Table S1 Calibration standards and their compositions for the EPMA analyses.

Elements Reference Composition of the reference materials (wt.%)
materials
Nb Nb Nb: 100%
Ti Rutile Ti: 59.34%, O: 39.89%, Mg: 0.01%, Fe: 0.59%, Nb: 0.17%
Si Zircon Si: 15.24%, Mn: 0.03%,Zr: 49.14%, Hf: 0.82%, O: 34.77%
Al Spinel Mg: 17.08%, Al: 37.93%, 0:44.99 %
Cr Cr Cr: 100%
Sn Sn Sn: 100%
0] Forsterite 0:45.5%, Mg:34.5%, Si:20.0%
Table S2 EDS analysis (at. %) of the as cast and heat treated alloy ZX3
Condition/phase | Nb | Ti | Si Cr Sn
As cast
Nbss 63.7+2.1 247 +1.7 3.1+0.7 51+05 34+0.5
61.1-66.9 21.5-26.9 2.3-4.3 4.0-5.5 2.7-4.3
Ti-rich Nbss 439+5.5 37.0+£3.5 3.2+1.0 13.0+1.7 29+0.3
36.1-48.8 34.3-41.9 1.9-4.1 11.0-14.8 2.6-3.3
NbsSi3 448 +1.7 17.8+1.5 359104 0.7+0.4 0.8+0.2
41.2 -46.2 16.8-20.9 35.3-36.7 02-1.2 0.5-1.0
Eutectic 53.0+2.1 249+14 151+19 46+0.7 24+0.3
50.5-55.5 23.3-27.0 12.8-17.9 4.0-5.7 1.9-2.8
Heat treated
Nbss 55.0+0.2 31.8+0.2 0.7+0.1 9.1+0.2 34+0.1
54.7-55.4 31.4-32.1 0.5-0.9 8.9-94 3.3-35
NbsSis 446+0.3 18.3+0.5 35.8+0.3 0.6+0.2 0.7+0.1
43.9-44.8 17.8-19.0 35.3-36.4 0.4-08 0.6-0.9
Ti-rich NbsSis 40.8+£0.4 21.8+0.4 36.4+0.2 04+0.1 0.6+£0.1
40.0-41.6 21.2-22.5 36.2-36.7 0.3-0.6 0.5-08
Table S3 EDS analysis (at. %) of the as cast and heat treated alloy ZX5
Condition/phase | Nb Ti | Si Al Sn
As cast
Nbss 59.9+0.8 29.1+0.9 2.6+0.2 58+0.1 26+0.1
59.0-61.0 28.1-30.0 24-2.9 57-6.0 2.5-28
Ti-rich Nbss 549+2.6 33.9+23 2.5+0.2 6.0+£0.2 2.7+0.2
50.3-57.2 31.8-38.1 2.2-2.7 57-6.2 2.5-30
NbsSi3 47.7 £0.1 15.6 0.2 33.0+£0.3 3.0£0.2 0.7+0.1
47.6 -48.0 15.3-15.9 32.4-334 2.6-3.5 0.6-0.8
Ti-rich NbsSis 42.0+1.5 225+1.6 30.8+1.0 3.7+0.1 1.0+0.1
39.6-44.0 20.2-25.1 28.6 -31.6 3.6-4.0 0.8-1.1
Eutectic 57.0+£0.9 23.2+0.6 12.6+0.6 5.1+0.3 2.1+0.3
55.7-58.3 22.3-24.2 11.5-13.5 4.8-58 1.9-2.9
Heat treated
Nbss 60.2£0.2 30.7+0.3 0.5+0.1 6.5+0.3 2.1+0.2
59.8-60.4 30.4-31.0 0.4-0.8 6.3-7.1 1.8-2.3
NbsSis 46.1+1.5 17.2+1.5 33.8+0.5 23+04 0.6+0.1
43.9-47.9 15.2-19.3 33.0-34.6 1.5-3.0 0.5-08
Nb3X-A15 58.9+0.4 22.4+£0.7 4910.7 8.4+0.5 54+0.2
58.4-59.4 21.8-23.4 3.9-56 7.6-9.0 52-56




