ëüê³ñòü ³ íîì³íàëüíà ïîòóæí³ñòü åëåêòðîííèõ ãàð-

ìàò, n êÂò 
 

6 60 
8 Ñòóï³íü âàêóóìó â ðîáî÷³é êàìåð³, Ïà 6 10 3–1 10 2 
9 Âèòðàòà îõîëîäæóâàëüíî¿ âîäè, ì3/ãîä 15 
10 Ïëîùà, çàéìàíà óñòàòêîâàííÿì, ì2 140 
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çàâàíòàæåííÿ òà âèâàíòàæåííÿ âèðîá³â, ùî ïîêðèâàþòüñÿ. Óñòà-
òêîâàííÿ îñíàùåíî 5 åëåêòðîííî-ïðîìåíåâèìè ãàðìàòàìè ³ç ãà-
ðÿ÷èìè êàòîäàìè âëàñíî¿ êîíñòðóêö³¿. Óñòàòêîâàííÿ ïðèçíà÷åíå 
äëÿ: 
— ïåðåòîïëåííÿ ìåòàë³â ³ ñòîï³â ç ìåòîþ ðàô³íóâàííÿ é îäåð-
æàííÿ öèë³íäðè÷íèõ çëèâê³â; 
— îäåðæàííÿ ñïåö³ÿëüíèõ ñòîï³â, âêëþ÷àþ÷è ³íòåðìåòàë³äè, íà-
ïðèêëàä Ni3Al, Ti3Al, TiAl òîùî; 
— îñàäæåííÿ êîðîç³éíîñò³éêèõ, òåïëîçàõèñíèõ, êîíñòðóêö³éíèõ 
ïîêðèòò³â íà ïëàñê³ ïîâåðõí³ òà ïîâåðõí³ îáåðòàííÿ, âêëþ÷àþ÷è 
ëîïàòêè ãàçîâèõ òóðá³í; 
— îñàäæåííÿ îñîáëèâî òâåðäèõ çíîñîñò³éêèõ ïîêðèòò³â ³ç ÷èñòèõ 
ìåòàëîïîä³áíèõ ñïîëóê òà ¿õí³õ ñóì³øåé, ó òîìó ÷èñë³ ïîêðèòò³â 
ì³êðîøàðîâîãî òèïó; 
— ñèíòåçè ï³ä ÷àñ îñàäæåííÿ ïàðîâèõ ïîòîê³â òÿæêîòîïêèõ ñïî-
ëóê (êàðá³ä³â, áîðèä³â, ñèë³öèä³â) òà îäåðæàííÿ òîíêèõ ³ òîâñòèõ 
ïîêðèòò³â; 
— îäåðæàííÿ äèñïåðñíîçì³öíåíèõ ì³êðîøàðîâèõ ³ ì³êðîïîðèñ-
òèõ ìàòåð³ÿë³â ó âèãëÿä³ ïîêðèòò³â ³ ìàñèâíèõ çàãîò³âîê, â³äî-
êðåìëþâàíèõ â³ä ï³äêëàäèíêè; 
— îäåðæàííÿ ïîêðèòò³â ç ð³âíîâàæíèõ ôàç âóãëåöþ. 
 Äëÿ ïðîìèñëîâîãî çàñòîñóâàííÿ ñòâîðåíî óí³âåðñàëüíå åëåêò-
ðîííî-ïðîìåíåâå óñòàòêîâàííÿ Ë-9 [9]. Çàãàëüíèé âèãëÿä óñòàò-
êîâàííÿ òà ñõåìó íàíåñåííÿ ïîêðèòò³â ïîêàçàíî íà ðèñ. 4. Òåõí³-
÷í³ õàðàêòåðèñòèêè íàâåäåíî ó òàáë. 2. 
 Óñòàòêîâàííÿ ÿâëÿº ñîáîþ áëîê âàêóóìíèõ êàìåð ç ìåõàí³çìà-
ìè, ïðèñòðîÿìè òà ñèñòåìàìè, ùî çàáåçïå÷óþòü ïðîâåäåííÿ òåõ-
íîëîã³÷íîãî ïðîöåñó íàíåñåííÿ ïîêðèòò³â ó âàêóóì³ íà ð³çí³ âè-
ðîáè. Äî íèæíüîãî ôëàíöÿ ðîáî÷î¿ êàìåðè ïðèñòèêóâàíî áëîê 
òè´ë³â, äî ñêëàäó ÿêèõ âõîäÿòü ÷îòèðè ìåõàí³çìè ïîäà÷³ çëèâê³â, 
ùî âèïàðîâóþòüñÿ. Çàâàíòàæåííÿ çëèâê³â ìàòåð³ÿë³â, ùî âèïà-
ðîâóþòüñÿ, â ìåõàí³çìè ïðîâîäèòüñÿ çâåðõó ÷åðåç òè´ë³. Îñîáëè-
â³ñòþ êîíñòðóêö³¿ óñòàòêîâàííÿ º îñíàùåííÿ ¿¿ íîâèì äæåðåëîì 
æèâëåííÿ ç³ ñòàá³ë³çàö³ºþ ïðèøâèäøóâàëüíî¿ íàïðóãè é åëåêò-
ðîííî-ïðîìåíåâèìè íàãð³âà÷àìè ç õîëîäíîþ êàòîäîþ. 
 Âèêîðèñòàííÿ õîëîäíî¿ êàòîäè ç ìàëîëå´îâàíîãî ñòîïó íà îñ-
íîâ³ àëþì³í³þ âèêëþ÷àº áóäü-ÿê³ éîãî âèêðèâëåííÿ, ùî äàº ìî-
æëèâ³ñòü îäåðæóâàòè ñòàá³ëüíèé åëåêòðîííèé ïó÷îê óïðîäîâæ 
250 ãîäèí ðîáîòè óñòàòêîâàííÿ áåç ¿¿ çàì³íè. Ç ³íøîãî áîêó, åëå-
êòðîííî-ïðîìåíåâ³ íàãð³âà÷³ ç õîëîäíîþ êàòîäîþ çäàòí³ ñòàá³ëüíî 
ïðàöþâàòè çà âàêóóìó ó 10 Ïà, òîä³ ÿê åëåêòðîííî-ïðîìåíåâ³ íà-
ãð³âà÷³ ç ãàðÿ÷îþ ñòð³÷êîâîþ êàòîäîþ ïðàöþþòü ó âàêóóì³ íå 
íèæ÷å 5 10 2 Ïà. 
 Âèêîðèñòàííÿ åëåêòðîííî-ïðîìåíåâèõ íàãð³âà÷³â ç õîëîäíîþ 
êàòîäîþ ïåðåäáà÷àº íàïóñêàííÿ êèñíþ â ïàðîâó õìàðó ç ä³îêñèäó 
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Öèðêîí³þ òà çàáåçïå÷óº îäåðæàííÿ ñòåõ³îìåòðè÷íîãî ñêëàäó çîâ-
í³øíüîãî øàðó òåïëîçàõèñíîãî ïîêðèòòÿ. 
 ×îòèðè åëåêòðîííî-ïðîìåíåâ³ ãàðìàòè ç õîëîäíîþ êàòîäîþ 
ñëóæàòü äëÿ âèïàðîâóâàííÿ âèõ³äíèõ ìàòåð³ÿë³â ç òè´ë³â ³ âñòà-
íîâëåí³ òàêèì ÷èíîì, ùî êîæíà åëåêòðîííà ãàðìàòà, ïðèçíà÷åíà 
äëÿ âèïàðîâóâàííÿ çëèâêà ç â³äïîâ³äíîãî òè´ëÿ, ìîæå âèêîðèñ-
òîâóâàòèñÿ òàêîæ äëÿ âèïàðîâóâàííÿ ìàòåð³ÿëó ³ç ñóñ³äíüîãî òè-
´ëÿ. Òàêà ïîòðåáà ìîæå âèíèêíóòè ÷åðåç çì³íó ê³ëüêîñòè òè´ë³â 
àáî ðîçòàøóâàííÿ ¿õ çà âèìîãàìè òåõíîëîã³÷íîãî ïðîöåñó. Äâ³ 
ñèíõðîííî ïðàöþþ÷³ çàñë³íêè ïðèçíà÷åíî äëÿ åêðàíóâàííÿ âèðî-
á³â ï³ä ÷àñ ðîç³ãð³âó âèïàðîâóâàíèõ ìàòåð³ÿë³â ³ âèðîá³â äî ñòàá³-
ë³çàö³¿ òåõíîëîã³÷íîãî ðåæèìó. Äëÿ íàãð³âàííÿ âèðîá³â ñëóæàòü 
äâ³ òàê³ æ åëåêòðîíí³ ãàðìàòè, âñòàíîâëåí³ çâåðõó òåõíîëîã³÷íî¿ 
êàìåðè. Äâ³ øëþçîâ³ êàìåðè ïðèçíà÷åíî äëÿ ïåðåçàâàíòàæåííÿ 
âèðîá³â, ùî ïîêðèâàþòüñÿ. 
 Ðîç’ºäíàííÿ îá’ºì³â ðîáî÷î¿ òà øëþçîâî¿ êàìåð ïðîâîäèòüñÿ 
äâîìà âàêóóìíèìè çàêðèâàìè. Ó øëþçîâèõ êàìåðàõ ïåðåäáà÷åíî 
ïðèñòðî¿ éîííî¿ î÷èñòêè âèðîá³â ïåðåä íàíåñåííÿì ïîêðèòò³â. 
Íàÿâí³ñòü äâîõ äîïîì³æíèõ êàìåð çá³ëüøóº ïðîäóêòèâí³ñòü óñòà-
òêîâàííÿ. Íàíåñåííÿ ïîêðèòò³â íà âèðîáè, ùî ïîäàþòüñÿ ïî ÷åðç³ 
ç³ øëþçîâèõ êàìåð, â³äáóâàºòüñÿ áåç ðîçâàêóóìóâàííÿ ðîáî÷î¿ 
êàìåðè, â ÿê³é â³äáóâàþòüñÿ îñàäæåííÿ ïîêðèòò³â. Ìåõàí³çì ãî-
ðèçîíòàëüíî¿ ïîäà÷³ ñëóæèòü äëÿ ïåðåì³ùåííÿ âèðîá³â ³ç øëþçî-
âèõ êàìåð ó êàìåðó íàïîðîøåííÿ òà íàçàä, à òàêîæ äëÿ îáåðòàí-
íÿ âèðîá³â. Øòîêè çàáåçïå÷åíî ïðèñòðîÿìè äëÿ çíÿòòÿ ñè´íàë³â, 
ùî íàäõîäÿòü ç òåðìîïàð, çàêð³ïëåíèõ íà êàñåòàõ ç ëîïàòêàìè. Ó 
êîíñòðóêö³¿ óñòàòêîâàííÿ âèêîðèñòàíî äæåðåëà îêðåìî äëÿ êîæ-
íî¿ åëåêòðîííî¿ ãàðìàòè ³ç ïðèøâèäøóâàëüíîþ íàïðóãîþ ó 30 
êÂ. 
 Ñèñòåìà óïðàâë³ííÿ óñòàòêîâàííÿì çä³éñíþº: 
— êîíòðîëü òåõí³÷íîãî ñòàíó âñ³õ ñèñòåì óñòàòêîâàííÿ; 
— àâòîìàòè÷íó ï³äãîòîâêó óñòàòêîâàííÿ äëÿ âèêîíàííÿ òåõíîëî-
ã³÷íîãî ïðîöåñó; 
— êåðóâàííÿ ç ïóëüòà îïåðàòîðà âóçëàìè óñòàòêîâàííÿ ï³ä ÷àñ 
ïðîâåäåííÿ ïðîöåñó; 
— îáðîáêó, â³äîáðàæåííÿ òà çáåð³ãàííÿ â ðåàëüíîìó ìàñøòàá³ 
÷àñó òåõíîëîã³÷íèõ ïàðàìåòð³â ³ öèêëîãðàì ïðîöåñó. 
 Â äàíèé ÷àñ ïðîäîâæóþòüñÿ ðîáîòè ç ðîçðîáêè êîíñòðóêòîðñü-
êî¿ äîêóìåíòàö³¿ íà ïðèíöèïîâî íîâå ïðîìèñëîâå åëåêòðîííî-
ïðîìåíåâå îáëàäíàííÿ äëÿ îñàäæåííÿ çàõèñíèõ ïîêðèòò³â. Óñòà-
òêîâàííÿ (ðèñ. 5) ÿâëÿº ñîáîþ áëîê, ùî ñêëàäàºòüñÿ ç ÷îòèðüîõ 
âàêóóìíèõ êàìåð, ïîâ’ÿçàíèõ ì³æ ñîáîþ: âëàñíå òåõíîëîã³÷íî¿ 
êàìåðè 1, ïåðåõ³äíî¿ êàìåðè 5 ³ äâîõ øëþçîâèõ êàìåð 3. Óñåðå-
äèí³ òåõíîëîã³÷íî¿ êàìåðè 1 âñòàíîâëåíî âîäîîõîëîäæóâàëüí³ òè-
´ë³ 11, â ÿêèõ ðîçì³ùóþòü çëèâêè 9, 10 ìàòåð³ÿë³â, ùî âèïàðî-
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âóþòüñÿ. Ïðîìåí³ åëåêòðîííèõ ãàðìàò 14 âèïàðîâóþòü ìàòåð³ÿë 
çëèâê³â, ÿêèé ó âèãëÿä³ ïàðè êîíäåíñóºòüñÿ íà âèðîáàõ 13. Ê³ëü-
ê³ñòü âèêîðèñòîâóâàíèõ òè´ë³â ìîæå çì³íþâàòèñÿ â çàëåæíîñò³ 
â³ä íåîáõ³äíîãî ñêëàäó òà êîíñòðóêö³¿ (äâî-, òðèøàðîâå, ì³êðî-
øàðîâå) ïîêðèòòÿ. Íà öüîìó óñòàòêîâàíí³ ìîæëèâå îñàäæåííÿ 
âñ³õ òèï³â çàõèñíèõ ïîêðèòò³â, ó òîìó ÷èñë³ íîâèõ òèï³â ñèë³öè-
äíèõ ïîêðèòò³â ì³êðîøàðîâîãî òèïó. 
 Ñë³ä çàçíà÷èòè, ùî íà ï³äïðèºìñòâ³ ðåàë³çîâàíî çàìêíóòèé 
öèêë îñàäæåííÿ ïîêðèòò³â íà ëîïàòêè òóðá³í, ùî âêëþ÷àº âèòî-
ïëåííÿ âñ³õ òèï³â çëèâê³â íà í³êëåâ³é, êîáàëüòîâ³é ³ çàë³çí³é îñ-
íîâàõ ç âèêîðèñòàííÿì çëèâê³â êåðàì³êè. 

