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ÑÈÑÒÅÌÀ Hf–Re–Si ÏÐÈ 10000Ñ

Ëüâ³âñüêèé íàö³îíàëüíèé óí³âåðñèòåò ³ìåí³ ²âàíà Ôðàíêà, ì. Ëüâ³â, Óêðà¿íà

Ìåòîäàìè ðåíòãåí³âñüêî¿ ïîðîøêîâî¿ äèôðàêö³¿, ñêàíóþ÷î¿ åëåêòðîííî¿ ì³êðî-

ñêîï³¿ ³ åíåðãîäèñïåðñ³éíî¿ ðåíòãåí³âñüêî¿ ñïåêòðîñêîï³¿ äîñë³äæåíî âçàºìîä³þ êîì-

ïîíåíò³â ó ïîòð³éí³é ñèñòåì³ Hf–Re–Si ó ïîâíîìó êîíöåíòðàö³éíîìó ³íòåðâàë³ òà

ïîáóäîâàíî ³çîòåðì³÷íèé ïåðåð³ç ä³àãðàìè ñòàíó ïðè 10000Ñ. Âèçíà÷åíî, ùî ðîç-

÷èíí³ñòü Si ó á³íàðíèõ ñïîëóêàõ Hf5Re24 ³ HfRe2 ñòàíîâèòü 11 ³ 16 àò.%, â³äïîâ³äíî.

Ï³äòâåðäæåíî ³ñíóâàííÿ ³ âèçíà÷åíî ïàðàìåòðè êðèñòàë³÷íî¿ ñòðóêòóðè òåðíàðíèõ

ñïîëóê HfReSi2 (ñòðóêòóðíèé òèï ZrCrSi2; ïðîñòîðîâà ãðóïà Pbam; a=9,1271(3) Å;

b=10,0356(4) Å; c=8,0708(3) Å), HfReSi (ñòðóêòóðíèé òèï ZrNiAl; ïðîñòîðîâà ãðóïà

P-62m; a=6,9240(2) Å; c=3,3890(1) Å) ³ -ôàçè Hf9+xRe4–xSi (ñòðóêòóðíèé òèï Hf9Mo4B;

ïðîñòîðîâà ãðóïà P63/mmc; a=8,5835(12) Å; c=8,7135(13) Å). Âèêîíàíî ïîð³âíÿëü-

íèé àíàë³ç âçàºìîä³¿ êîìïîíåíò³â ó ñèñòåì³ Hf–Re–Si òà ñïîð³äíåíèõ ñèñòåìàõ.

Êëþ÷îâ³ ñëîâà: ãàôí³é, ðåí³é, ñèë³ö³é, ðåíòãåí³âñüêà äèôðàêö³ÿ, ôàçîâà ð³âíîâàãà,
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Âñòóï

Ïîòð³éí³ ñèñòåìè çà ó÷àñòþ äâîõ d- ³ îäíî-
ãî ð-åëåìåíò³â äîñë³äæóþòü äîñèòü äàâíî. Ïðî-
òå, áàãàòî ç íèõ çàëèøàþòüñÿ äîòåïåð ìàëî âèâ-
÷åíèìè. Òàê, ³ç ñèñòåì {Ti, Zr, Hf]–{Mn, Re}–
{C, Si, Ge, Sn, Pb} íàéêðàùå âèâ÷åí³ ñèñòåìè ç
òèòàíîì. ²çîòåðì³÷í³ ïåðåð³çè ä³àãðàì ñòàíó ó
ïîâíîìó êîíöåíòðàö³éíîìó ³íòåðâàë³ ïîáóäîâà-
íî äëÿ ÷àñòèíè ñèñòåì ç ìàíãàíîì Ti–Mn–Si,
Ti–Mn–Ge, Ti–Mn–Sn, Zr–Mn–Sn, à òàêîæ äëÿ
äâîõ ñèñòåì ç ðåí³ºì Zr–Re–C ³ Hf–Re–C [1–
3]. Á³ëüø³ñòü ñèñòåì äîñë³äæóâàëè ëèøå íà ïðåä-
ìåò óòâîðåííÿ ñïîëóê îêðåìèõ ñêëàä³â,
³çîñòðóêòóðíèõ äî â³äîìèõ òèï³â [4].