Table S4 EDS analysis (at. %) of the as cast and heat treated alloy ZX7

Condition & Nb Ti Si Cr Al Sn
phase
As cast

Nbss 61.7+0.8 | 22.9+0.5 23+0.1 44+0.3 5.9+0.2 2.8+0.2
60.9-62.7 | 22.3-23.3 22-24 41-4.7 5.7-6.1 2.7-3.1

Ti-rich Nbss 49.4+2.4 | 299+1.3 3.5+0.8 8.4+04 6.1+0.1 2.7+0.1
47.6-52.1 | 28.5-31.1 2.7-4.2 8.0-8.6 6.0-6.2 2.6-28

NbsSis 45.7+0.4 | 17.7+0.5 | 299+04 1.2+0.2 43+0.1 1.2+0.1
44.7-46.2 | 17.3-18.7 | 28.9-30.2 1.0-1.6 4.2-4.5 1.1-1.3

Eutectic 48.7+15 | 259+0.8 | 12.4+1.0 5.6+0.4 52%0.1 2.2+0.1
46.5-50.9 | 24.6-27.5 | 10.7-13.7 | 4.8-6.3 5.0-54 2.1-2.3

Heat treated

Nbss 56.7+1.4 | 23.4+0.6 0.6+0.2 10.7 £ 0.7 6.8+0.3 1.8+0.3
55.6-59.3 | 22.6-24.4 0.4-0.8 9.3-11.3 6.4-7.2 1.4-2.2

NbsSis 448+0.4 | 179103 | 345104 0.4+0.1 1.7+0.2 0.7+0.1
44.3-45.4 | 17.3-18.2 | 34.0-34.9 0.3-0.6 1.5-1.9 0.6-0.9

A15-NbsX 57.5%+0.9 18.4+0.8 45+1.0 55+0.3 89+0.9 5203
56.1-58.6 | 17.3-19.7 3.4-6.3 4.7-5.8 7.6-9.8 4.9-56

Table S5 WDS analysis (at. %) of oxides in the scale and phases in the bulk of the alloy ZX3 at 800 °C.

Phase Nb \ Ti Si cr Sn o}
Scale
Nb and Si rich 13.9+0.3 43+0.5 11.8+0.9 0.3+0.1 0.3+0.10 69.4 0.3
oxide 13.5-14.2 3.9-4.8 11.00- 12.8 0.2-0.4 0.2-0.4 69.1-69.7
Nb rich oxide 16+ 1.7 9+1.3 0.3 3.7+15 0.3+0.2 70.7+0.7
14.2-18.2 7.3-10.3 0.30-0.4 2.1-56 0.1-0.5 70-71.6
Bulk
Nbss 56.7 + 4.2 25.9+2.3 1.7+0.7 7.2+1.4 2.7+0.1 5.8+0.6
51-62.2 22.6-28.7 1.3-3 55-92 2.7-2.9 54-7.1
NbsSis 42.3+0.3 16.1+0.3 35.8+0.3 1 0.7 4.2+0.4
41.8-42.6 15.8-16.4 35.4-36.1 0.90- 1 0.6-0.7 3.8-4.6

Table S6 WDS analysis data (at. %) of oxides in the scale, and phases in the diffusion zone and bulk of the ZX5
after isothermal oxidation for 100 h at 800 °C.

Phase | Nb | Ti Si | A | sn | 0
Scale
Nb rich oxide 20.1 8.4 1.5 1.8 1.3 66.9
Nb & Si rich oxide 15.5 4.9 12.8 0.5 0.2 66.1
Diffusion zone
Nbss (in eutectic) 38.7 20.2 1.1 3.3 1.9 34.8
35.8-40.2 18.8-21.7 1-1.2 3.1-3.5 1.8-2 33.1-36.1
NbsSis 44.9 14.9 34.9 1.8 0.6 2.9
44.5-45.1 14.6-15.1 34.3-35.4 1.6-2.2 0.5-0.7 2-3.4
NbsSia(in eutectic) 39.6 20.4 33.4 2.5 0.7 3.5
Bulk
Nbss 54.2 31.8 1.5 4.2 2.6 5.5
NbsSi3 44.7 15 35 1.8 0.6 3




Table S7 WDS analysis data (at. %) of oxides in the scale, and phases in the diffusion zone and bulk of the alloy
ZX7 after isothermal oxidation for 100 h at 800 °C.