4. ÂÈÑÍÎÂÊÈ 

Çàñòîñóâàííÿ åëåêòðîííî-ïðîìåíåâèõ óñòàòêîâàíü äëÿ íàíåñåííÿ 
çàõèñíèõ ïîêðèòò³â íà ëîïàòêè ãàçîâèõ òóðá³í ïîêàçóº çíà÷íèé 
ïîòåíö³ÿë ó ïîë³ïøåíí³ åôåêòèâíîñòè öèõ äâèãóí³â. Çã³äíî ç 
ïðîâåäåíèìè äîñë³äæåííÿìè, óñòàòêîâàííÿ Ë-9 ç õîëîäíèìè êà-
òîäàìè äåìîíñòðóº ñòàá³ëüíó ðîáîòó âïðîäîâæ 250 ãîäèí áåç íå-
îáõ³äíîñòè çàì³íè êàòîä, ùî º ³ñòîòíèì ïîë³ïøåííÿì ó ïîð³â-

 

Ðèñ. 5. Ñõåìà ïåðñïåêòèâíîãî åëåêòðîííî-ïðîìåíåâîãî óñòàòêîâàííÿ äëÿ 
íàíåñåííÿ çàõèñíèõ ïîêðèòò³â: 1 — ðîáî÷à êàìåðà; 2 — ïëàíåòàðíèé 
ìåõàí³çì îáåðòàííÿ âèðîáó (ëîïàòîê); 3 — çàñë³íêà; 4 — ìàí³ïóëÿòîð; 
5 — ïåðåõ³äíà êàìåðà; 6 — ðåéêè; 7 — øëþçîâ³ êàìåðè; 8 — ï³äñòàâêà; 
9 — êåðàì³÷íèé çëèâîê; 10 — ìåòàëåâèé çëèâîê; 11 — òè´åëü; 12 — 
îáåðòîâà îïîðà; 13 — âèð³á (ëîïàòêà); 14 — åëåêòðîííà ãàðìàòà; 15 — 
ïîâ³äíèé òðèá; 16 — çàõîïëåííÿ; 17 — çàêðèâ.7 
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íÿíí³ ç ïîïåðåäí³ìè ìîäåëÿìè. Óñï³øíå âïðîâàäæåííÿ öèõ òåõ-
íîëîã³é ó ïðîìèñëîâ³ñòü ñâ³ä÷èòü ïðî çäàòí³ñòü åëåêòðîííî-
ïðîìåíåâèõ óñòàòêîâàíü çàáåçïå÷óâàòè äî 30 êÂ ïðèøâèäøóâà-
ëüíî¿ íàïðóãè äëÿ êîæíî¿ åëåêòðîííî¿ ãàðìàòè. Öå äàº çìîãó 
ñòàá³ëüíî îñàäæóâàòè ïîêðèòòÿ íà ïîâåðõí³ ëîïàòîê òóðá³í, çà-
áåçïå÷óþ÷è ¿õíþ çàõèùåí³ñòü ³ òðèâàëèé òåðì³í åêñïëóàòàö³¿. 
Óòî÷íåí³ òåõí³÷í³ ïîêàçíèêè, òàê³ ÿê ïîíèæåííÿ âèìîã äî âàêó-
óìó íà ð³âåíü 10 Ïà äëÿ åëåêòðîííî-ïðîìåíåâèõ íàãð³âà÷³â ç õî-
ëîäíîþ êàòîäîþ ïîð³âíÿíî ç 5 10 2 Ïà äëÿ ãàðÿ÷èõ ñòð³÷êîâèõ 
êàòîä, âêàçóþòü íà ïîë³ïøåííÿ åôåêòèâíîñòè âèêîðèñòàííÿ íî-
âèõ òåõíîëîã³é. Öå óìîæëèâëþº îïòèì³çóâàòè ïðîöåñ íàíåñåííÿ 
ïîêðèòò³â ó âàêóóìíèõ óìîâàõ, çàáåçïå÷óþ÷è ñòàá³ëüí³ñòü ³ 
ÿê³ñòü ïîêðèòòÿ. Äîñë³äæåííÿ òàêîæ ïîêàçóþòü, ùî åëåêòðîííî-
ïðîìåíåâ³ óñòàòêîâàííÿ äàþòü çìîãó îñàäæóâàòè ð³çíîìàí³òí³ çà-
õèñí³ ïîêðèòòÿ, âêëþ÷àþ÷è íîâ³ òèïè ñèë³öèäíèõ ïîêðèòò³â ì³-
êðîøàðîâîãî òèïó, ùî â³äêðèâàº øèðîê³ ïåðñïåêòèâè äëÿ ï³äâè-
ùåííÿ íàä³éíîñòè òà òåðì³íó ñëóæáè ãàçîòóðá³ííèõ äâèãóí³â. 
Îòæå, ðåçóëüòàòè äîñë³äæåíü ³ ïðàêòè÷íå âïðîâàäæåííÿ åëåêò-
ðîííî-ïðîìåíåâèõ óñòàòêîâàíü äëÿ íàíåñåííÿ çàõèñíèõ ïîêðèòò³â 
íà ëîïàòêè ãàçîâèõ òóðá³í ñâ³ä÷àòü ïðî ¿õíþ âåëèêó ïåðñïåêòèâó 
ó ïîë³ïøåíí³ òåõí³÷íèõ õàðàêòåðèñòèê öèõ äâèãóí³â, çîêðåìà ç³ 
çá³ëüøåííÿì ¿õíüî¿ åôåêòèâíîñòè òà íàä³éíîñòè. 
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1
 Fig. 1. Schemes of heat-resistant and thermal barrier coatings obtained by electron-beam depo-

sition: a—single-layer metallic types like MeCrAlY, MeCrAlY(HfSiZr); á—single-layer compo-
site microlayered types with alternating layers of MeCrAlY (MeCrAlYHfSiZr)/MeCrAlY 

(MeCrAlYHfSiZr) MeO, where MeO represents Al2O3 or ZrO2 6–8 wt.% Y2O3; â—two-layer 

coatings with internal metallic MeCrAlY (MeCrAlYHfSiZr) and external ceramic layer; ã—two-
layer coatings with internal composite MeCrAlY(MeCrAlYHfSiZr) MeO dispersed-
strengthened or microlayered types and external ceramic (ZrO2–Y2O3) layers; ä—three-layer 

coatings with internal and intermediate metallic layers based on MeCrAlY (MeCrAlYHfSiZr) 
alloys and external ceramic (ZrO2–Y2O3) layer; æ—three-layer coatings with internal metallic 

MeCrAlY (MeCrAlYHfSiZr), intermediate composite MeCrAlY (MeCrAlYHfSiZr) MeO dis-
persed-strengthened or microlayered types, and external ceramic (ZrO2–Y2O3) layers; ç—three-
layer coating consisting of an internal metallic MeCrAlY (MeCrAlYHfSiZr), intermediate com-
posite MeCrAlY (MeCrAlYHfSiZr) MeO dispersed-strengthened or microlayered types, and an 

external ceramic (ZrO2–Y2O3) with nanodispersed boride particles, which, during oxidation, seal 
microcracks in the external ceramic layer formed during thermal cycles of heating and cooling. 
2
 Fig. 2. External view of the universal laboratory electron-beam installation L-2. 

3
 Fig. 3. Schematics of technological processes in the L-2 installation: 1—working chamber; 2—

electron-beam (EB) gun for bottom heating of products; 3—EB gun for material evaporation; 4—
EB gun for top heating of products; 5—vertical mechanism for feeding the workpiece for melt-
ing; 6—suspension and rotation mechanism of the product; 7—inspection system; 8—dimensions 

of a cylindrical product; 9—dimensions of a disc-shaped product; 10—shutter; 11—crucible; 
12—ingot; 13—mechanism for feeding the ingot for evaporation; 14—horizontal mechanism for 

feeding the product; 15—gate chamber. 
4
 TABLE 1. Technical specifications of the L-2 installation. 

5
 Fig. 4. General view of the L-9 installation and coating application scheme: 1—technological 

chamber; 2—gate chamber; 3—electron gun; 4—cassette; 5—cassette (product) feeding mecha-
nism; 6—ingot feeding mechanism; 7—crucible; 8—inspection system; 9—shutter; 10—vacuum 

system; 11—service platform; 12—control panel. 
6
 TABLE 2. Technical specifications of the L-9 installation. 

7
 Fig. 5. Diagram of a prospective electron-beam installation for applying protective coatings: 

1—working chamber; 2—planetary mechanism for rotating the product (blades); 3—shutter; 4—
manipulator; 5—transition chamber; 6—rails; 7—gate chambers; 8—base; 9—ceramic ingot; 
10—metal ingot; 11—crucible; 12—rotating support; 13—product (blade); 14—electron gun; 
15—drive gear; 16—gripper; 17—gate. 
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This article is concerning to a review of experimental studies of nanocom-
posite-coatings’ formation processes with improved functional properties, 
as well as the study of nanocrystals’ formation patterns within the bulk of 
binary and ternary alloys. Among the most popular materials of the pre-
sent time, the main place is occupied by composite coatings, to improve 
functional properties of which, the structuring of the metal matrix with 
nanodispersed particles is used, as well as binary and ternary alloys with a 
nanocrystalline structure. Such coatings have found application in microe-
lectronics, mechanical engineering, aerospace and rocketry, chemical in-
dustry and environmental technologies. Introduction of nanosize compo-
nents into the coating composition makes it possible to obtain catalytic, 
anticorrosion, magnetic, and high-strength materials, which are in de-
mand in aggressive environments and high temperatures. 

Äàíà ñòàòòÿ ñòîñóºòüñÿ îãëÿäó åêñïåðèìåíòàëüíèõ äîñë³äæåíü ïðîöåñ³â 
ôîðìóâàííÿ íàíîêîìïîçèòíèõ ïîêðèòò³â ç ïîë³ïøåíèìè ôóíêö³îíàëü-
íèìè âëàñòèâîñòÿìè, à òàêîæ äîñë³äæåííÿ çàêîíîì³ðíîñòåé óòâîðåííÿ 
íàíîêðèñòàë³â â îá’ºì³ á³íàðíèõ ³ ïîòð³éíèõ ñòîï³â. Ñåðåä íàéïîïóëÿð-
í³øèõ ìàòåð³ÿë³â ñó÷àñíîñòè îñíîâíå ì³ñöå ïîñ³äàþòü êîìïîçèö³éí³ 
ïîêðèòòÿ, äëÿ ïîë³ïøåííÿ ôóíêö³îíàëüíèõ âëàñòèâîñòåé ÿêèõ âèêîðè-
ñòîâóºòüñÿ ñòðóêòóðóâàííÿ ìåòàëåâî¿ ìàòðèö³ íàíîäèñïåðñíèìè ÷àñòè-
íêàìè, à òàêîæ á³íàðí³ òà ïîòð³éí³ ñòîïè ç íàíîêðèñòàë³÷íîþ ñòðóêòó-
ðîþ. Òàê³ ïîêðèòòÿ çíàéøëè çàñòîñóâàííÿ â ì³êðîåëåêòðîí³ö³, ìàøè-
íîáóäóâàíí³, àåðîêîñì³÷í³é ³ ðàêåòíî-êîñì³÷í³é òåõí³ö³, õåì³÷í³é ïðî-
ìèñëîâîñò³ é åêîëîã³÷íèõ òåõíîëîã³ÿõ. Ââåäåííÿ äî ñêëàäó ïîêðèòòÿ 
íàíîðîçì³ðíèõ êîìïîíåíò³â óìîæëèâëþº îäåðæàòè êàòàë³òè÷í³, àíòè-
êîðîç³éí³, ìàãíåòí³ òà âèñîêîì³öí³ ìàòåð³ÿëè, çàòðåáóâàí³ äëÿ âèêîðè-
ñòàííÿ â à´ðåñèâíèõ ñåðåäîâèùàõ ³ çà âèñîêèõ òåìïåðàòóð. 

Key words: coatings, nanocomposites, structure, applying. 
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1. INTRODUCTION 

One of the most important purposes of modern materials science is 
the study of patterns formation nanocomposite materials micro-
structures [1–9]. This is due to special attention to fundamental 
problems of composite systems creating and application in various 
fields of engineering and technology. Therefore, the development of 
fundamentally new physical and technological stages of multicom-
ponent systems structures formation is one of main problems in the 
field of nanomaterials and nanotechnology science [10–13]. 
 It is well known that composite materials are heterophase struc-
tures, taken from two or more elements, preserving the properties 
of each component. Most solid-state composites are a matrix, in the 
volume of which the second phase is distributed in a certain way. 
Matrix elements can be metals and their alloys, inorganic and or-
ganic polymers, ceramics and other materials [14, 15]. Strengthen-
ing or reinforcing components are both thread-like fibres and fine 
particles of various natures. 
 In recent years, scientists from leading countries of the world 
determined that nanostructured materials such like nanotubes, full-
erenes and nanoparticles are the most promising in terms of im-
proving functional properties materials by several orders of magni-
tude [16]. 
 Among the most popular materials of the present time, the main 
place is taken by composite coatings, to improve functional proper-
ties of which, structuring is used with metal-matrices’ nanodis-
persed particles, as well as double and triple alloys with nanocrys-
talline structure. Such coatings have found application in microe-
lectronics, mechanical engineering, aerospace and rocketry, chemi-
cal industry and environmental protection technologies. Introduc-
tion to composition coatings nanosize components allows obtaining 
of catalytic, anti-corrosion, magnetic and high-strength materials, 
which are in demand in aggressive environments and high tempera-
tures. 
 Thus, the study of nanosystems and their influence on the physi-
cochemical properties patterns formation is one of the pressing 
problems in the production of nanostructured composite coatings. 
 Today, one of the promising areas for improving the performance 
characteristics of industrial products is modernization-using coat-
ings based on transition metal nitrides and intermetallic com-
pounds. An option was proposed for converting such protective 
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coatings into a nanostructured state, as well as the formation of 
multilayer structures with nanoscale architecture [17–20]. The gra-
dient nature of multilayer structures allows for a variety of func-
tions, such as increasing adhesion, increasing resistance to wear 
and corrosion, and much more. Alternating two or more layers of 
materials with different physical and mechanical characteristics 
makes it possible to change the properties of the system, including 
stress concentrators, and influence the propagation of cracks as a 
result of achieving increased fracture toughness of the material 
[21–23]. Multilayer compositions based on binary nitrides TiN/CrN, 
TiN/MoN, ZrN/CrN, ZrN/MoN, ZrN are of particular interest. 
 The literature typically uses hypotheses and ideas from various 
fields of natural sciences, namely, solid-state physics, physical ma-
terials science, chemical physics and condensed matter physics. 
Multilayer nanocomposite coatings are of particular interest because 
they have some special physical, chemical and micromechanical 
properties, such as high temperature stability [23], hardness and 
improved thermal barrier properties, which are most suitable for 
operation under extreme tribological conditions [24–28]. 
 At the same time, the properties of nanocomposite materials are 
not always necessary in the entire volume of structure or part, but 
only in a thin layer of a certain thickness. In this aspect, the meth-
od of composite electrolytic coatings (CECs), which is based on the 
electrolytic precipitation of metals and dispersed particles, makes it 
possible to obtain compositions in the form of thin protective layers 
is promising. 
 The CECs’ method, compared to others, is much less labour-
intensive, does not require high temperatures and is economical. 
These advantages of the CECs’ method led to the intensive devel-
opment of research work in the U.S.A., Germany, the CIS, and oth-
er countries. 
 The growing interest in nanocomposite electrolytic coatings is 
evidenced by publication activity over the past 5 years and citations 
in both applied and basic science. 

