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Supplementary Materials: On the Microstructure and Properties of Nb-12Ti-18Si-6Ta-
5A1-5Cr-2.5W-1Hf (at.%) Silicide-Based Alloys with Ge and Sn Additions

Jiang Zhao, Claire Utton and Panos Tsakiropoulos

Table S1. EDS analysis data (at.%) of the alloy JZ3-AC.

Nb Ti Si Ta W Sn Ge Hf Al Cr

Topa 41.7+£0.6 129+0.7 171+£1.5 6.2+0.5 29+04 34+0.3 4.7 +0.6 1.0+£0.1 46+04 55+1.0
41.042.5 12.2-13.9 15.3-18.8 6.0-6.5 2.5-3.3 2.9-3.5 4.0-5.6 0.9-1.2 4.1-5.1 4.6-6.7

Bulka 415+0.7 12.2+04 185+1.3 59+0.5 2.7+0.5 3.5+0.3 49+0.4 1.1+0.1 47+0.4 5.0+0.5
40.6-42.4 11.8-12.9 16.4-19.3 5.2-6.5 2.3-3.6 3.1-4.0 4.6-5.5 0.9-1.2 4.3-5.2 4.3-5.5

Bottoma 41.8+0.3 12.5+0.3 169+1.1 59+0.3 2.7+0.2 42+04 4.7+0.3 1.0+0.2 49+0.3 54+04
41.0-41.9 12.0-12.7 15.9-18.3 5.6-6.3 24-29 3.7-4.8 4.1-5.1 0.7-1.2 4.6-5.4 5.0-5.9

Nbssb 264+24 31419 24+12 3.6+0.3 1.5+0.1 35+0.8 1.2+03 23+05 8.6+1.6 19.1+5.3

22.9-28.8 29.0-33.2 1.6-4.4 3.2-4.0 1.3-1.6 2.2-4.4 0.9-1.5 1.8-3.0 6.3-10.0 14.1-26.9

Nbssc 40.6 £0.7 14.1+0.7 29+1.1 104 +£0.5 109+1.0 25+0.1 0.5 0.3 5.6+0.5 122+04

39.541.1 13.4-15.0 1.0-3.6 9.9-11.2 9.4-12.3 2.4-25 5.1-6.3 11.7-12.8

Nb5Si3 42,6 +0.4 9.5+0.3 27.8+1.5 6.0+0.2 1.2+0.1 1.5+0.3 6.6+0.3 0.6 2.8+0.6 14+0.1
42.3-43.1 9.2-9.9 26.2-29.8 5.8-6.2 1.0-14 1.2-19 6.2-7.0 2.3-3.5 1.1-15

Ti-rich Nb5Si3 373+23 159+1.9 23.1+1.6 45+04 0.6 2.0+0.1 6.9+0.1 1.6+0.5 4.6+0.2 35+x14
34.4-39.7 14.1-18.8 20.5-24.8 4.0-5.0 1.9-2.1 6.7-7.1 1.1-2.3 4.3-4.8 2.5-5.8

Al5 50.9+0.2 95+0.3 52+0.7 92+0.2 7.1+£0.2 7.3+0.2 22+0.6 0.5 47+04 3.4+02
50.6-51.1 9.1-99 4.5-6.2 9.0-9.5 6.8-7.2 7.1-7.7 1.7-3.1 42-52 3.1-3.7

Ti-rich A15d 453+04 154 +£0.2 42+0.3 72+03 49+0.2 7.0+£0.2 1.7+£0.2 0.6 6.5+0.2 72+03
45.0-46.0 15.0-15.6 3.8-4.5 6.8-7.4 4.7-5.1 6.8-7.2 1.6-2.0 6.2-6.8 6.7-7.5

Crrich A15d 26.8+1.1 256+1.2 9.8+24 3.2+x05 1.0+0.4 3.0+04 43+1.4 2.6+0.3 72+0.7 16.5+3.2

25.2-29.2 23.5-27.4 6.5-13.3 2.8-3.6 0.6-1.2 2.5-3.3 2.9-6.7 2.1-3.1 6.2-8.3 12.2-21.9

C14-Cr2Nb 20.1+0.3 9.0+0.7 8.8+1.1 6.4+04 3.2+0.2 0.3 1.1+0.1 1.7+0.1 4.6+0.2 448 +0.6