Ìåòà íàøî¿ ïðàö³ – ïîáóäîâà ³çîòåðì³÷íî-
ãî ïåðåð³çó ä³àãðàìè ñòàíó ïîòð³éíî¿ ñèñòåìè Hf–
Re–Si ïðè òåìïåðàòóð³ 10000Ñ.

Äëÿ ïîäâ³éíèõ ñèñòåì Hf–Re, Hf–Si ³
Re–Si, ÿê³ îáìåæóþòü äîñë³äæóâàíó ïîòð³éíó,
ïîáóäîâàíî ä³àãðàìè ñòàíó òà âèçíà÷åíî êðèñ-
òàë³÷í³ ñòðóêòóðè ñïîëóê [1].

Ìàòåð³àëè òà ìåòîäèêà åêñïåðèìåíòó

Çðàçêè äëÿ äîñë³äæåííÿ ìàñîþ ~1 ã ñèíòåçó-
âàëè ìåòîäîì åëåêòðîäóãîâîãî ïëàâëåííÿ øèõòè
ìåòàë³â (ç ÷èñòîòîþ Hf 99.9 ìàñ.%, Re99.9 ìàñ.%,

Si99.999 ìàñ.%). Ðåí³é âèêîðèñòîâóâàëè ó âè-
ãëÿä³ ïîðîøêó, ÿêèé ïåðåä ñïëàâëÿííÿì ïðåñó-
âàëè ó òàáëåòêè. Ç ìåòîþ çàáåçïå÷åííÿ ãîìîãå-
í³çàö³¿ ñïëàâè ïåðåïëàâëÿëè ïîâòîðíî. Âòðàòè
ï³ä ÷àñ ïëàâëåííÿ íå ïåðåâèùóâàëè 1 ìàñ.%, òîìó
ñêëàä ñïëàâ³â ïðèéìàëè òàêèì, ùî äîð³âíþº
ñêëàäó øèõòè. Îäåðæàí³ çðàçêè â³äïàëþâàëè ó
âàêóóìîâàíèõ êâàðöîâèõ àìïóëàõ çà òåìïåðàòó-
ðè 10000Ñ âïðîäîâæ òèæíÿ, à òîä³ çàãàðòîâóâà-
ëè. Çðàçêè, ÿê ëèò³, òàê ³ â³äïàëåí³, ñò³éê³ äî ä³¿
àòìîñôåðíîãî ñåðåäîâèùà âïðîäîâæ òðèâàëîãî
÷àñó.

Ìàñèâè äèôðàêö³éíèõ äàíèõ îòðèìàëè ç
âèêîðèñòàííÿì ïîðîøêîâèõ äèôðàêòîìåòð³â
ÄÐÎÍ-2.0Ì (Fe K-âèïðîì³íþâàííÿ) ³ Stoe Stadi
P (Cu K1-âèïðîì³íþâàííÿ). Äîñë³äæåííÿ ì³êðî-
ñòðóêòóð ïîâåðõîíü ñïëàâ³â ïðîâåëè íà ñêàíó-
þ÷îìó åëåêòðîííîìó ì³êðîñêîï³ TescanVega 3
LMU, îñíàùåíîìó äåòåêòîðîì Oxford Instruments
SDD X-MaxN20. Ôàçîâèé àíàë³ç òà ñòðóêòóðí³
ðîçðàõóíêè âèêîíàëè ç âèêîðèñòàííÿì ïðîãðàì
STOE WinXPOW ³ FullProf.