2. METHODS OF OBTAINING CEC 

Methods for obtaining nano-CECs can be divided into two main ones 
groups. The first of them includes methods in which standard elec-
trolytes add nanosize powders and as a result get a metal coating in 
which nanoparticles are embedded in the matrix. The second group 
includes deposition methods, in which, during the formation, elec-
trolytic coatings use various electrolysis modes, and thus, purpose-
fully reducing the crystal size down to obtaining an amorphous-
crystalline structure. 
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 During the process of electrolytic coatings, as a second-phase 
forming powders with particle sizes not more than 100 nm were 
used. These CECs are accepted count nanostructured coatings, and 
technology for their fabrication, namely, nanotechnology. For ex-
ample, in work [29], a multichamber electrolyser is used for appli-
cation of nanocomposite Cr3C2–TaC–NiCr coatings on steel substrate 
A29 1044 (Fe–0.45C–0.18Si–0.6Mn). According to literary data, it 
was found that developed method provides conditions to form dense 
layer nanocompositions with porosity below 2% and microhardness 
800 25 HV0,3. 
 The authors’ works were carried out [30, 31], in which nanocom-
posite Ni–Al2O3 coatings were prepared method jet electrodeposition 
and analysed influence of Al2O3 concentration in the electrolyte cur-
rent density and speed of electrolyte stream on the content of nano-
Al2O3. In work [32], microstructures of composite coatings were 
studied using methods electron microscopy. The authors assessed 
the effect of Al2O3 nanocontent on microhardness and corrosion du-
rability. According to the results, it was established that deposited 
Ni layers have nanocrystalline microstructure with average 50 nm 
in size. Al2O3 particles are well dispersed in the layer, and the con-
tent particles is up to 12.2 at.%, and also presented composite Ni–
Al2O3 coatings, which were obtained in a new way from modified 
Watt type electrolyte containing Al2O3 nanoparticles, where instead 
of mechanical stirring a strong magnetic field was created in a di-
rection parallel to the electrolytic current. The authors investigated 
influence of magnetic field on particle content, morphology surfac-
es, microhardness and wear resistance. It was discovered that 
strong magnetic field plays an important role in the formation of 
composite coatings. The number of Al2O3 nanoparticles in the com-
posite coating is increased with increasing magnetic-flux density, 
reached its maximum values at 8 T and then decreased slightly. 
 Microhardness and wear resistance nanocomposite coatings also 
increases with increasing magnetic flux density compared to purity 
of Ni coating. This is because co-sedimented Al2O3 nanoparticles 
were evenly distributed in the Ni matrix and contributed signifi-
cant increase of microhardness and wear resistance of composite 
coatings. 
 Nanocomposite coating Ni–Al2O3 obtained by electrochemical pre-
cipitation has many excellent properties and is a promising material 
for use as a protective coating. In this study, Ni–Al2O3 nanocompo-
site microcomponents were prepared using different electric current 
densities [33]. 
 Young’s module was calculated from experimental curves bending 
composite cantilevers. Research has shown that Young’s module of 
Ni–Al2O3 nanocomposite amounts to approximately 202 GPa at 45 C 
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its deposition and current density of 10 mA/cm2, but at current 
density of 60 mA/cm2, sharply drops to 67 GPa. By compared to 
electrodeposited pure Ni, the Ni–Al2O3 nanocomposite exhibits in-
creased elastic properties [34]. 
 Ni–Al2O3 nanocomposite coating was prepared by electrolytic 
rubbing, and for comparison, Ni–Al2O3 coating was also applied by 
electrolysis. It was studied the morphology of surfaces, microstruc-
ture, microhardness and wear resistance coatings [35]. 
 The results showed that Ni–Al2O3 nanocomposite coating, ob-
tained by electrolytic rubbing has a smoother, fine, dense micro-
structure and more uniform characteristics across compared with 
the electrolytic nanocomposite coating Ni–Al2O3. 
 The first demonstrated more high microhardness and better wear 
resistance under lubrication conditions compared to the latter at 
tribological tests [36]. 
 Joint deposition Cu (Zn) and graphite powders size less than 10 
nm [37]. Electrocomposite coatings were cooked with a help of elec-
trodeposition traditional methods. The influence has been studied 
parameters such as stirring speed and current density, on compound 
electrodeposited brass, as well as the influence of graphite particles 
concentration in brass bath, air-mixing speed to include graphite in 
brass matrix and deposition efficiency. 
 Wear resistance and friction properties of compositional Cu (Zn)–
C coatings containing different percentages of graphite particles 
have been studied. The presence of graphite particles improved anti-
friction properties composite coatings. It has been shown that com-
posite coating, containing approximately 3.7 vol.% graphite, has 
the best tribological properties. 
 Nanocomposite Ni–SiC coatings were received electrodeposition 
from nickel sulphate bath containing nanoparticles SiC with average 
size particles 30 nm. The characteristics of the coatings were as-
sessed using scanning electron microscopy and test on microhard-
ness. 
 Friction and wear characteristics nanocomposite Ni–SiC coatings 
and Ni films have been comparatively studied during the process of 
sliding on ceramic Si3N4 balls under non-lubricated conditions. The 
results showed that according to compared to Ni nanocomposite 
film Ni–SiC coating shows increased microhardness and wear re-
sistance [38–41]. 

3. PROPERTIES OF MULTILAYER COATINGS 

An important role in the formation of nanostructured films and 
coatings plays a role in controlling the crystallographic orientation 
and grain sizes by changing the energy of particles during deposi-
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tion and mass transfer, introducing individual elements into compo-
site solid matrix or variations of nanometer-thick layers with alter-
nating amorphous and crystalline phases. In this case, microstruc-
ture of film is significantly affected by the temperature of the sub-
strate and the energy of ions, which transfer their kinetic energy to 
the coating during deposition [42]. This specificity is characteristic 
primarily of the magnetron sputtering method, in which the energy 
of the deposited particles depends on working gas pressure in the 
vacuum chamber, the distance from the source to the substrate, and 
magnitude of the bias potential applied to the substrate. 
 Vacuum-arc deposition is highly ionized technology using the ion 
energy of about 10 eV, which makes it possible to regulate zonal 
temperature and kinetics of interaction with the cathode spot, from 
which the emission of ions and neutral particles involved in the 
formation of coating takes place. Consequently, the structure and 
substructure significantly depend on the particle collision energy, 
and by changing a set of parameters, it is possible to establish the 
preferred range of physical and mechanical properties of coatings 
[43]. The main criteria for nanocrystalline films desired properties 
obtaining grain size and crystallographic orientation, which is pro-
vided by ion bombardment during deposition. The effectiveness of 
ion bombardment is manifested in a decrease in crystallite sizes, 
relaxation of compressive stresses, compaction of grain boundaries 
and localization of radiation defects, which leads to changes proper-
ties coatings [44, 45]. At this optimal method for control of crystal-
lite sizes in the direction of coating growth is the formation of a 
multilayer architecture with nanoscale layers. This coating struc-
ture is ensured by periodic deposition of thin layers of various com-
pounds of a given thickness. 
 The work [46] presents classification of hard coatings according 
to the type of their connections (Fig. 1). Nitrides, carbides and car-
bonitrides transitional metals (especially elements from groups IVB, 
VB and VIB of the periodic system) are among the most favourable 
materials for creating wear-resistant coatings. 
 The structural and compositional distribution in a multilayer 
coating relative to individual layers, interphase boundaries, as well 
as their dimensional relationships allows setting the functionality of 
modernized surface, controlling its properties, such as hardness, 
strength, elasticity, etc. 
 During the deposition of a multilayer structure, the proportion of 
interphase boundaries increases relative to the total volume of the 
interfaces, which prevents propagation of dislocations and cracks, 
thereby raising mechanical resistance systems. However, the reduc-
tion in the thickness of resulting layers is limited to values, upon 
reaching which blurring of the interphase boundaries occurs [47, 
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48]. Therefore, studies of the phase state, structure and physical 
and mechanical properties data nanosize complexes present special 
scientific and practical interest. 
 According to the reverse Hall–Petch effect [49], in nanocrystal-
line materials with grain sizes of about 10 nm, maximum hardness 
values are achieved. Grain strengthening is happening behind due 
to intercrystalline processes, such as absorption by the grain bound-
ary of the dislocation core and interaction with point defects [21, 
50]. 
 In works [51, 52], the influence on the mechanisms hardening 
size nanograins and near-surface effects at the film–substrate 
boundaries was investigated. There is also a strong dependence of 
the structure and properties of coating on technological parameters 
of its production, which complicates the unambiguous interpreta-
tion of the nature of grown structures. At interphase boundaries, 
atoms of various thin layers crystal lattices in multilayer films can 
be replaced, which in turn leads to the appearance of additional de-
formation energy proportional to the shear modulus of material. 
Layers with different shear module prevent the movement of dislo-
cations. In addition, trajectory deviations or redistribution of dislo-
cations and cracks at grain boundaries help to increase the re-

 

Fig. 1. Classification of different groups of hard coatings according to 
their bonding type and crystal structure [46]. 
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sistance of coatings to fracture. Periodic alternation of nanometer-
scale layers with different physical and mechanical characteristics 
makes it possible to change significantly such properties of a multi-
layer architecture as the concentration of internal stresses, crack 
propagation and, consequently, an increase in viscosity destruction 
(crack resistance) of the structure [44]. 
 Particular attention should be paid to the issue of existing mecha-
nisms and their modified versions. During research, a series of exper-
imental works was carried out to study the mechanical, elastic, and 

plastic properties of multilayer systems using the example of for-
mation and propagation of cracks and energy dissipation [46, 52]. 
 Mechanical loads produce multiple effects on the multilayer 
structure, which are divided into surface effects (cracking), defor-
mation of the internal layers of interphase boundaries, as well as 
changes at the grain boundaries and response of the entire coating. 
A crack begins on the surface, can branch and change its trajectory 
at grain boundaries (strengthening due to grain boundaries), similar 
processes also occur at the interfaces between layers (strengthening 
due to interphase boundaries). On the other hand, local delamina-
tion may occur at the interfaces due to occurrence nanosize cavities, 
which lead to local relaxation of internal stresses and an increase 
plasticity on nanolevel. In addition, there is an interaction between 
cracks and periodic deformations at the interfacial nanoscale 
boundaries multilayer structures, as well as the interaction of 
through cracks with the substrate material. These mechanisms are 
shown schematically in Fig. 2 [46]. 
 If we look at this process from the dislocation motion point of 
view, then, due to the presence of a large number of grain bounda-
ries in the nanocomposite coating, dislocations, which propagate 
through the grains, begin to slow down their movement at the grain 
boundaries, which leads to their accumulation. Consequently, for 
their further movement, increased voltage is required, which leads 
to an increase in hardness [53]. The dislocation density increases 
with decreasing grain size, which means the hardness increases pro-
portionally size nanograins. However, it is extremely important to 
note that with very small grain sizes (less than 2–3 nm) the univer-
sal mechanism accumulation of dislocations is unacceptable because 
dislocations cannot be generated in small grains. It is believed that 
grain-boundary sliding and grain-boundary migration play an im-
portant role in the reduction of hardness at small grain sizes, better 
known as the Hall–Petch inverse effect [49]. 
 Internal interphase boundaries demonstrate a positive effect on 
the micro- and macroscopic properties of the entire coating, when 
their number is carefully selected relative to the total volume of 
coating. 
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 In addition to grain geometry, significant influence on physical 
and mechanical properties is determined by their crystallographic 
orientation. In the case of applying single-layer coatings, orienta-
tion of grains is largely determined by the material and orientation 
of substrate [18, 54]. In nanocomposite structures, there is an in-
creased interfacial region, which makes the contribution of surface 
and interfacial energy dominant. This improves hardness, strength, 
and wear-resistance compared to single-layer counterparts [55]. By 
manipulating the ratio of layer thicknesses and grain size, tendency 
to change the surface energy can appear, therefore, transition to 
one or another preferred orientation is possible. In this case, the 
first (template) layer will determine orientation subsequent recrys-
tallizing during the process layer growth. For example, in work 
[56], dedicated to NbN/MoN nanocomposites, crystallographic ori-
entation switched from (111) to (200), which has a lower surface 
energy, as soon as the thickness of molybdenum template layer ex-
ceeded 2.1 nm. In Ref. [57], it was revealed that in coatings 
TiN/Si3N4 at decrease grain size from 50 to 20 nm or less, which 
was achieved by increasing the silicon concentration, the structure 
changed from (111) to randomly oriented, which made it possible to 
regulate the wear resistance and hardness of resulting coatings. 
 As a result, several approaches can be proposed to explain mech-

 

Fig. 2. Conditional mechanism of crack propagation in multilayer systems 
and their distribution at interfacial boundaries [46]. 
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anisms effect superhardness, including blocking dislocations at in-
terfaces, differences in the nature of internal deformations in indi-
vidual layers and an increase in the reverse Hall–Petch effect. 
Moreover, all the considered models have common premises to 
achieve superhardness. First, two composite layers must have dif-
ferent shear moduli and, therefore, different dislocation line ener-
gies. Secondly, layers must be thin enough to limit the formation 
and movement of dislocations in individual layers. Finally, and 
most importantly, two modulation levels must form consistent in-
terfaces [58–62]. In the case of a multilayer coating that meets 
these criteria, to increase hardness, significant internal stress is 
required to move the dislocation along the interface. 