19.8-20.5 8.2-10.0 7.0-9.9 5.8-6.9 2.9-34 1.0-1.2 1.6-1.9 4.3-48 44.0-45.6

2 Large area analysis. ® Solid solution rich in Ti and Cr. This solid solution was present with a very small vol%.in the top and bulk of the as cast button. <Solid solution

present only in the bottom of the as cast button. 4A15 phase rich in Ti or Cr was present in the bulk of the as cast button.
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Table S2. EDS analysis data (at.%) of the alloy JZ3-HT.
Nb Ti Si Ta W Sn Ge Hf Al Cr

Large area 41.7+04 12.8 +£0.1 18.3+1.0 57+04 25+0.2 34+05 52+0.2 0.8+0.2 48+0.1 4.8+0.3
41.2-42.2 12.7-12.8 16.8-19.4 5.4-6.3 2.2-2.7 2.8-2.9 5.0-5.4 0.5-1.1 4.5-49 4.3-5.1

Nbss 43.1+£05 9.2+0.3 2.1+1.0 124+0.4 17.0+0.2 1.4+0.1 0.3 B 35+0.1 11.0+0.2

425434 8.8-9.6 1.2-3.3 11.9-12.8 16.0-17.3 1.3-1.6 3.4-3.6 10.7-11.1

Nb5Si3 41.8+05 9.4+0.6 285+1.0 57+03 1.2+0.2 1.2+0.1 6.2+0.2 0.7 27+04 26+04
41.1-425 8.9-10.2 27.6-29.8 5.4-6.0 09-14 1.1-1.4 6.0-6.4 2.3-34 2.1-3.1

.. . 374+33 162+ 3.4 252 +0.9 42+05 0.3 1.4+0.7 7104 0.7+0.5 4.7+05 2.8+0.1

Ti-rich Nb5Si3

33.6-40.2 13.4-20.0 24.3-26.4 3.4-4.8 0.6-2.1 6.5-7.6 0.3-1.6 4.3-5.3 2.6-2.9

Al5 49.1+04 11.9+0.2 52+0.6 71+0.3 53+0.1 8.0+0.2 1.6+£0.2 - 59+0.1 59+0.2
48.4-49.5 11.7-12.2 4.6-6.0 6.7-7.4 5.2-5.4 7.7-8.2 1.4-19 5.7-6.0 5.6-6.2

C14-CraNb 20.3+0.3 42+0.1 112+0.5 82+0.2 4.0+0.1 0.2 0.8+0.1 - 3.0+£0.2 48.1+03

19.8-20.7 4.1-44 10.6-11.2 7.9-8.5 3.8-4.1 0.6-0.9 2.8-3.3 47.7-48.4
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Table 3. EDS analysis data (at.%) of the alloy [JZ3+]-AC.
Nb Ti Si Ta W Sn Ge Hf Al Cr

Topa 39.2+0.7 125+0.2 20.0+1.0 5.6+0.4 21+03 5.0+0.3 5.1+0.1 0.8+0.1 4.6+03 51+04
38.0-39.8 12.1-12.7 18.3-20.6 5.0-6.0 1.9-2.6 4.6-5.2 4.9-5.3 0.6-1.0 4.3-5.1 4.5-5.6

Bulka 39.8+0.3 123+0.4 19.1+0.9 5.8+0.3 2.6+03 53+04 4.6+0.2 0.8+0.1 45+0.2 52+0.2
39.3-40.1 11.9-12.8 17.7-19.9 5.6-6.0 2.2-3.1 4.6-5.8 4.5-5.0 0.7-0.9 4.3-4.7 4.9-5.2

Bottoma 37.7+04 12.6 0.2 20.1+£0.7 5.6 +0.1 22+0.3 6.0+0.3 4.8+0.1 0.9+0.1 4.7+0.2 54+0.7
37.4-38.0 12.2-12.8 19.0-20.8 5.4-5.7 2.0-2.8 5.7-6.3 4.7-5.0 0.8-1.0 4.5-5.0 4.9-6.4

(Nb,W)ssb 31.2+15 49+03 1.7+1.3 152+0.2 353+14 1.8+0.2 0.3 0.1 24+02 7.1+0.5
29.4-32.8 4.5-5.3 0.6-3.6 14.8-15.5 33.8-37.5 1.5-2.1 2.1-2.7 6.3-7.5

Nb5Si3 42.0+0.3 9.2+0.2 30.6 0.6 6.3+0.2 1.3+0.1 1.3+0.0 55+0.2 0.5 1.9+0.1 14+0.2
41.7-42.3 8.9-94 29.8-31.3 6.1-6.6 1.3-14 1.2-1.5 5.2-5.6 1.8-2.0 1.2-1.6