Ðåçóëüòàòè äîñë³äæåíü òà ¿õ îáãîâîðåííÿ

Çà ðåçóëüòàòàìè ðåíòãåí³âñüêîãî ôàçîâîãî
òà ëîêàëüíîãî ðåíòãåíîñïåêòðàëüíîãî àíàë³ç³â 39
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ïîäâ³éíèõ ³ ïîòð³éíèõ çðàçê³â ïîáóäîâàíî ³çî-
òåðì³÷íèé ïåðåð³ç ä³àãðàìè ñòàíó ñèñòåìè Hf–
Re–Si ó ïîâíîìó êîíöåíòðàö³éíîìó ³íòåðâàë³ çà
òåìïåðàòóðè 10000C (ðèñ. 1). Íàìè ï³äòâåðäæå-
íî ³ñíóâàííÿ 11 á³íàðíèõ ñïîëóê: Hf5Re24 (ñòðóê-
òóðíèé òèï (ÑÒ) Ti5Re24), HfRe2 (ÑÒ MgZn2),
Hf21Re25 (ÑÒ Zr21Re25), HfSi2 (ÑÒ ZrSi2), HfSi (ÑÒ
FeB), Hf5Si4 (ÑÒ Zr5Si4), Hf5Si3 (ÑÒ Mn5Si3), Hf2Si
(ÑÒ CuAl2), Re4Si7 (ÑÒ Re4Si7), ReSi (ÑÒ FeSi) ³
Re2Si (ÑÒ Re2Si). ²çîòåðì³÷íèé ïåðåð³ç ä³àãðàìè
ñòàíó ñèñòåìè Hf–Re–Si íàë³÷óº 17 îäíîôàçî-
âèõ, 34 äâîôàçîâèõ ³ 18 òðèôàçîâèõ ä³ëÿíîê.
Íàéá³ëüøå ð³âíîâàã ìàº ñïîëóêà Re4Si7. Á³íàðí³
ñïîëóêè, îêð³ì Hf5Re24 ³ HfRe2, ïîì³òíèõ ê³ëüêî-

ñòåé òðåòüîãî êîìïîíåíòà íå ðîç÷èíÿþòü. Äî
11 àò.% Si ðîç÷èíÿºòüñÿ ó ñïîëóö³ Hf5Re24

(a=9,5135(8) Å) ³ äî 16 àò.% Si – ó HfRe2

(a=5,1899(1) Å; c=8,5009(3) Å) [5]. Çà òåìïåðà-
òóðè äîñë³äæåííÿ â ñèñòåì³ Hf–Re–Si ï³äòâåð-
äæåíî ³ñíóâàííÿ òà óòî÷íåíî êðèñòàë³÷íó ñòðóê-
òóðó òåðíàðíèõ ñïîëóê: HfReSi (ÑÒ ZrNiAl) [6],
HfReSi2 (ÑÒ ZrCrSi2) [7] ³ -ôàçè Hf9+xRe4–xSi
(ÑÒ Hf9Mo4B) [8].

Äëÿ çðàçêà ñêëàäó Hf29Re31Si40 íà îñíîâ³
ìàñèâ³â åêñïåðèìåíòàëüíèõ â³äáèòò³â hkl ç âè-
êîðèñòàííÿì ïðîãðàìíîãî ïàêåòa FullProf ïðî-
âåäåíî óòî÷íåííÿ êðèñòàë³÷íî¿ ñòðóêòóðè ôàç
(ðèñ. 2): HfReSi (ÑÒ ZrNiAl [6], ÏÃ P-62m,
a=6,9240(2) Å; c=3,3890(1) Å; V=140,71(1) Å3;
Boverall=0,72(3) Å2; RBragg=0,053; RF=0,039; âì³ñò 64
ìàñ. %); HfReSi2 (ÑÒ ZrCrSi2 [7], ÏÃ Pbam,
a=9,1271(3) Å; b=10,0356(4) Å; c=8,0708(3) Å;
V=739,25(5) Å3; Boverall=1,19(5) Å2; RBragg=0,164;
RF=0,119; âì³ñò 34 ìàñ.%) ³ Hf4Si7 (ÑÒ Re4Si7, ÏÃ
Cm, a=23,260(6) Å; b=3,1377(7) Å; c=8,2810(16)
Å; =92,711(16)0; V=603,7(2) Å3; RBragg=0,144;
RF=0,133; âì³ñò 2 ìàñ.% – ïàðàìåòðè àòîì³â íå
óòî÷íþâàëè). Êîîðäèíàòè àòîì³â ó ñòðóêòóðàõ
ñïîëóê HfReSi ³ HfReSi2 ïîäàíî â òàáë. 1.