4. MECHANISMS OF COATING FORMATION 

Analysis of literature data allowed classifying the nanocoatings de-
veloped to date as follow [63–67]. 
 1. Coatings with nanosize grains and crystals, unlike classic ones, 
have increased microhardness and plasticity. The behaviour of 
nanocrystalline materials with grain sizes of 10 nm or less is de-
termined mainly by processes in the boundary regions, since the 
number of atoms in grains is comparable or less than in their 
boundaries. This circumstance significantly changes the nature of 
the interaction between neighbouring grains, for example, it inhib-
its the generation of dislocations and prevents propagation of 
cracks due to the strengthening of grain boundaries. Under these 
conditions, there are no dislocations in nanograins. 
 2. Nano-CECs are characterized as a solid nanocrystalline phase, 
which consists of grains with a thin layer of an amorphous phase. 
Consequently, solid grains of strengthening phase are separated 
from each other by thin layers of another-phase atoms. Such coat-
ings have ultra-high hardness, high elastic return coefficients, and 
high heat resistance. 
 3. Nanolayer coatings are highly crack resistant. Conditions for 
their production appeared in recent decades, when multilayer coat-
ings containing titanium nitride/niobium nitride, titanium ni-
tride/vanadium nitride, aluminium nitride/chromium nitride with 
alternating metal and composite nanolayers were synthesized. Such 
coatings differ in elastic modulus and thermal expansion coeffi-
cients. The thickness of layers should be so small that new disloca-
tions cannot arise within one layer. At the same time, linear defects 
accumulate at the boundaries of soft layers of coatings and form 
elastic stresses in harder layers. Total number of layers in nano-
coatings is calculated, depending on the technological tasks, and, in 
some cases, can reach up to two hundreds. 
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 In work [71], Ukrainian specialists of the Kharkiv National Uni-
versity showed an analysis of the current state of research into the 
structure and properties of solid (hardness H 40 GPa) and super-
hard (H 40 GPa) nano-CECs. The review examines physical prin-
ciples of thin coatings hardness increasing ( 10 nm), methods for 
their creation, possible uses and the scope of further development 
of this nanotechnology area. The authors emphasize that infor-
mation about the hardness of certain nano-CECs exceeding the 
hardness of diamond and boron nitride needs to be confirmed, as 
they may be the result of methodological errors, and emphasize the 
need to develop new non-destructive hardness measurement tech-
niques. They also present a set of experiments to explain the physi-
cal factors involved in increasing the hardness of nanocoatings. 
 Micrograined coating structure based on the principles of com-
pounds of refractory metals is explained by high hardness and wear 
resistance. Nowadays, methods are emerging for producing modern 
vacuum nanocoatings with grain sizes of no more than 100 nm; this 
type of coating has increased mechanical characteristics [72]. 
 Over the past few years, the influence of nanostructure on the 
properties materials was often discussed and some synthesis results 
were shown as volumetric reinforced materials nanostructured ele-
ments, and surface layers. Nanostructured pure and alloyed super-
ficial Ti–Ni layers for medical tools were developed. It is common 
knowledge that alloying Ti–Ni with various components allows con-
trolling temperature and martensitic transformation for subsequent 
use [73–77]. Due to the content alloying element, phase transfor-
mation sequence and possibility of repeated temperature cycles ter-
nary Ti–Ni–Cu alloys occupy special place among all multicompo-
nent alloys. Results studying impact nanodispersed phases on fea-
tures of compositional materials with shape-memory effect (SME) 
make it possible to obtain fundamentally new results to improve 
performance properties superficial layers nanostructured memory 
effect materials forms. 
 Nanodispersed powders are widely used for structuring of metal 
matrix apply that obtained by mechanical and mechanochemical ac-
tivation methods. Authors have chosen two-component Ti–Ni and 
Ni–Al powders’ plasma method as a way of surface layers materials 
functional characteristics increasing, because it allows the for-
mation of amorphous–crystalline layers, has high performance and 
versatility. 
 Experimental setup for plasma electrolytic deposition (PED) made 
it possible to control all stages of surface modification, including 
temperature and mechanical processing. Based on analysis and gen-
eralization of experimental results optimized design of the VPS-3D 
installation was developed, allowing to obtain specified technical 
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and structural characteristics of coatings. 
 It is noteworthy that in this method of nanocomposite coatings 
deposition defining properties are both dimensions and nanodis-
persed powders energy intensity. 
 Because of crushing, local tensions, which in the process of fur-
ther relaxation ultimately change the properties of the dispersed 
phase as a whole. According to modern ideas, the main reason for 
modifying powder characteristics is to increase temperature and 
dislocation energy, as well as an increase in interphase boundaries. 
 Original size of dispersed TiNi particles was of 2.0–12.0 microns. 
Because of mechanical activation during four hours, average size of 
nickelide-titanium powder particles decreased up to 50–100 nm. 
 Based on the analysis of experimental data, it was found that the 
average size of ÏÍ55Ò45 powder components after 2.5 hours of 
grinding is 0.9–7.0 nm, 93% of which are up to 5.0 nm in size in 
the form of flat disks with a thickness-to-diameter ratio of 1:7. 
Thus, more than 90% of the ground powder is nanosize dust. Anal-
ysis of the morphology of the composite coating obtained by plasma 
spraying of microsize and nanosize Ti–Ni and Ti–Ni–Cu powders 
made it possible to establish that the use of mechanically activated 
dispersed phase leads to a significant reduction in porosity and im-
provement in adhesion by 7.51–10.78 times. Obviously, this is due 
to the accumulation of energy by the particles, which contributes to 
their better penetration into the surface layers of the material, 
which ultimately leads to the formation of a monolithic, almost 
pore-free microstructure with improved mechanical properties [74]. 
 During the grinding process, particles undergo intense plastic 
deformation, which ultimately leads to the formation of defects, 
which in turn become centres for the formation of nanocrystals. 
Chamber grinding attritors are accompanied by increase tempera-
ture. Mechanical activator camera cools down flow-through water to 
room temperature. Rapid cooling in the area of contact of powders 
with the working fluid contributes to increased fragility and for-
mation nanocrystals. This process of nanoparticles’ formation oc-
curs until nanograins’ dimensions achieved critical sizes, at which 
further plastic deformation will not affect the process. Analysis of 
experimental-studies’ results led to the conclusion that as a result 
of the formation of numerous defects, accumulation occurs energy 
inside nanopowder particles, which stands out in the process plasma 
spraying and promotes the best adhesion of nanostructured compo-
sitional coatings [75–80]. 

5. CONCLUSION 

In the presented review, class of nanosize coatings with nanolayer 
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architecture, consisting of both binary and multielement (of 3–6 
elements) nitrides, carbides and their combinations, was considered. 
It was shown, that extremely fine-scale structural ordering on 
nanolevel is prerequisite for the design of new multifunctional hard 
surfaces. The review does not pretend to be a complete analysis of 
numerous works (the number of which reaches several thousand); 
however, we believe that the main patterns that appear in these 
structures (systems) have been considered, and we can briefly out-
line them. Regarding further progress in the development of multi-
layer coatings with alternating nanolayers of various functional 
purposes with understanding the role of the selected materials, 
growth conditions, microstructure and required properties, a sys-
tematic approach is required. Changes in the columnar structure 
and grain shape, as well as coherence between layers, can lead to 
significant changes in physical and mechanical properties. 
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PACS numbers: 61.43.Gt, 62.20.fg, 81.05.Rm, 81.07.Wx, 81.20.Ev, 83.60.La, 83.80.Fg 

Äå´ðàäàö³éí³ âëàñòèâîñò³ òèòàíîâîãî ñòîïó Ti–6Al–4V 
â ïðîöåñ³ ñåëåêòèâíîãî ëàçåðíîãî ñï³êàííÿ 

Ì. Þ. ªô³ìåíêî, Î. Î. Äìèòðè÷åíêî, ß. Á. Ãîëîâåíüêî, Ä. Ñ. Ëåîíîâ, 

Ì. Þ. Áàðàáàø, Þ. ². Áîãîìîë 

1Íàö³îíàëüíèé òåõí³÷íèé óí³âåðñèòåò Óêðà¿íè  
 «Êè¿âñüêèé ïîë³òåõí³÷íèé ³íñòèòóò ³ìåí³ ²ãîðÿ Ñ³êîðñüêîãî»,  
 ïðîñï. Áåðåñòåéñüêèé, 37,  
 03056 Êè¿â, Óêðà¿íà 
2Òåõí³÷íèé öåíòð ÍÀÍ Óêðà¿íè,  
 âóë. Ïîêðîâñüêà, 13,  
 04070 Êè¿â, Óêðà¿íà 

Ç’ÿñîâàíî âïëèâ áàãàòîðàçîâîãî âèêîðèñòàííÿ ïîðîøêó òèòàíîâîãî ñòî-
ïó Ti–6Al–4V ó ïðîöåñ³ ñåëåêòèâíîãî ëàçåðíîãî òîïëåííÿ (SLM) íà éîãî 
ô³çèêî-õåì³÷í³ âëàñòèâîñò³ é ÿê³ñòü îäåðæàíèõ âèðîá³â. Ïðîâåäåíî 
êîìïëåêñíå äîñë³äæåííÿ ´ðàíóëîìåòðè÷íîãî ñêëàäó, ì³êðîñòðóêòóðè, 
õåì³÷íîãî ñêëàäó òà ìåõàí³÷íèõ âëàñòèâîñòåé ïîðîøêó íà ð³çíèõ åòà-
ïàõ éîãî åêñïëóàòàö³¿. Âèÿâëåíî äå´ðàäàö³éí³ ïðîöåñè, òàê³ ÿê óòâî-
ðåííÿ îêñèä³â, ìîðôîëîã³÷í³ çì³íè ÷àñòèíîê, çðîñòàííÿ âì³ñòó Îêñè´å-
íó é à´ëîìåðàö³ÿ, ùî ïðèçâîäÿòü äî ïîã³ðøåííÿ ìåõàí³÷íèõ õàðàêòå-
ðèñòèê äðóêîâàíèõ âèðîá³â. Ïðîàíàë³çîâàíî ìåòîäè ðå´åíåðàö³¿ ïîðîø-
êó, çîêðåìà ïðîñ³þâàííÿ òà äîäàâàííÿ íîâîãî ìàòåð³ÿëó, ùî äàþòü 
çìîãó ÷àñòêîâî â³äíîâèòè éîãî âëàñòèâîñò³. Ïðåäñòàâëåíî ðåêîìåíäàö³¿ 
ùîäî îïòèìàëüíèõ óìîâ âèêîðèñòàííÿ òà ðå´åíåðàö³¿ ïîðîøêó, ÿê³ 
ñïðÿìîâàí³ íà ï³äâèùåííÿ åôåêòèâíîñòè àäèòèâíîãî âèðîáíèöòâà. Ðå-
çóëüòàòè äîñë³äæåííÿ º êîðèñíèìè äëÿ ïðîìèñëîâèõ ³ ìåäè÷íèõ çàñòî-
ñóâàíü, äå êðèòè÷íèì º áàëàíñ ì³æ åêîíîì³÷í³ñòþ é ÿê³ñòþ ïðîäóêö³¿. 

The impact of multiple reuse of titanium Ti–6Al–4V-alloy powder in the 
selective laser melting (SLM) process on its physicochemical properties 
and the quality of the fabricated wares is revealed. A comprehensive 
study is concerned to the particle-sizes’ distribution, microstructure, 
chemical composition, and mechanical properties of the powder at various 
stages of its usage. Degradation processes, including oxide formation, 
particle-morphology changes, increased oxygen content, and particle ag-
glomeration, are identified as factors deteriorating the mechanical proper-
ties of printed products. Methods for powder regeneration, such as sieving 
and adding new material, are analysed and shown to restore partially its 

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
2025, ò. 23, ¹ 1, ññ. 285–298 
https://doi.org/10.15407/nnn.23.01.0285 

 2025 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 
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properties. Recommendations on optimal conditions for the powder use 
and regeneration are provided, aiming to enhance the efficiency of addi-
tive manufacturing. The study findings are valuable for the industrial 
and medical applications, where a balance between cost-effectiveness and 
product quality is critical. 
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(Îòðèìàíî 24 ãðóäíÿ 2024 ð.; ï³ñëÿ äîîïðàöþâàííÿ — 5 ëþòîãî 2025 ð.) 
  