.. . 32.7+20 21.4+3.0 16.7+2.0 29+04 0.4 8.1+0.9 5.3+0.5 1.6+0.2 73+1.1 3.6+0.3

Ti-rich Nb5Si3

29.4-34.1 18.6-26.2 14.3-19.4 2.3-3.3 7.3-9.5 4.6-5.7 1.4-1.8 6.5-9.1 3.0-3.9

A15 phase 463 +04 11.3+0.2 52+0.5 7.8+0.3 73+0.2 104 +0.2 1.3+0.1 0.3 4.8+0.0 53+0.4
45.4-46.6 11.1-11.6 4.5-5.6 7.4-8.1 7.0-7.6 10.0-10.7 1.2-15 4.8-49 5.0-5.9

Tirich A15 39.9+01.9 19.3+3.5 2.8+0.5 49+0.3 40+1.1 126 +0.9 09+0.2 0.5 6.4+0.6 8.7+1.0
37.3-42.2 13.9-23.3 2.1-3.2 4.1-7.0 3.1-59 11.2-13.5 0.6-1.2 5.7-6.9 7.8-9.8

C14-Cr2Nb 20.5+0.6 6.6+0.6 8.7+0.5 6.9+0.5 44+05 0.6 1.0+0.1 1.1+0.1 6.0+0.6 442 +0.7

20.0-21.4 5.8-7.2 8.2-9.5 6.3-7.7 3.9-5.1 0.6-1.1 0.8-1.2 5.2-6.7 43.5-45.1

2 Large area analysis. ? Solid solution formed only in the bottom of the as cast button.
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Table S4. EDS analysis data (at.%) of the alloy [JZ3+]-HT.
Nb Ti Si Ta Y Sn Ge Hf Al Cr

Large area 39.3+03 123+0.2 20.7+1.1 5.7+0.2 2.0+0.3 48+0.3 5.1+0.1 0.8+0.1 4.6+03 4.7+0.2
39.1-39.9 12.2-12.5 19.4-21.9 5.5-6.0 1.7-2.3 4.5-5.1 5.0-5.2 0.6-0.8 4.2-49 4.4-49

(Nb,W)ss 30+0.7 39+04 21+0.1 15.1+£0.6 39.8+0.6 0.4 B B 1.5+0.2 71+04
29.0-30.8 3.4-43 0.2-3.1 14.3-16.0 38.8-40.2 1.4-1.8 6.7-7.4

Nb5Si3 39.2+04 13.0+0.2 23.8+0.9 49+0.3 0.8+0.1 42+0.2 5.6+0.2 0.9+0.1 4.6+0.3 3.0+0.2
38.5-39.6 12.7-13.3 22.7-25.0 4.6-5.3 0.7-1.0 3.9-4.4 5.4-5.9 0.7-1.0 4.2-5.0 29-3.4

.. . 342+0.2 16.0+0.5 25.5+0.9 49+05 0.5 1.3+0.5 6.5+0.3 32+04 5.1+0.2 2.8+0.2

Ti-rich Nb5Si3

33.8-34.5 15.4-16.6 24.0-26.4 4.4-5.6 1.0-2.2 6.2-6.9 2.5-3.6 4.8-5.3 2.6-3.1

Al5 481+04 11.6+0.2 2.8+0.6 82+0.2 6.5+0.2 122+0.3 0.8+0.2 - 4.7+0.1 51+03
47.6-48.9 11.4-11.8 1.8-3.5 8.0-8.5 6.3-6.9 11.9-12.6 0.6-1.0 4.7-4.9 4.9-5.5

C14-CraNb 19.2+0.6 3.4+03 114 +0.3 9.6 +0.2 52+0.3 0.4 0.7 0.5 3.1+0.2 465+1.2

18.7-20.3 3.1-3.7 11.2-11.9 9.4-9.8 4.7-5.3 2.8-3.4 44.7-48.1
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Table S5. EDS analysis data (at.%) of phases in the alloy JZ3 after oxidation at 800 °C for 100 h.