Óòî÷íåííÿ êðèñòàë³÷íî¿ ñòðóêòóðè ôàç ïðî-
âåäåíî òàêîæ äëÿ çðàçêà ñêëàäó Hf75Re18Si7
(ðèñ. 3): Hf9+xRe4–xSi (ÑÒ Hf9Mo4B [8], ÏÃ
P63/mmc, a=8,5835(12) Å; c=8,7135(13) Å;
V=555,97(18) Å3; Boverall=0,22(3) Å2; RBragg=0,060;
RF=0,037; âì³ñò 71 ìàñ.%) òà Hf (ÑÒ Mg, ÏÃ
P63/mmc; a=3,1952(5) Å; c=5,0638(8) Å;
V=44,77(1) Å3; RBragg=0,049; RF=0,033; âì³ñò

Ðèñ. 1. ²çîòåðì³÷íèé ïåðåð³ç ä³àãðàìè ñòàíó ñèñòåìè Hf–Re–Si

ïðè 10000C: 1 – HfReSi2, 2 – HfReSi, 3 – Hf9+xRe4–xSi

à                                                                                              á

Ðèñ. 2. Äèôðàêòîãðàìà (à) (äèôðàêòîìåòð Stoe Stadi P, Cu K1-âèïðîì³íþâàííÿ) ³ ôîòîãðàô³ÿ ì³êðîøë³ôà (á)

 (åëåêòðîííèé ì³êðîñêîï Tescan Vega 3 LMU) çðàçêà ñêëàäó Hf29Re31Si40 (ñâ³òëà ôàçà – HfReSi; ñ³ðà ôàçà – HfReSi2;

òåìíà ôàçà – Re4Si7)
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27 ìàñ.%). Âì³ñò ôàçè Hf2Si (ÑÒ Cu2Al,
ÏÃ I4/mcm; a=6,8403(12) Å; c=4,6472(11) Å) ñòà-
íîâèâ 2 ìàñ.%, ³ ñòðóêòóðí³ óòî÷íåííÿ äëÿ íå¿
íå ïðîâîäèëè. Êîîðäèíàòè àòîì³â ó ñòðóêòóð³
ñïîëóêè -ôàçè Hf9+xRe4–xSi ïîäàíî â òàáë. 2.

Óñ³ òåðíàðí³ ñïîëóêè ö³º¿ ñèñòåìè (ðèñ. 4)
íàëåæàòü äî ñòðóêòóð ç òðèíîãàëüíî-ïðèçìàòè÷-
íîþ êîîðäèíàö³ºþ àòîì³â íàéìåíøîãî ðîçì³ðó
(êëàñ 10) çã³äíî ç êëàñèô³êàö³ºþ Ï.². Êðèï’ÿêå-
âè÷à. Çîêðåìà, ó ñòðóêòóð³ ñïîëóêè HfReSi2 ìîæ-
íà âèä³ëèòè ïðèçìè, ó âåðøèíàõ ÿêèõ çíàõîäÿòü-
ñÿ àòîìè Hf ³ Re (ì³æàòîìí³ â³ääàë³ (Hf–

Si)=2,685 Å; (Re–Si)=2,684 Å). Ó ñòðóêòóð³ ñïî-
ëóêè HfReSi º äâà òèïè ïðèçì: îäí³ óòâîðåí³
àòîìàìè Hf, ³íø³ – àòîìàìè Re (ì³æàòîìí³
â³ääàë³ (Hf–Si)=2,704 Å; (Re–Si)=2,451 Å).
Àòîìè Hf óòâîðþþòü òðèãîíàëüí³ ïðèçìè ó
ñòðóêòóð³ -ôàçè Hf9+xRe4–xSi (ì³æàòîìí³ â³ääàë³
(Hf–Si)=2,662 Å). Âàðòî çàçíà÷èòè, ùî â³ääàë³
â³ä öåíòðàëüíîãî àòîìà äî âåðøèí ó öèõ ïðèçìàõ º
áëèçüêèìè äî ñóìè àòîìíèõ ðàä³óñ³â â³äïîâ³äíèõ
åëåìåíò³â (rHf=1,564 Å; rRe=1,370 Å; rSi=1,17 Å).