1. ÂÑÒÓÏ 

Àäèòèâíå âèðîáíèöòâî, çîêðåìà ñåëåêòèâíå ëàçåðíå òîïëåííÿ 
(SLM), àêòèâíî âèêîðèñòîâóºòüñÿ äëÿ âèãîòîâëåííÿ âèðîá³â ç³ 
ñòîïó Ti–6Al–4V çàâäÿêè éîãî âèñîêèì ìåõàí³÷íèì âëàñòèâîñ-
òÿì, êîðîç³éí³é ñò³éêîñò³ òà á³îñóì³ñíîñò³ [1, 2]. Öåé òèòàíîâèé 
ñòîï º êëþ÷îâèì ìàòåð³ÿëîì äëÿ àåðîêîñì³÷íî¿, ìåäè÷íî¿ é àâ-
òîìîá³ëüíî¿ ïðîìèñëîâîñòåé [3]. Îäíàê çíà÷íà âàðò³ñòü ïîðîøêó 
Ti–6Al–4V çóìîâëþº íåîáõ³äí³ñòü éîãî áàãàòîðàçîâîãî âèêîðèñ-
òàííÿ, ùî º âàæëèâèì åêîíîì³÷íèì ÷èííèêîì äëÿ ìàñøòàáíîãî 
âèðîáíèöòâà [4]. 
 Áàãàòîðàçîâå âèêîðèñòàííÿ ïîðîøêó â ïðîöåñ³ SLM ïðèçâîäèòü 
äî äå´ðàäàö³¿ éîãî õàðàêòåðèñòèê, ùî ìîæå âïëèíóòè íà: 
— ´ðàíóëîìåòðè÷íèé ñêëàä (ðîçïîä³ë ðîçì³ð³â ÷àñòèíîê) [5]; 
— ìîðôîëîã³þ ÷àñòèíîê (ôîðìó, ïîâåðõíåâ³ äåôåêòè) [6]; 
— õåì³÷íèé ñêëàä, çîêðåìà çðîñòàííÿ âì³ñòó Îêñè´åíó [7]; 
— ìåõàí³÷í³ âëàñòèâîñò³ íàäðóêîâàíèõ âèðîá³â (ì³öí³ñòü, ïëàñ-
òè÷í³ñòü) [8]. 
 Íàêîïè÷åííÿ îêñèäíèõ ïë³âîê, à´ëîìåðàö³ÿ ÷àñòèíîê ³ ïîðó-
øåííÿ îäíîð³äíîñòè ðîçïîä³ëó ðîçì³ð³â ïîíèæóþòü ÿê³ñòü ³ äîâ-
ãîâ³÷í³ñòü âèðîá³â [4, 9]. Â³äñóòí³ñòü ÷³òêèõ ðåêîìåíäàö³é ùîäî 
îáìåæåííÿ öèêë³â âèêîðèñòàííÿ ïîðîøêó òà ìåòîä³â éîãî ðå´å-
íåðàö³¿ ñòâîðþº ïðàêòè÷íó ïðîáëåìó ó ïðîìèñëîâèõ óìîâàõ [10]. 
 Ìåòîþ äàíî¿ ðîáîòè º äîñë³äæåííÿ âïëèâó áàãàòîðàçîâîãî âè-
êîðèñòàííÿ ïîðîøêó Ti–6Al–4V íà éîãî ´ðàíóëîìåòðè÷íèé 
ñêëàä, ì³êðîñòðóêòóðó, õåì³÷íèé ñêëàä ³ ìåõàí³÷í³ âëàñòèâîñò³ 
âèðîá³â, âèãîòîâëåíèõ ìåòîäîì SLM. 
 Äëÿ äîñÿãíåííÿ ö³º¿ ìåòè áóëè ïîñòàâëåí³ íàñòóïí³ çàâäàííÿ: 
1. ïðîâåñòè ´ðàíóëîìåòðè÷íó àíàë³çó ïîðîøêó íà ð³çíèõ åòàïàõ 
âèêîðèñòàííÿ; 
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2. äîñë³äèòè ì³êðîñòðóêòóðó ÷àñòèíîê çà äîïîìîãîþ ÑÅÌ äëÿ âè-
ÿâëåííÿ äåôåêò³â òà à´ëîìåðàö³¿; 
3. îö³íèòè âì³ñò Îêñè´åíó òà éîãî âïëèâ íà ÿê³ñòü ïîðîøêó; 
4. ïðîàíàë³çóâàòè ìåõàí³÷í³ âëàñòèâîñò³ çðàçê³â ï³ñëÿ ð³çíî¿ ê³-
ëüêîñòè öèêë³â ïîâòîðíîãî âèêîðèñòàííÿ; 
5. ðîçðîáèòè ðåêîìåíäàö³¿ ùîäî ê³ëüêîñòè öèêë³â âèêîðèñòàííÿ 
ïîðîøêó òà ìåòîä³â éîãî ðå´åíåðàö³¿. 
 Àäèòèâíå âèðîáíèöòâî, çîêðåìà ñåëåêòèâíå ëàçåðíå òîïëåííÿ 
(SLM), àêòèâíî âèêîðèñòîâóºòüñÿ äëÿ âèãîòîâëåííÿ âèðîá³â ç³ 
ñòîïó Ti–6Al–4V çàâäÿêè éîãî âèíÿòêîâèì âëàñòèâîñòÿì: âèñîê³é 
ïèòîì³é ì³öíîñò³, ñò³éêîñò³ ùîäî êîðîç³¿ òà ñóì³ñíîñò³ ç á³îëîã³÷-
íèìè òêàíèíàìè [11, 12]. Òåõíîëîã³ÿ SLM óìîæëèâëþº âèðîáëÿ-
òè ñêëàäí³ äåòàë³ ç âèñîêîþ òî÷í³ñòþ, àëå ñòàá³ëüí³ñòü âëàñòèâîñ-
òåé ïîðîøêó çàëèøàºòüñÿ âàæëèâèì ÷èííèêîì, îñîáëèâî çà éîãî 
áàãàòîðàçîâîãî âèêîðèñòàííÿ [13]. 
 Â ïðîöåñ³ ïîâòîðíîãî âèêîðèñòàííÿ ïîðîøêó Ti–6Al–4V ñïî-
ñòåð³ãàþòüñÿ òàê³ îñíîâí³ çì³íè: çá³ëüøåííÿ âì³ñòó Îêñè´åíó, 
ìîðôîëîã³÷í³ çì³íè ïîðîøêó, ïîðóøåííÿ ´ðàíóëîìåòðè÷íîãî 
ñêëàäó òà ïîíèæåííÿ ìåõàí³÷íèõ âëàñòèâîñòåé íàäðóêîâàíèõ âè-
ðîá³â. Ï³ä âïëèâîì âèñîêèõ òåìïåðàòóð ó êàìåð³ äðóêó â³äáóâà-
ºòüñÿ ïîâåðõíåâå îêèñíåííÿ ÷àñòèíîê, ùî ï³äâèùóº âì³ñò Îêñè-
´åíó [14, 15]. Ó äîñë³äæåííÿõ Pedrazzini òà ³í. áóëî âñòàíîâëåíî, 
ùî âì³ñò Îêñè´åíó ï³äâèùóºòüñÿ ç 0,11% äî 0,15% ï³ñëÿ 20 öè-
êë³â âèêîðèñòàííÿ ïîðîøêó [16]. Öå ïðèçâîäèòü äî óòâîðåííÿ 
îêñèä³â íà ïîâåðõí³ ÷àñòèíîê ³ ïîíèæåííÿ ïëàñòè÷íîñòè òà ì³ö-
íîñòè íà ðîçòÿã. 
 Ìîðôîëîã³÷í³ çì³íè º ùå îäí³ºþ ³ñòîòíîþ ïðîáëåìîþ, ùî 
âïëèâàº íà âëàñòèâîñò³ ïîðîøêó. Çà áàãàòîðàçîâîãî âèêîðèñòàííÿ 
ïîðîøîê âòðà÷àº ñôåðè÷íó ôîðìó ÷åðåç óòâîðåííÿ à´ëîìåðàò³â ³ 
ñóïóòíèê³â [16]. Lutter-Günther òà ³í. ïîêàçàëè, ùî ï³ñëÿ 10 öè-
êë³â ê³ëüê³ñòü à´ëîìåðàò³â çá³ëüøóºòüñÿ íà 15–20%, ùî ïðèçâî-
äèòü äî íåð³âíîì³ðíîãî óêëàäàííÿ ïîðîøêîâèõ øàð³â ³ ïîíèæåí-
íÿ ÿêîñòè íàäðóêîâàíèõ âèðîá³â [14]. ¥ðàíóëîìåòðè÷íà àíàë³çà 
ï³äòâåðäèëà, ùî ó íîâîìó ïîðîøêó ñåðåäí³é ðîçì³ð ÷àñòèíîê 
(D50) ñòàíîâèòü 30–35 ìêì; îäíàê ï³ñëÿ ê³ëüêîõ öèêë³â ïîâòîð-
íîãî âèêîðèñòàííÿ ÷àñòêà âåëèêèõ ÷àñòèíîê çá³ëüøóºòüñÿ ÷åðåç 
îá’ºäíàííÿ é à´ëîìåðàö³þ [8]. Ó ñâîþ ÷åðãó, ïðîñ³þâàííÿ ïîðîø-
êó äàº çìîãó ïîíèçèòè D50 äî 28 ìêì ³ ïîë³ïøèòè îäíîð³äí³ñòü 
ðîçïîä³ëó ÷àñòèíîê (SPAN 1,0) [12]. 
 Çì³íè ó âëàñòèâîñòÿõ ïîðîøêó áåçïîñåðåäíüî âïëèâàþòü íà 
ìåõàí³÷í³ âëàñòèâîñò³ íàäðóêîâàíèõ âèðîá³â. Moridi òà ³í. ïîêà-
çàëè, ùî áàãàòîðàçîâå âèêîðèñòàííÿ ïîðîøêó ïîíèæóº ì³öí³ñòü 
íà ðîçòÿã íà 5–10% ï³ñëÿ 30 öèêë³â âèêîðèñòàííÿ (ç 1100 ÌÏà 
äî 1030 ÌÏà), à ïîäîâæåííÿ çìåíøóºòüñÿ ç 14% äî 12% ÷åðåç 
óòâîðåííÿ âíóòð³øí³õ îêñèäíèõ âêëþ÷åíü ³ äåôåêò³â ñòðóêòóðè 
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[11]. Ðå´óëÿðíå ïðîñ³þâàííÿ ïîðîøêó òà äîäàâàííÿ íîâîãî ìàòå-
ð³ÿëó êîìïåíñóº ÷àñòêîâó äå´ðàäàö³þ âëàñòèâîñòåé [6]. 
 Îäíèì ³ç åôåêòèâíèõ ìåòîä³â ðå´åíåðàö³¿ ïîðîøêó º ïðîñ³þ-
âàííÿ, îñîáëèâî ÷åðåç äð³áí³ ñèòà (40–50 ìêì), ùî óìîæëèâëþº 
âèäàëèòè âåëèê³ à´ëîìåðàòè òà äåôåêòí³ ÷àñòèíêè. Tang òà ³í. 
ïðîäåìîíñòðóâàëè, ùî ïðîñ³þâàííÿ äàº çìîãó ïîíèçèòè SPAN ç 
1,1 äî 0,97 ³ ïîë³ïøèòè ñèïó÷³ñòü ïîðîøêó [7]. Äîäàâàííÿ íîâîãî 
ïîðîøêó ìåòîäîì «òîï–àï» (10–20% íîâîãî ìàòåð³ÿëó ï³ñëÿ 5–7 
öèêë³â) ïîêàçóº ïîçèòèâíèé âïëèâ íà â³äíîâëåííÿ ìåõàí³÷íèõ 
âëàñòèâîñòåé [12]. 
 Ïîïðè íàÿâí³ñòü ÷èñëåííèõ äîñë³äæåíü, ùî ñòîñóþòüñÿ áàãàòî-
ðàçîâîãî âèêîðèñòàííÿ ïîðîøê³â Ti–6Al–4V ó SLM, çàëèøàþòüñÿ 
íåâèð³øåíèìè íàñòóïí³ ïèòàííÿ. Â³äñóòíÿ ñèñòåìàòè÷íà àíàë³çà 
äå´ðàäàö³¿ ïîðîøêó íà ð³çíèõ åòàïàõ âèêîðèñòàííÿ, âêëþ÷íî ç 
´ðàíóëîìåòð³ºþ, ÑÅÌ-çîáðàæåííÿìè òà õåì³÷íîþ àíàë³çîþ. Íå-
äîñòàòíüî âèâ÷åíî âïëèâ çðîñòàííÿ âì³ñòó Îêñè´åíó íà âòîìíó 
ì³öí³ñòü âèðîá³â, à òàêîæ åôåêòèâí³ñòü êîìá³íîâàíèõ ìåòîä³â ðå-
´åíåðàö³¿, òàêèõ ÿê ïðîñ³þâàííÿ òà äîäàâàííÿ íîâîãî ïîðîøêó. 
 Äàíà ðîáîòà âèð³øóº âèùåçàçíà÷åí³ ïðîãàëèíè øëÿõîì êîì-
ïëåêñíî¿ àíàë³çè ïîðîøêó Ti–6Al–4V íà ð³çíèõ åòàïàõ áàãàòîðà-
çîâîãî âèêîðèñòàííÿ. Îñîáëèâó óâàãó ïðèä³ëåíî çì³íàì ó ´ðàíó-
ëîìåòðè÷íîìó ñêëàä³, ì³êðîñòðóêòóð³ òà ìåõàí³÷íèõ âëàñòèâîñ-
òÿõ íàäðóêîâàíèõ âèðîá³â, à òàêîæ âèçíà÷åííþ îïòèìàëüíèõ 
óìîâ äëÿ ðå´åíåðàö³¿ ïîðîøêó. 