S5 of S7

Area and Phase (@] Nb Ti Si Ta W Sn Ge Hf Al Cr
Scale

Nb-rich oxide 73.6+06 145+02 2903 1.5+04 25+0.1 1.7+0.1 04 0.5 _ 1.3+0.1 1.2+0.2
72.1-744 14.3-14.7 2.5-3.2 1.1-2.1 2.3-2.6 1.6-1.8 1.1-14 0.9-1.5

Si-rich oxide 723+12 125+06 29x04 8.1+0.3 1.6+0.1 0.3 _ 0.6 0.3 1.0+0.1 0.3

70.3-73.4 12.0-13.3 25-3.4 7.7-8.5 1.5-1.7 0.9-1.2
Bulk
Nb5Si3 _ 435+04 9.6+x04 268+08 6.0+0.3 1.0+02 1.7+05 6.1+03 0.7 32+03 14+0.1
429440 9.2-103  25.7-27.9 5.7-6.2 0.8-1.3 1.2-23 5.7-6.5 2.9-3.6 1.4-15
.. . 409+02 131+06 242+05 51x02 0.7 22+01 6.1+02 13+x02 42+01 23+0.1
Ti-rich Nb5Si3 -
40.7-41.1 12.3-13.8 23.4-24.8 4.8-5.4 2.0-2.2 5.9-6.4 1.0-14 4.1-43 2.2-2.4
AlS B 52.8+05 9.0+0.8 52+0.7 95+0.7 64+0.7 73+01 19+03 0.3 44+03 3104
52.1-534  8.4-10.0 4.2-6.0 9.0-10.6 5.8-7.4 71-74 1.7-2.2 4.1-49 2.7-3.6
Ticrich A15 B 49.6+0.7 120+09 55+07 8.0+0.3 49+05 72+01 21+03 04 53+02 5.0+0.8
48.8-50.6 11.1-13.5 4.5-6.3 7.6-8.4 44-5.7 7.0-7.3 1.7-24 5.0-5.7 3.9-5.9
133+
Nbss B 479+1.1 89+1.0 34+06 13.0x+06 0.8 22+02 13+03 _ 39+03 6.0+1.1
46.8-492  7.7-10.3 2.3-3.6 12.4-13.8 12.2— 2.0-2.5 0.9-1.8 3.5-4.2 4.6-7.5
14.2

428 +

C14-Cr2Nb B 21.8+1.1 9.6+1.2 91+04 6.3+0.6 2.3+0.3 0.4 14+03 1.7+x01 47+03 2.0

20.0-229  8.5-10.8 8.6-9.7 5.6-7.1 2.0-2.7 1.1-1.8 1.5-19 4.2-5.0 41.4-

46.2
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Table S6. EDS analysis data (at.%) of phases in the alloy JZ3 after oxidation at 1200 °C for 100 h.
Phase O Nb Ti Si Ta ' Sn Ge Hf Al Cr
. . 72507 18912 2.6+0.6 12403 29+0.8 0.7 0.2 0.6 0.4
Onide Seale Nb-rich Oxide ) 230 1753204 1.9-3.3 0.8-1.7 2.1-42 - -

Tirich Oxide  714%03 10709 85+0.8 0.5 15+0.2 0.6 } } 0.3 25+0.1 4202

71.1-718  9.4-11.8 7.4-96 1.3-1.7 2527 3.8-4.4

NB5SI3 B 437 +0.7 9.7+0.1 258+1.3 6.0 0.4 1102 19201 60+03 08+01 3602 1403

432-44.1 9.6-9.8 245-27.6 5.4-6.4 0.8-1.2 1.8-2.1 5.6-6.4 0.6-09  3.4-38 1.1-1.8

. 51.5+2.0 0.5 15.0+1.9 6.4+0.7 0.4 154+43 82+14 26+0.3

Nb5(5i,5n,)3 - 47.7-52.6 11.6-16.3 5.5-7.1 12.7-22.8  6.3-99 - - 2.1-2.9

Diffusion NDb5(Sil- 50.9 +1.0 2.1+09 109 +6.1 6.1+0.2 1.8+0.8 0.4 26.1+4.8 0.4 12409

Zone x,Gex)3 N 49.4-51.9 1.0-3.1 5.8-17.9 5.9-6.3 0.7-2.8 20.8-30.6 N 0.7-2.8
Al } 58.1+0.4 0.9+0.3 32+02 84+05 4005 213+03 0.7 } 06 29+03