ßêùî ïîð³âíÿòè äîñë³äæåíó ñèñòåìó ç ïîä-
³áíèìè ïîòð³éíèìè ñèñòåìàìè çà ó÷àñòþ d-ìå-
òàëó IV ãðóïè (Ti, Zr, Hf) ç Mn àáî Re ³ ð-åëå-
ìåíòîì IV ãðóïè (C, Si, Ge, Sn, Pb), òî ìîæíà
çàóâàæèòè, ùî ñïîëóêè ó íèõ ³ñíóþòü íà ä³ëÿí-
êàõ ç íåâèñîêèì (íå á³ëüøå 33,3 àò.%) Mn àáî
Re. Çàêîíîì³ðíî íàéá³ëüøà ïîä³áí³ñòü º ì³æ
ñèñòåìàìè ç Si òà Ge, ÿêà âèÿâëÿºòüñÿ â ³ñíó-
âàíí³ ñïîëóê ç³ ñòðóêòóðàìè òèï³â ZrNiAl ³
ZrCrSi2 [4].

Òàáëèöÿ 1

Êîîðäèíàòè àòîì³â ó ñòðóêòóðàõ ñïîëóê HfReSi (ÏÃ

P-62m) ³ HfReSi2 (ÏÃ Pbam)

Атом ПСТ x y z 
HfReSi 

Hf 3f 0,5965(3) 0 0 
Re 3g 0,2557(2) 0 0 
Si1 2d 1/3 2/3 1/2 
Si2 1a 0 0 0 

HfReSi2 
Hf1 8i 0,3274(6) 0,0458(5) 0,2477(9) 
Hf2 4g 0,3349(12) 0,3166(8) 0 
Re1 8i 0,0880(5) 0,2601(5) 0,2462(9) 
Re2 4e 0 0 0,2424(14) 
Si1 8i 0,327(4) 0,326(3) 0,363(3) 
Si2 4h 0,058(7) 0,375(5) 1/2 
Si3 4h 0,147(7) 0,105(5) 1/2 
Si4 4g 0,019(7) 0,375(5) 0 
Si5 4h 0,111(7) 0,115(5) 0 

 

à                                                                                            á

Ðèñ. 3. Äèôðàêòîãðàìà (à) (äèôðàêòîìåòð Stoe Stadi P, Cu K1-âèïðîì³íþâàííÿ) ³ ôîòîãðàô³ÿ ì³êðîøë³ôà (á)

 (åëåêòðîííèé ì³êðîñêîï Tescan Vega 3 LMU) çðàçêà ñêëàäó Hf75Re18Si7 (ñ³ðà ôàçà – Hf9+xRe4–xSi; òåìíà ôàçà – Hf)

  

Òàáëèöÿ 2

Êîîðäèíàòè àòîì³â ó ñòðóêòóð³ -ôàçè Hf9+xRe4–xSi

(x=1,26) (ÏÃ P63/mmc)

Атом ПСТ x y z 
Hf1 12k 0,19892(3) 0,39786(3) 0,04805(2) 
Hf2 6h 0,53753(6) 0,07502(13) 1/4 
M1* 6h 0,88991(4) 0,77986(9) 1/4 
Re2 2a 0 0 0 
Si 2c 1/3 2/3 1/2 

*M1=0,58(1)Re+0,42(1)Hf 
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THE SYSTEM Hf–Re–Si AT 10000C
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The interaction of the components in the ternary system
Hf–Re–Si was investigated by X-ray powder diffraction, scanning
electron microscopy and energy-dispersive X-ray spectroscopy.
The isothermal section of the phase diagram at 10000C was
constructed in the full concentration range. The limits of solubility
of Si in the binary compounds Hf5Re24 and HfRe2 were found to
be 11 and 16 at.%, respectively. The existence of three ternary
compounds was confirmed and their crystal structures were refined:
HfReSi2 (ZrCrSi2-type structure, space group Pbam, a=9.1271(3) Å,
b=10.0356(4) Å, c=8.0708(3) Å), HfReSi (ZrNiAl-type structure,
space group P-62m, a=6.9240(2) Å, c=3.3890(1) Å) and -phase
Hf9+xRe4–xSi (Hf9Mo4B-type structure, space group P63/mmc,
a=8.5835(12) Å, c=8.7135(13) Å). The character of the interaction
between the components in the Hf–Re–Si system and related
ternary systems is briefly discussed.

Keywords: hafnium; rhenium; silicon; X-ray diffraction;
phase equilibrium; ternary compound; crystal structure.
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