2. ÅÊÑÏÅÐÈÌÅÍÒÀËÜÍÀ ÌÅÒÎÄÈÊÀ 

Ó öüîìó äîñë³äæåíí³ âèêîðèñòîâóâàâñÿ ïîðîøîê ñòîïó Ti–6Al–4V 
Eli Grade 23, ñåðòèô³êîâàíîãî äëÿ ìåäè÷íèõ çàñòîñóâàíü. Âèðîá-
íèê çàÿâèâ ´ðàíóëîìåòðè÷íèé ñêëàä ïîðîøêó ³ç ñåðåäí³ì ðîçì³-
ðîì ÷àñòèíîê (D50), ùî ñòàíîâèâ áëèçüêî 35 ìêì. Ïîðîøîê çà-
ñòîñîâóâàâñÿ â ïðîöåñ³ ñåëåêòèâíîãî ëàçåðíîãî òîïëåííÿ (SLM), 
ÿêå âèêîíóâàëîñÿ íà óñòàíîâö³ Concept Laser M2 ³ç ïîñò³éíèìè 
ïàðàìåòðàìè, çàçíà÷åíèìè âèðîáíèêîì. Àíàë³ç³ ï³äëÿãàëè çðàç-
êè íîâîãî ïîðîøêó, ïîðîøêó ï³ñëÿ 30 öèêë³â âèêîðèñòàííÿ, à 
òàêîæ ïîðîøêó, ÿêèé áóâ âèçíàíèé íåïðèäàòíèì äëÿ ïîäàëüøî-
ãî âèêîðèñòàííÿ, òîáòî â³äñ³âó. 
 Äðóê çðàçê³â âèêîíóâàâñÿ â óìîâàõ çàõèñíî¿ àòìîñôåðè àð´îíó, 
ó ÿê³é êîíöåíòðàö³ÿ êèñíþ íå ïåðåâèùóâàëà 0,3% ï³ä ÷àñ ðîáîòè 
ïðèíòåðà. Òåìïåðàòóðà ïëàòôîðìè ï³äòðèìóâàëàñÿ íà ð³âí³ 
200 C, à âèñîòà øàðó ñòàíîâèëà 50 ìêì. Ó ïðîöåñ³ áàãàòîðàçîâîãî 
âèêîðèñòàííÿ ïîðîøêó éîãî âëàñòèâîñò³ ðå´óëþâàëè øëÿõîì 
ïðîñ³þâàííÿ òà ïåð³îäè÷íîãî äîäàâàííÿ íîâîãî ïîðîøêó â îá’ºì³ 
â³ä 3 äî 6 êã íà êîæí³ 3–5 öèêë³â äðóêó. Äëÿ îö³íêè âïëèâó ïî-
âòîðíîãî âèêîðèñòàííÿ ïîðîøêó êîæåí äðóãèé çàïóñê ïðèíòåðà 
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âèêîðèñòîâóâàâñÿ äëÿ âèãîòîâëåííÿ ìåõàí³÷íèõ çðàçê³â. 
 Äëÿ âèâ÷åííÿ çì³í ó ìîðôîëîã³¿ ÷àñòèíîê ïîðîøêó âèêîðèñòî-
âóâàâñÿ ñêàíóâàëüíèé åëåêòðîííèé ì³êðîñêîï (ÑÅÌ). Çí³ìêè âè-
êîíóâàëèñÿ ³ç çá³ëüøåííÿìè ó ä³ÿïàçîí³ â³ä 50 äî 1000 ðàç³â, ùî 
óìîæëèâëþâàëî àíàë³çóâàòè ôîðìó ÷àñòèíîê, íàÿâí³ñòü äåôåêò³â 
ïîâåðõí³, ñóïóòíèê³â ³ à´ëîìåðàò³â. Öå çàáåçïå÷óâàëî ãëèáîêå ðî-
çóì³ííÿ çì³í, ÿê³ â³äáóâàþòüñÿ ï³ä ÷àñ áàãàòîðàçîâîãî âèêîðèñ-
òàííÿ ïîðîøêó. 
 Ôàçîâèé ñêëàä ïîðîøêó îö³íþâàâñÿ çà äîïîìîãîþ ðåíò´åíîôà-
çíîãî äèôðàêòîìåòðà Rigaku Ultima-IV. Äîñë³äæåííÿ âèêîíóâà-
ëèñÿ â ä³ÿïàçîí³ êóò³â â³ä 20 äî 80 , ùî óìîæëèâëþâàëî ³äåíòè-
ô³êóâàòè îñíîâí³ ôàçè, òàê³ ÿê -ôàçà (ãåêñàãîíàëüíà ù³ëüíîïà-
êîâàíà ñòðóêòóðà), -ôàçà (êóá³÷íà îá’ºìíîöåíòðîâàíà ñòðóêòó-
ðà), à òàêîæ ìîæëèâ³ îêñèäè Òèòàíó (TiO2). Öåé ìåòîä çàáåçïå÷óº 
òî÷íó õàðàêòåðèñòèêó êðèñòàë³÷íî¿ ñòðóêòóðè ìàòåð³ÿëó òà ¿¿ 
çì³í ó ïðîöåñ³ âèêîðèñòàííÿ [11, 12]. 
 Âèïðîáóâàííÿ ìåõàí³÷íèõ âëàñòèâîñòåé çðàçê³â ïðîâîäèëèñÿ 
â³äïîâ³äíî äî ñòàíäàðòó ISO 6892. Çðàçêè äëÿ âèïðîáóâàíü ìàëè 
öèë³íäðè÷íó ôîðìó ç ä³ÿìåòðîì ó 4,86 ìì ³ âèñîòîþ ó 30 ìì. Ï³ä 
÷àñ âèïðîáóâàíü âèçíà÷àëè ì³öí³ñòü íà ðîçòÿã (UTS) ³ ïîäîâæåí-
íÿ äî ðóéíóâàííÿ, ùî äàëî çìîãó îö³íèòè âïëèâ çì³í ó ñòðóêòóð³ 
ïîðîøêó íà âëàñòèâîñò³ ãîòîâèõ âèðîá³â [13, 14]. 
 ¥ðàíóëîìåòðè÷íà àíàë³çà âèêîíóâàëàñÿ çà äîïîìîãîþ Better-
sizer S3 Plus. Ïîðîøîê äèñïåð´óâàëè â ³çîïðîï³ëîâîìó ñïèðò³ ç 
ïîïåðåäí³ì ðîç’ºäíàííÿì ÷àñòèíîê â óëüòðàçâóêîâ³é âàíí³. Öå 
äàëî çìîãó óíèêíóòè à´ëîìåðàö³¿ òà çàáåçïå÷èëî òî÷í³ñòü âèì³-
ðþâàíü ðîçì³ð³â ÷àñòèíîê. Ïàðàìåòðè ðîçïîä³ëó ðîçì³ð³â, òàê³ ÿê 
D10, D50, D90 òà SPAN, âèêîðèñòîâóâàëèñÿ äëÿ îö³íêè ÿêîñòè 
ïîðîøêó ï³ñëÿ êîæíîãî åòàïó ðå´åíåðàö³¿ [15, 16]. 

3. ÐÅÇÓËÜÒÀÒÈ ÒÀ ¯Õ ÎÁÃÎÂÎÐÅÍÍß 

3.1. Ôàçîâèé ñêëàä 

Ðåíò´åíîôàçíà àíàë³çà ïîðîøê³â Ti–6Al–4V (ðèñ. 1) óìîæëèâèëà 
îö³íèòè ôàçîâèé ñêëàä íîâîãî ïîðîøêó, ïîðîøêó ï³ñëÿ 30 öèêë³â 
âèêîðèñòàííÿ òà â³äñ³âó. Äîñë³äæåííÿ ïîêàçàëè ³ñòîòí³ çì³íè ó 
ñòðóêòóð³ ÷àñòèíîê çàëåæíî â³ä ê³ëüêîñòè öèêë³â âèêîðèñòàííÿ. 
 Íîâèé ïîðîøîê ñêëàäàâñÿ ïåðåâàæíî ç -ôàçè, ÿêà õàðàêòåðè-
çóºòüñÿ ãåêñàãîíàëüíîþ ù³ëüíîïàêîâàíîþ ñòðóêòóðîþ. Öÿ ôàçà 
çàáåçïå÷óº îïòèìàëüí³ ìåõàí³÷í³ âëàñòèâîñò³ ñòîïó Ti–6Al–4V, 
ùî ðîáèòü éîãî ïðèäàòíèì äëÿ ìåäè÷íèõ ³ ïðîìèñëîâèõ çàñòîñó-
âàíü. Ðåíò´åíîôàçíà àíàë³çà íå âèÿâèëà -ôàçè ÷è îêñèä³â Òèòà-
íó, ùî ï³äòâåðäæóº âèñîêó ÷èñòîòó ìàòåð³ÿëó. Îñíîâí³ ï³êè íà 
äèôðàêòîãðàì³ â³äïîâ³äàþòü -ôàç³ òèòàíó, çîêðåìà ïëîùèíàì 
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(100), (002) òà (101). Ïàðàìåòðè åëåìåíòàðíî¿ êîì³ðêè ñòàíîâëÿòü 
a 2,9278(8) Å, c 4,6646(14) Å, à îá’ºì — V 34,627(16) Å3. Öå 
ñâ³ä÷èòü ïðî â³äïîâ³äí³ñòü íîâîãî ïîðîøêó ñòàíäàðòàì ASTM 
F136, ùî çàáåçïå÷óº éîãî ïðèäàòí³ñòü äëÿ âèêîðèñòàííÿ â ïðîöå-
ñàõ ñåëåêòèâíîãî ëàçåðíîãî òîïëåííÿ (SLM). 
 Ïîðîøîê ï³ñëÿ 30 öèêë³â âèêîðèñòàííÿ äåìîíñòðóº ³ñòîòí³ 
çì³íè ó ôàçîâîìó ñêëàä³. Îñíîâíîþ çì³íîþ º ïîÿâà -ôàçè, ÿêà 
ðàí³øå áóëà â³äñóòíÿ. Àíàë³çà ³íòåíñèâíîñòè ï³ê³â ñâ³ä÷èòü ïðî 
òå, ùî ÷àñòêà -ôàçè çðîñëà äî 5–8%, ùî âêàçóº íà ñòðóêòóðíó 
òðàíñôîðìàö³þ ï³ä âïëèâîì òåðì³÷íîãî íàâàíòàæåííÿ. Êð³ì òîãî, 
ç’ÿâèëèñÿ îêñèäè Òèòàíó, çîêðåìà ó ôîðì³ ðóòèëó (TiO2), ùî ñâ³-
ä÷èòü ïðî îêèñíåííÿ ìàòåð³ÿëó ÷åðåç çàëèøêîâèé êèñåíü ó êà-
ìåð³ ï³ä ÷àñ áàãàòîðàçîâîãî âèêîðèñòàííÿ ïîðîøêó. Ïàðàìåòðè -
ôàçè òåæ çàçíàëè çì³í: a 2,9284(11) Å, c 4,6638(19) Å, à îá’ºì 
åëåìåíòàðíî¿ êîì³ðêè çá³ëüøèâñÿ äî V 34,64(2) Å3. Òàê³ çì³íè 
ìîæóòü áóòè çóìîâëåí³ ðîç÷èíåííÿì Îêñè´åíó â -ôàç³ òà íàêî-
ïè÷åííÿì ì³êðîäåôåêò³â ó êðèñòàë³÷í³é ñòðóêòóð³. Õî÷à ö³ çì³íè 
ïîã³ðøóþòü âëàñòèâîñò³ ìàòåð³ÿëó, ïîðîøîê ï³ñëÿ 30 öèêë³â ùå 
ìîæå âèêîðèñòîâóâàòèñÿ çà óìîâè ñóâîðîãî êîíòðîëþ ÿêîñòè. 
 Â³äñ³â ïîðîøêó, ÿêèé íå âèêîðèñòîâóºòüñÿ â ïðîöåñ³ äðóêó, 
äåìîíñòðóº íàéã³ðø³ ðåçóëüòàòè ñåðåä óñ³õ äîñë³äæåíèõ çðàçê³â. 
Îñíîâíó ÷àñòèíó éîãî ôàçîâîãî ñêëàäó ñòàíîâëÿòü îêñèäè Òèòàíó 
(TiO2), òîä³ ÿê -ôàçà çáåðåãëàñÿ ó äå´ðàäîâàí³é ôîðì³. Îá’ºì 
åëåìåíòàðíî¿ êîì³ðêè -ôàçè çìåíøèâñÿ äî V 34,603(14) Å3, ùî 
ñâ³ä÷èòü ïðî çíà÷íó äå´ðàäàö³þ ñòðóêòóðè. Êð³ì òîãî, øèðèíà 
ï³ê³â ðåíò´åíîãðàì âêàçóº íà ï³äâèùåíó ì³êðîäåôîðìàö³þ òà 
çìåíøåííÿ ðîçì³ðó êðèñòàë³ò³â, ùî º îçíàêîþ çíà÷íî¿ äåôåêòíî-

 

Ðèñ. 1. Ðåíò´åí³âñüê³ äèôðàêòîãðàìè ïîðîøê³â Ti–6Al–4V: à — â³äñ³â; á 
— 30 öèêë³â; â — íîâèé.1 
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ñòè ìàòåð³ÿëó. Òàê³ çì³íè ðîáëÿòü â³äñ³â íåïðèäàòíèì äëÿ ïîâòî-
ðíîãî âèêîðèñòàííÿ ó ïðîöåñàõ SLM. 
 Ðåçóëüòàòè ðåíò´åíîôàçíî¿ àíàë³çè ïîêàçóþòü, ùî íîâèé ïî-
ðîøîê â³äïîâ³äàº ñòàíäàðòàì, íåîáõ³äíèì äëÿ SLM, òîä³ ÿê áàãà-
òîðàçîâå âèêîðèñòàííÿ ïîðîøêó (30 öèêë³â) ñïðè÷èíÿº íàêîïè-
÷åííÿ -ôàçè é îêñèä³â, ùî âïëèâàþòü íà ìåõàí³÷í³ âëàñòèâîñò³. 
Ïîðîøîê â³äñ³âó º ïîâí³ñòþ äå´ðàäîâàíèì ³ íåïðèäàòíèì äëÿ ïî-
äàëüøîãî âèêîðèñòàííÿ. Ö³ âèñíîâêè ï³äêðåñëþþòü âàæëèâ³ñòü 
ðå´åíåðàö³¿ òà êîíòðîëþ ÿêîñòè ïîðîøêó ï³ä ÷àñ éîãî áàãàòîðàçî-
âîãî âèêîðèñòàííÿ. 