57.3-58.2 0.5-1.2 3.0-35 7.7-9.1 32-45  20.8-216 2.6-3.2

(Nb, Wiss B 155+2.7 0.5 1.6+1.0 183+13 577+21 09+04  3.0+08 B B 25+0.7

13.8-20.1 0-2.5 16.8-20.2  545-602  0.5-1.5 2.1-4.2 15-32

NB5Si3 ~ 435+05  100+0.7  26.8+09 5306 09+02 20+04 56+03 08+03 36+04 1520.1

43.0-44.4 9.2-10.8 26.0-27.9 4.6-6.1 0.6-1.1 15-2.5 5.4-6.0 04-11  3.1-42 13-16

Tiorich Nb5SI3 } 39.0+04  139+06  236+0.7 49+03 09+0.1 30+01 65+02 1.1+02 48+02 24+0.1

Bulk 385-39.5  132-146  22.9-247 4452 0.8-1.0 2.9-3.1 6.1-6.7 0.8-14  45-49 22-25
Al j 482+09  124+09 35+1.0 84+0.6 65+05 85+02  1.8+02 0.3 59+06 45+1.1

47.0-49.0  114-137 2.8-5.3 7.8-9.5 5.8-7.1 8.2-8.7 1.5-2.1 5.4-6.4 3.2-5.7
C14.CroND B 19.9+1.3 48+04 104+ 0.8 89+0.5 34+05 08+03 14+02 29+02 476+13
18.2-21.0 4453 9.2-11.5 8.4-95 2.8-4.0 0.5-1.3 12-16  26-31  459-49.1
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Table S7. EDS analysis data (at.%) of phases in the alloy JZ3+ after oxidation at 1200 °C for 100 h.
Phase ©) Nb Ti Si Ta W Sn Ge Hf Al Cr
Nb-rich 734+11 172+12 3.6+0.6 1.3+0.4 28+04 09+04 - 0.5 0.3
. Oxide 71.6-74.8 15.6-18.7 2.6-3.8 0.6-1.6 2.2-3.1 03-1.3 ] }
Oxide Scale _ 5
Ti-rich Oxide 725+03 8.6+1.1 9.8+1.7 0.5 15+0.2 0.5 0.3 29+0.6 34x08
72.1-72.9 7.3-9.9 7.6-11.8 1.3-1.7 ] } 24-3.1 2.64.5
Nb55i3 422+04 89x04 306+1.1 6.8+0.3 1402 18+0.7 54+02 08+02 14+x04 08+02
} 41.7-42.6 8.4-94 29.4-31.1 6.4-7.1 1.2-1.6 1.0-2.7 52-5.8 0.6-1.1 0.8-2.0 0.5-1.0
Nb5(5i,5n)3 45207 75+x12 167+16 50=x04 0.8+0.7 154 = 46+04 0.4 21+1.0 29+04
44.4-45.8 6.1-9.2 14.4-18.9 4.5-5.5 0.3-2.0 2.5 3.9-5.1 0.9-34 2.5-35
B 12.3-
19.1
Diffusion Nb5(Sil- 492+17 15+x09 179+24 7707 25%0.6 0.7 18.7 = 0.3 1.2+1.3 0.3
Zone x,Gex)3 47.9-51.4 0.9-3.0 14.6-21.3 7.1-8.8 1.5-3.1 24 0.2-2.7
B 15.3-
21.2
(Nb,Ta,W)ss 14.7+29 0.3 0.4 16.7+2.0 60.7 + 0.6 32+0.6 34+0.7
12.2-19.1 13.5-19.1 0.4 2.2-38 2341
B 60.4- B B
61.2
Nb55i3 41.6+07 92+05 296+14 6905 13+01 1.6+03 55+05 08+02 22+04 1402
} 40.7-42.6 8.4-9.8 28.1-31.3 6.3-7.6 1.2-1.5 1.3-1.9 4.6-6.0 0.5-1.0 1.5-2.6 1.1-1.6
Ti-rich 358+05 19511 149+x19 37x05 08+12 93+x1.0 48+x03 17+x02 74x05 20+05
Nb55i3 j 35.0-362 18.7-21.0 13.1-179  3.24.2 05-12 82-106 4553 1520 72-81 1426
Al5 458+05 124+10 21x03 79+05 82+04 10.4 = 1.5+£0.5 0.4 63+04 50x0.7
Bulk B 45.3-465 11.3-13.6 1.6-24 7.2-84 7.9-89 0.4 1.0-2.0 5.6-6.7  4.3-59
10.0-
11.1
C14-Cr2Nb 201+07 39+06 104+10 96+04 45+04 0.3 1.3+£01 12+02 54+04 434 +
19.4-21.0 3.3-4.6 8.6-11.2 9.2-10.2 4.0-5.1 1.2-14 1.0-14  49-6.0 0.6
42.4—

44.0
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