3.2. Ì³êðîñòðóêòóðà 

Íà ðèñóíêó 2 ïðåäñòàâëåíî ì³êðîñòðóêòóðó ïîðîøê³â Ti–6Al–4V 
ó ð³çíèõ ñòàíàõ. Íîâèé ïîðîøîê ìàº ñôåðè÷íó ôîðìó ³ç ãëàäêîþ 
ïîâåðõíåþ; ï³ñëÿ 30 öèêë³â âèêîðèñòàííÿ ñïîñòåð³ãàºòüñÿ íàÿâ-
í³ñòü ñóïóòíèê³â ³ äåôåêò³â; ïðîñ³þâàííÿ ÷åðåç ñèòà (80 ìêì ³ 50 
ìêì) ïîë³ïøóº ôîðìó ÷àñòèíîê, çìåíøóþ÷è ê³ëüê³ñòü äåôåêò³â; 
â³äñ³â äåìîíñòðóº íåð³âíîì³ðíó ôîðìó ÷àñòèíîê ³ç âåëèêîþ ê³ëü-
ê³ñòþ à´ëîìåðàò³â, ùî ðîáèòü éîãî íåïðèäàòíèì äëÿ âèêîðèñòàí-
íÿ. 
 Íîâèé ïîðîøîê (ðèñ. 2, à) ïðîäåìîíñòðóâàâ âèñîêó ÿê³ñòü ³ç 
ïåðåâàæíî ñôåðè÷íîþ ôîðìîþ ÷àñòèíîê ³ ãëàäêîþ ïîâåðõíåþ. 
Â³äñóòí³ñòü äåôåêò³â, à´ëîìåðàò³â àáî ñóïóòíèê³â ñâ³ä÷èòü ïðî 
éîãî îäíîð³äí³ñòü ³ ïðèäàòí³ñòü äëÿ âèêîðèñòàííÿ â àäèòèâíèõ 
òåõíîëîã³ÿõ, çàáåçïå÷óþ÷è îïòèìàëüí³ óìîâè äëÿ ð³âíîì³ðíîãî 
óêëàäàííÿ øàð³â ï³ä ÷àñ äðóêó. 
 Ïîðîøîê ï³ñëÿ 30 öèêë³â âèêîðèñòàííÿ äî ïðîñ³þâàííÿ (ðèñ. 
2, á) ïîêàçàâ ³ñòîòí³ ìîðôîëîã³÷í³ çì³íè. Íà ïîâåðõí³ ÷àñòèíîê 
ç’ÿâèëèñÿ ñóïóòíèêè, ùî âèíèêàþòü ÷åðåç àäãåç³þ äð³áíèõ ÷àñ-
òèíîê äî á³ëüøèõ, à òàêîæ îçíàêè ïîðèñòîñòè òà øåðñòêîñòè. 
À´ëîìåðàö³ÿ ÷àñòèíîê ñïîñòåð³ãàëàñÿ çíà÷íî ÷àñò³øå, ùî ïîã³ð-
øóº ñèïó÷³ñòü ïîðîøêó é óñêëàäíþº éîãî ð³âíîì³ðíå óêëàäàííÿ 
ï³ä ÷àñ äðóêó. Ö³ çì³íè ìîæóòü ïðèâîäèòè äî çá³ëüøåííÿ ïîðèñ-
òîñòè ó ãîòîâèõ âèðîáàõ. 
 Ïðîñ³þâàííÿ ÷åðåç ñòàíäàðòíå ñèòî ç ðîçì³ðîì îñåðåäê³â ó 80 
ìêì (ðèñ. 2, â) äàëî çìîãó âèäàëèòè âåëèê³ à´ëîìåðàòè òà çíà÷íî 
ïîë³ïøèòè ñôåðè÷í³ñòü ÷àñòèíîê. Ïðîòå äð³áí³ äåôåêòè òà íåð³â-
íîñò³ çàëèøàëèñÿ, ùî îáìåæóâàëî ìîæëèâ³ñòü ïîâíîãî â³äíîâ-
ëåííÿ ÿêîñòè ïîðîøêó ëèøå çà äîïîìîãîþ öüîãî ìåòîäó. 
 Ïðîñ³þâàííÿ ÷åðåç äð³áíå ñèòî (40–50 ìêì) (ðèñ. 2, ã) äàëî ³ñ-
òîòíî ë³ïø³ ðåçóëüòàòè. Ê³ëüê³ñòü à´ëîìåðàò³â ³ ñóïóòíèê³â çíà÷-
íî çìåíøèëàñÿ, à ïîâåðõíÿ ÷àñòèíîê ñòàëà á³ëüø ãëàäêîþ é îä-
íîð³äíîþ. Öåé ìåòîä ðå´åíåðàö³¿ óìîæëèâèâ â³äíîâèòè ñèïó÷³ñòü 
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ïîðîøêó òà ïîíèçèòè ðèçèê óòâîðåííÿ äåôåêò³â ó ãîòîâèõ âèðî-
áàõ. 
 Ïîºäíàííÿ ïðîñ³þâàííÿ ÷åðåç äð³áíå ñèòî ç äîäàâàííÿì íîâîãî 
ïîðîøêó ïðîäåìîíñòðóâàëî íàéë³ïø³ ðåçóëüòàòè. ×àñòèíêè íà-
áóëè ñôåðè÷íî¿ ôîðìè, ìàéæå áåç ñóïóòíèê³â ³ ç ì³í³ìàëüíèìè 
ïîâåðõíåâèìè äåôåêòàìè. Òàêèé ï³äõ³ä óìîæëèâèâ ìàêñèìàëüíî 
íàáëèçèòè ÿê³ñòü ïîðîøêó äî ð³âíÿ íîâîãî, ïîë³ïøèâøè éîãî ñè-
ïó÷³ñòü ³ çìåíøèâøè ðèçèê óòâîðåííÿ ïîðèñòîñòè. 
 Ïîðîøîê (ðèñ. 2, ä), ùî áóâ â³äñ³ÿíèé ÿê íåïðèäàòíèé äî ïî-
äàëüøîãî âèêîðèñòàííÿ, õàðàêòåðèçóâàâñÿ âåëèêîþ ê³ëüê³ñòþ 

  
à     á 

  
â     ã 

 
ä 

Ðèñ. 2. Ì³êðîñòðóêòóðà ïîðîøê³â a — íîâèé ïîðîøîê; á — ï³ñëÿ 30 
öèêë³â âèêîðèñòàííÿ; â — ïðîñ³ÿíèé ïîðîøîê (80 ìêì); ã — ïðîñ³ÿíèé 
ïîðîøîê (50 ìêì); ä — â³äñ³â (íåïðèäàòíèé äî âèêîðèñòàííÿ ïîðîøîê).2 
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à´ëîìåðàò³â, ïîðèñòèõ ÷àñòèíîê ³ íåð³âíîþ ïîâåðõíåþ. Öÿ ìîð-
ôîëîã³ÿ âêàçóº íà çíà÷íó äå´ðàäàö³þ ìàòåð³ÿëó, ùî óíåìîæëèâ-
ëþº éîãî ïîâòîðíå âèêîðèñòàííÿ â àäèòèâíèõ ïðîöåñàõ. 
 Ì³êðîñòðóêòóðíà ÑÅÌ-àíàë³çà ï³äòâåðäèëà åôåêòèâí³ñòü ìåòî-
ä³â ðå´åíåðàö³¿, òàêèõ ÿê ïðîñ³þâàííÿ òà äîäàâàííÿ íîâîãî ïî-
ðîøêó, äëÿ ï³äòðèìàííÿ ÿêîñòè ïîðîøêó ï³ä ÷àñ áàãàòîðàçîâîãî 
âèêîðèñòàííÿ. Ðåçóëüòàòè ïîêàçóþòü, ùî êîìá³íîâàíèé ï³äõ³ä 
óìîæëèâëþº ì³í³ì³çóâàòè äåôåêòè òà çàáåçïå÷èòè ñòàá³ëüí³ñòü 
âëàñòèâîñòåé ïîðîøêó. 

3.3. ¥ðàíóëîìåòð³ÿ 

¥ðàíóëîìåòðè÷íà àíàë³çà äàëà çìîãó äîñë³äèòè ðîçïîä³ë ðîçì³ð³â 
÷àñòèíîê ïîðîøê³â çà ð³çíèõ óìîâ âèêîðèñòàííÿ òà ðå´åíåðàö³¿. 
Îñíîâí³ ðåçóëüòàòè íàâåäåíî ó òàáë. 
 Íîâèé ïîðîøîê õàðàêòåðèçóºòüñÿ íàéë³ïøèìè ïîêàçíèêàìè, 
âêëþ÷àþ÷è âóçüêèé ä³ÿïàçîí ðîçïîä³ëó ÷àñòèíîê ³ íèçüêèé 
SPAN (1,0). Ïîðîøîê ï³ñëÿ 30 öèêë³â ìàº øèðøèé ðîçïîä³ë ðîç-
ì³ð³â ÷åðåç à´ëîìåðàö³þ ÷àñòèíîê, òîä³ ÿê ïðîñ³þâàííÿ çìåíøóº 
ñåðåäí³é ðîçì³ð ÷àñòèíîê (D50) ³ ïîë³ïøóº ¿õíþ îäíîð³äí³ñòü. 
Êîìá³íàö³ÿ ïðîñ³þâàííÿ òà äîäàâàííÿ íîâîãî ïîðîøêó çàáåçïå÷óº 
â³äíîâëåííÿ ÿêîñòè ìàòåð³ÿëó äî ð³âíÿ, íàáëèæåíîãî äî íîâîãî 
ïîðîøêó. Íàòîì³ñòü ïîðîøîê â³äñ³âó äåìîíñòðóº íàéã³ðø³ õàðàê-
òåðèñòèêè ÷åðåç ïåðåâàæàííÿ âåëèêèõ à´ëîìåðàò³â ³ äåôåêò³â. 

3.4. Ìåõàí³÷í³ âëàñòèâîñò³ 

Ìåæà ïðîïîðö³éíîñòè º ïî÷àòêîâèì ïàðàìåòðîì ïðóæíüî¿ ïîâå-
ä³íêè ìàòåð³ÿëó. Ãðàô³ê çàëåæíîñòè ïö â³ä ïîðÿäêîâî¿ ê³ëüêîñòè 
öèêë³â âèêîðèñòàííÿ äåìîíñòðóº çàãàëüíó òåíäåíö³þ äî ï³äâè-
ùåííÿ çíà÷åíü ó ä³ÿïàçîí³ 940–950 ÌÏà. Öÿ ñòàá³ëüí³ñòü ñâ³ä-

ÒÀÁËÈÖß. ¥ðàíóëîìåòðè÷íà àíàë³çà ïîðîøê³â Ti–6Al–4V.3 

Êàòåãîð³ÿ ïîðîøêó D10, ìêì D50, ìêì D90, ìêì SPAN 
Íîâèé ïîðîøîê 15 35 50 1,0 
Ï³ñëÿ 30 öèêë³â 20 36,5 55 1,1 

Ïðîñ³ÿíèé (80 ìêì) 12 30,2 42 1,0 
Ïðîñ³ÿíèé (50 ìêì) 10 25,7 35 0,97 
Ïðîñ³ÿíèé (50 ìêì)  

íîâèé ïîðîøîê 
13 28 40 0,98 

Â³äñ³â  
(íåïðèäàòíèé ïîðîøîê) 

30 50 70 1,2 
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÷èòü ïðî îäíîð³äí³ñòü ìàòåð³ÿëó, ùî çàáåçïå÷óº ïåðåäáà÷óâàíó 
ïðóæíþ äåôîðìàö³þ áåç ðóéíóâàííÿ ñòðóêòóðè. 
 ßê ïîêàçàíî íà ðèñ. 3, çàëåæí³ñòü ïö â³ä ê³ëüêîñòè öèêë³â âè-
êîðèñòàííÿ äåìîíñòðóº ñòàá³ëüí³ñòü ó ìåæàõ 940–950 ÌÏà. 
 Óìîâíà ìåæà ïëèííîñòè çàëèøàºòüñÿ ñòàá³ëüíîþ ç òåíäåíö³ºþ 
äî íåçíà÷íîãî ï³äâèùåííÿ; çíà÷åííÿ âàð³þþòüñÿ â ìåæàõ 990–
1017 ÌÏà. Öå ñâ³ä÷èòü ïðî ñò³éê³ñòü ìàòåð³ÿëó äî ïëàñòè÷íèõ 
äåôîðìàö³é ï³ä íàâàíòàæåííÿì. Òàêà ïîâåä³íêà º âàæëèâîþ äëÿ 
êîíñòðóêö³é, ÿê³ çàçíàþòü ïîñò³éíèõ íàâàíòàæåíü. 

 

Ðèñ. 3. Çàëåæí³ñòü ìåæ³ ïðîïîðö³éíîñòè â³ä ê³ëüêîñòè öèêë³â âèêîðèñ-
òàííÿ.4 

 

Ðèñ. 4. Çàëåæí³ñòü ìåæ³ ïëèííîñòè â³ä ê³ëüêîñòè öèêë³â âèêîðèñòàííÿ.5 
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 Íà ðèñóíêó 4 ïîêàçàíî çàëåæí³ñòü ò â³ä ê³ëüêîñòè öèêë³â âè-
êîðèñòàííÿ, ùî çàëèøàºòüñÿ ñòàá³ëüíîþ ç íåçíà÷íèì ï³äâèùåí-
íÿì. Íà ðèñóíêó 5 çîáðàæåíî çàëåæí³ñòü â â³ä ê³ëüêîñòè öèêë³â 
âèêîðèñòàííÿ, ùî äåìîíñòðóº ñòàá³ëüí³ñòü ó ä³ÿïàçîí³ 1040–1070 
ÌÏà. 
 Çàãàëüíå âèäîâæåííÿ äåìîíñòðóº òåíäåíö³þ äî ïîíèæåííÿ ç³ 
çá³ëüøåííÿì ì³öíîñòè ìàòåð³ÿëó. Çíà÷åííÿ âàð³þþòüñÿ â ìåæàõ 
10–14%, ùî º òèïîâèì äëÿ Ti–6Al–4V. Öÿ çàëåæí³ñòü ï³äòâåð-
äæóº çàãàëüíîâ³äîìó îáåðíåíó êîðåëÿö³þ ì³æ ì³öí³ñòþ òà ïëàñ-
òè÷í³ñòþ ìàòåð³ÿëó. 

 

Ðèñ. 5. Çàëåæí³ñòü ìåæ³ ì³öíîñòè â³ä ê³ëüêîñòè öèêë³â âèêîðèñòàííÿ.6 

 

Ðèñ. 6. Çàëåæí³ñòü çàãàëüíîãî âèäîâæåííÿ â³ä ê³ëüêîñòè öèêë³â âèêîðè-
ñòàííÿ.7 
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 Íà ðèñóíêó 6 íàâåäåíî ãðàô³ê çàëåæíîñòè ç â³ä ê³ëüêîñòè öè-
êë³â âèêîðèñòàííÿ, ÿêèé äåìîíñòðóº òåíäåíö³þ äî ïîíèæåííÿ ç³ 
çá³ëüøåííÿì ì³öíîñòè. 
 Â³äíîñíå çâóæåííÿ ( ) º ïîêàçíèêîì çäàòíîñòè ìàòåð³ÿëó äî 
àäàïòàö³¿ ï³ä ÷àñ ðóéíóâàííÿ. Çíà÷åííÿ âàð³þþòüñÿ â ìåæàõ 26–
38%, çàëèøàþ÷èñü ñòàá³ëüíèìè. Öå ñâ³ä÷èòü ïðî âèñîêèé ð³âåíü 
ïëàñòè÷íîñòè, ÿêèé º âàæëèâèì äëÿ óíèêíåííÿ êðèõêîãî ðóéíó-
âàííÿ ó ðåàëüíèõ óìîâàõ åêñïëóàòàö³¿. 
 ßê ïîêàçàíî íà ðèñ. 7, çàëåæí³ñòü  â³ä ê³ëüêîñòè öèêë³â âè-
êîðèñòàííÿ çàëèøàºòüñÿ ñòàá³ëüíîþ â ìåæàõ 26–38%. 
 Îäåðæàí³ ðåçóëüòàòè ï³äòâåðäæóþòü ñòàá³ëüí³ñòü ³ ïåðåäáà÷ó-
âàí³ñòü ìåõàí³÷íèõ âëàñòèâîñòåé ñòîïó Ti–6Al–4V. Ï³äâèùåííÿ 
ì³öíîñòè ñóïðîâîäæóºòüñÿ ïîíèæåííÿì ïëàñòè÷íîñòè, ùî â³äïî-
â³äàº â³äîìèì ç ìàòåð³ÿëîçíàâñòâà çàêîíîì³ðíîñòÿì. Ìàòåð³ÿë 
äåìîíñòðóº âèñîêó ïðèäàòí³ñòü äëÿ çàñòîñóâàííÿ ó ìåäè÷íèõ ³ 
òåõí³÷íèõ ãàëóçÿõ, çàáåçïå÷óþ÷è îïòèìàëüíèé áàëàíñ ì³æ ì³öí³-
ñòþ òà ïëàñòè÷í³ñòþ. 

4. ÂÈÑÍÎÂÊÈ 

Ó äîñë³äæåíí³ ïðîàíàë³çîâàíî âïëèâ áàãàòîðàçîâîãî âèêîðèñòàí-
íÿ ïîðîøêó Ti–6Al–4V ó ïðîöåñ³ ñåëåêòèâíîãî ëàçåðíîãî òîïëåí-
íÿ (SLM) íà éîãî âëàñòèâîñò³ òà ÿê³ñòü îäåðæàíèõ âèðîá³â. Âèÿâ-
ëåíî, ùî îñíîâíèìè ÷èííèêàìè äå´ðàäàö³¿ º çðîñòàííÿ âì³ñòó 
Îêñè´åíó, çì³íè ìîðôîëîã³¿ ÷àñòèíîê, à´ëîìåðàö³ÿ é óòâîðåííÿ 
îêñèä³â, ÿê³ íå´àòèâíî âïëèâàþòü íà ìåõàí³÷í³ âëàñòèâîñò³ äðó-
êîâàíèõ äåòàë³â. Çàñòîñóâàííÿ ìåòîä³â ðå´åíåðàö³¿, òàêèõ ÿê ïðî-

 

Ðèñ. 7. Çàëåæí³ñòü â³äíîñíîãî çâóæåííÿ â³ä ê³ëüêîñòè öèêë³â âèêîðèñ-
òàííÿ.8 



 ÄÅ¥ÐÀÄÀÖ²ÉÍ² ÂËÀÑÒÈÂÎÑÒ² ÒÈÒÀÍÎÂÎÃÎ ÑÒÎÏÓ Ti–6Al–4V 297 

ñ³þâàííÿ òà äîäàâàííÿ íîâîãî ïîðîøêó, äàº çìîãó ÷àñòêîâî â³ä-
íîâèòè âëàñòèâîñò³ ìàòåð³ÿëó òà ï³äâèùèòè åôåêòèâí³ñòü ïðîöåñó 
äðóêó. Ðåçóëüòàòè ðîáîòè ìàþòü ïðàêòè÷íå çíà÷åííÿ äëÿ ïðîìè-
ñëîâèõ ³ ìåäè÷íèõ çàñòîñóâàíü, äå âàæëèâèì º çáåðåæåííÿ áàëà-
íñó ì³æ åêîíîì³÷í³ñòþ âèðîáíèöòâà òà ÿê³ñòþ ïðîäóêö³¿. 
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1 Fig. 1. X-ray diffraction patterns of Ti–6Al–4V powders: a—sittings; á—30 cycles; â—new. 
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5 Fig. 4. Graph of the dependence of the yield strength on the number of usage cycles. 
6 Fig. 5. Graph of the dependence of the ultimate strength on the number of usage cycles. 
7 Fig. 6. Graph of the dependence of total elongation on the number of usage cycles. 
8 Fig. 7. Dependence of relative contraction on the number of usage cycles. 
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Nanocrystalline of Fe60Co40 powders are prepared by mechanical alloying 
using ball milling technique (BMT) under several milling times (of 0, 1, 3, 
5 hrs). Structural diffractometry (XRD), scanning electron microscopy 
(SEM), element dispersive spectroscopy (EDS), and the vibrating sample 
magnetometry (VSM) are used for investigation of the structural changes, 
magnetic and morphological properties during the milling times. XRD 
analysis suggests the face-centred cubic (f.c.c.) phase formed successfully 
after initial milling time. The particle sizes are decreased significantly 
with the milling time. The SEM results show that particles of all practical 
sizes are approximately of spherical shapes with uniform sizes. The EDS 
results show no strange elements in the milling media. The magnetic 
properties appear to be sensitive to milling times. The saturation magnet-
ization (Ms) is found to increase with increasing milling time, but the co-
ercivity (Hc) is found to decrease, so that the Fe60Co40-nanoalloy powder 
exhibits a soft ferromagnetic character. 

Íàíîêðèñòàë³÷í³ ïîðîøêè Fe60Co40 áóëî îäåðæàíî øëÿõîì ìåõàí³÷íîãî 
ñòîïëåííÿ çà äîïîìîãîþ òåõí³êè êóëüîâîãî ìëèíó çà ê³ëüêà ÷àñ³â ðîç-
ìåëþâàííÿ (0, 1, 3, 5 ãîäèí). Âèêîðèñòàíî ðåíò´åí³âñüêó äèôðàêòîìåò-
ð³þ (XRD), ñêàíóâàëüíó åëåêòðîííó ì³êðîñêîï³þ (SEM), åëåìåíòíó äè-
ñïåðñ³éíó ñïåêòðîñêîï³þ (EDS) òà â³áðàö³éíó ìàãíåòîìåòð³þ (VSM) äëÿ 
ðåòåëüíîãî äîñë³äæåííÿ ñòðóêòóðíèõ çì³í, ìîðôîëîã³÷íèõ ³ ìàãíåòíèõ 
âëàñòèâîñòåé ï³ä ÷àñ ðîçìåëþâàííÿ. XRD-àíàë³çà ïîêàçàëà, ùî ãðàíå-
öåíòðîâàíà êóá³÷íà (ÃÖÊ) ôàçà óñï³øíî óòâîðèëàñÿ ï³ñëÿ ïî÷àòêîâîãî 
÷àñó ðîçìåëþâàííÿ. Ðîçì³ð ÷àñòèíîê çíà÷íî çìåíøóâàâñÿ ç ÷àñîì ðîç-
ìåëþâàííÿ. Ðåçóëüòàòè SEM ïîêàçàëè, ùî ÷àñòèíêè óñ³õ ïðàêòè÷íèõ 
ðîçì³ð³â º ïðèáëèçíî ñôåðè÷íî¿ ôîðìè ç îäíàêîâèìè ðîçì³ðàìè. Ðå-

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
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 2025 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
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Íàäðóêîâàíî â Óêðà¿í³. 
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çóëüòàòè EDS íå ïîêàçàëè äèâíèõ åëåìåíò³â ó ðîçìåëþâàëüíîìó ñåðå-
äîâèù³. Ìàãíåòí³ âëàñòèâîñò³ âèÿâèëèñÿ ÷óòëèâèìè äî ÷àñó ðîçìåëþ-
âàííÿ. Áóëî âèÿâëåíî, ùî íàìàãíåòîâàí³ñòü íàñèòó (Ms) çá³ëüøóºòüñÿ 
ç³ çá³ëüøåííÿì ÷àñó ðîçìåëþâàííÿ, àëå êîåðöèòèâí³ñòü (Hc) çìåíøó-
ºòüñÿ, òàê ùî ïîðîøîê íàíîñòîïó Fe60Co40 äåìîíñòðóº ì’ÿêèé ôåðîìàã-
íåòíèé õàðàêòåð. 

Key words: Fe60Co40 nanoalloy, nanostructures, saturation magnetization, 
coercivity. 

Êëþ÷îâ³ ñëîâà: íàíîñòîï Fe60Co40, íàíîñòðóêòóðè, íàìàãíåòîâàí³ñòü íà-
ñèòó, êîåðöèòèâí³ñòü. 
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1. INTRODUCTION 

Nanoalloys present an intriguing theoretical problem, in fact, the 
presence of two distinct atom types increases the complexity of bi-
metallic nanoalloys, opening the door to the possibility of isomers 
based on the permutation of unlike atoms as well as regular geo-
metrical isomers (with different skeletal structures), (AmBn) alloy 
cluster structures with a fixed number of atoms (N m n) and 
composition (m/n ratio) are referred to as ‘homotopic’ because they 
have the same geometrical arrangement of atoms but differ in the 
arrangement of A- and B-type atoms [1]. 
 Because of their many uses in magnetic separation, microwave 
absorbers, magnetic fluids, magnetic sensors, and magnetic record-
ing systems, magnetic nanomaterial are a subject of growing re-
search [2, 3]. 
 There is a wide range of literature studies of magnetic transition 
elements and alloys such as nickel (Ni), cobalt (Co), iron (Fe), or 
composites [4, 5]. These nanomaterials have become the subject of 
large-scale research due to their high saturation magnetization 
(Ms), relatively low coercive field (Hc), and fairly large Curie tem-
perature (Tc) [6]. 
 Several specific techniques and development approaches have 
been adopted to synthesize nanostructured Fe–Ni, Ni–Co, and Fe–
Ni–Cr alloys [7]. 
 One of the most widely used methods for preparation is mechani-
cal alloying (MA), as well as the powder technique (PT) method [8]. 
During the MA process, the powder particles are subjected to severe 
mechanical deformation, leading to their gradual refinement at the 
nanoscale [9]. Therefore, we investigate the structural, magnetic, 
and morphological powder properties of the Fe60Co40 nanoalloy pre-
pared by the mechanical alloying process after 0, 1, 3, and 5 hrs 
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milling times. 

2. EXPERIMENTAL PROCEDURES 

Commercial Fe and Co powders with particle sizes of 40 μm were 
milled using a planetary ball miller. Pluck initial elemental iron and 
nickel of highly 99.93% purity have been used as starting materials 
with particle sizes around 40 μm for both elements, and they were 
mixed at the desired composition of the Fe60Co40 alloy. 
 The milling practical was conducted using 40 hardened balls with 
a diameter of 10 mm at room temperature. The weight ratio of the 
ball to powder was set at 40:1 grams. We employed the variable 
milling times of 0, 1, 3, and 5 hours. 135 rpm was the rotation 
speed. Energy dispersive spectrometry (EDS) equipped scanning 
electron microscopy (SEM) with Model Philips (XL30) was used to 
assess morphology and conduct elemental analysis. The powdered 
powders’ precisely defined structure and phase changes were ob-
served. The magnetization properties are derived from the hystere-
sis loops by using a vibrating sample magnetometry (VSM) device. 
Finally, the structure was characterized by x-ray diffraction (XRD) 
using a Philips (PW 1820) diffractometer equipped with a CuK  ra-
diation source (wave length 1542 Å). 

3. RESULTS AND DISCUSSION 

Figure 1 shows the XRD patterns of the Fe60Co40 nanoalloy with 
varying milling times (0, 3, and 5 hrs). As revealed from XRD pat-

 

Fig. 1. XRD patterns of the Fe60Co40 alloy with various milling times (0, 3, 
5 hours). 
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terns, the peaks at 44.32 , 51.80 , and 76.20  correspond to the 
crystal planes of (111), (200), and (220), respectively, of face-
centred cubic (f.c.c.) lattice, which are in closer agreement with the 
reported articles [10, 11]. In addition, the diffraction peaks of 41.5  
and 47.5  may represent FeO and Fe3O4, respectively [12]. This may 
be due to the exposure of heat through the mechanical alloying that 
generated the oxide layers [11]. No diffraction peaks related to the 
h.c.p. phase are detected for cobalt (Co) at milling times. The other 
result shows that, by using the Scherrer equation for the calcula-
tion of particle size, we found all values to be close to 19.30 nm for 
all samples at various milling times [12]. 
 These results mean that the size of the nanocrystalline Fe60Co40 is 
nondependent on the Fe60Co40-nanoalloy composition through the 
milling time [13]. 
 The magnetic properties results of the Fe60Co40 nanoalloy were 
measured using VSM at room temperature (RT) to determine the 
values of saturation magnetization (Ms) and coercivity (Hc), as 
shown in Fig. 2. It shows the M–H curves at various milling times 
of 1, 3, and 5 hrs measured in an external magnetic field, ranging 
from 10 to 10 kOe. The results show that the saturation magneti-
zation (Ms) increases with the increase in milling time, but the co-
ercivity (Hc) decreases with the increase in milling time. Their max-
imum (Ms) and minimum (Hc) were found to be close to 104.88 
emu/gm and 56.95 Oe for the Fe60Co40 nanoalloy, respectively (Fig. 
3). The present results show a clearer agreement than those report-
ed in the literature [13, 14]. 
 Finally, the results obtained from the magnetic properties of the 
Fe60Co40 nanoalloy can indicate that the sample has soft magnetic 
behaviour and can be used for various practical applications [15]. 
 The SEM-images’ results for the Fe60Co40 nanoalloy are presented 
in Fig. 4, a–d for 1, 3, and 5 hours milling times. It shows clearly 
in Fig. 4, a, after 1 hour of milling, the particles were no longer 
uniform and began to combine. After 3 hours of milling, a changea-
ble structure was observed, indicating that the two elements are 
probably alloyed completely and formed [16]. All particle sizes in 
Fig. 4, b, c are approximately spherical in shape and uniform in 
size. The composite (Fe60Co40) particles are formed completely (Fig. 
4, b, c) with a spherical shape morphology and aggregated them-
selves into a cluster of particles. The agglomeration is probably due 
to the high cold-welding rate that occurs during the milling process 
[17]. 
 Latterly, as seen in Fig. 5, elemental mapping by (EDS) coupled 
to the (SEM) displays the spectroscopy of Fe and Co distribution for 
the sample areas, which were chosen at the 5-h milling period. It is 
made abundantly evident that iron and cobalt are still easily distin-



 STRUCTURAL, MORPHOLOGICAL, AND MAGNETIC PROPERTIES 303 

guished from one another. This means that Fe and Co are a com-
pletely alloying processed. These EDS results actually match and are 
consistent with the XRD study. They both observed that there was 
no elemental contamination. 

4. CONCLUSION 

XRD, SEM, EDS, and VSM experiments were used to examine the 
impact of mechanical alloying on the structural, morphological, and 

 

Fig. 2. The magnetic properties at various milling times (1, 2, 3 hours). 

 

Fig. 3. The magnetic properties of Fe60Co40 nanoalloy at various milling 
times. 
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magnetic properties of the Fe60Co40 nanoalloy, which was created 
from pure elemental Co and Fe powders. 

  
a      b 

  
c      d 

Fig. 4. SEM images for Fe60Co40 nanoalloy at various milling times: a—1 
hr, b—3 hr, c—5 hr; d—particle size distribution. 

 

Fig. 5. EDS spectra for Fe60Co40 nanoalloy at 5-hours milling time. 
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 XRD analysis indicates the formation of a main face-centred cu-
bic (f.c.c.) structure of Fe–Co solid phase. 
 SEM micrographs reveal spherical-shaped particles and a homo-
geneous size distribution. 
 EDS results show no strange element during milling times. 
 The magnetic properties of the Fe60Co40 nanoalloy powder show 
that they are sensitive to milling times and exhibit soft ferromag-
netic behaviour. 
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