Phase [ Nb | Ti [ si e[ A]sn ]| o
Scale
Nb rich oxide 14.2 9.8 1.3 28 | 0.8 1.1 70.00
Nb and Si rich oxide 16.0 | 5.00 | 11.8 | 0.3 | 09 0.3 65.7
Diffusion Zone
Nbss (average of analyses | 35.4 19 0.8 59 | 41 1.9 32.9
28, 32, 34)*
NbsSis (average of 418 | 185 | 29.1 | 1.2 | 3.4 1.1 4.9
analyses 30, 31, 33)*
Bulk
Nbss 51 27.6 1.2 6.2 | 5.2 2.6 6.2
NbsSi3 438 | 16.8 | 296 | 1.1 | 3.7 1.1 3.9

*see text and figure 4f

Table S8 The WDS analysis data (at. %) of oxides in the scale, and phases in the Sn rich zone and bulk of the
alloy ZX3 after isothermal oxidation for 100 h at 1200 °C.

Phase Nb Si
scale
Nb rich oxide 18.3 5.9 4.5
Ti rich oxide 6.1 17.5 0.2
Nb & Si rich oxide 13.1 5.5 9.3
Sn rich zone
NbSn2 31.4 1 0.7
A15-NbsSn 52 15.8 0.3
NbsSn,Si 46.1 13.9 9.3
bulk
Nbss 57+0.5 23.5+0.3 0.2
56.2-57.6 23.3-23.9 0.1-0.2
NbsSis 43.9+0.2 16.6 £0.1 343+0.7
43.6-44.1 16.5-16.8 33-34.8

Cr

0.4
6.0
0.3

0.3

2.7

7.5+0.1
7.3-7.6
0.9+0.2
05-12

Sn

0.2

59.5
22.8
241

3301
3.1-34
0.7
0.6-0.8

70.9
70
71.8

7.3

3.9

8.7+0.7
7.7-9.6
3.7+03
3.4-4.2



Table S9 The WDS analysis data (at. %) of oxides in the scale, and phases in the Sn rich zone and bulk of the
alloy ZX5 after isothermal oxidation for 100 h at 1200 °C.

phase | Nb | Ti Si Al Sn (6]
scale
Nb rich oxides 20.7 9.8 0.5 1.8 0.2 67.1
Nb & Si rich oxides 16.3 4.9 10.8 0.5 0.2 67.4
Sn rich zone
A15-NbsSn (average of 57.7 10 14 0.6 23.4 6.9
analyses 15, 16)*
NbsSn2Si (analysis 19) 49 10.7 9.7 1.7 22.4 6.5
NbsSis (average of 39.3 19 34.1 2.3 1.9 3.1
analyses 21, 22)*
bulk
NbsSis 44.2 14.9 34.6 1.7 0.6 4
43.8-44.6 14.8-15.1 34.6-34.7 1.7-1.7 0.5-0.6 3.4-4.6
NbsAl 56.8 22 3.1 7.2 5.1 5.8
54.2-59.1 21.1-23.7 2.9-3.5 7.1-7.5 4.8-5.3 4.5-7
Nbss 58.8 28 0.3 3.4 1.4 8.1
57.4-62.1 25-30.2 0.3-0.4 3.3-34 1.3-1.5 6.1-10.7
*see text and figure 6¢
Table S10 WDS analysis data (at. %) of the oxides in the scale of the alloy ZX7.
Phase/analysis Nb Ti Si Cr Al Sn 0
number*
scale
Nb rich oxide 25 5.9 0.1 0.2 0.8 - 68
Ti rich oxide 8.7 15.5 1.3 3.9 3.8 0.2 66.6
Nb & Si rich oxide 14.4 4.5 12.7 0.5 0.7 - 67.2
Sn rich zone
Spot 1 43.4 159 30 0.9 3.4 1.6 4.8
Spot 2 439 16.2 31.4 0.5 3.3 1.1 3.6
Spot 3 23.4 9.2 0.4 0.4 - 60.9 5.6
Spot 4 41.8 159 10.7 2.5 2.1 22.5 4.6

*see text and figure 7e




Table $11 WDS analysis data (at. %) of the phases in the Sn rich zone and below it towards the bulk in the alloy
ZX7 oxidised at 1200 °C.

Analysis number* ‘ Nb ‘ Ti l Si l Cr | Al | Sn | 0]
NbsSis
Spot 7 43.1 16 30.6 0.6 33 1.2 5.2
Spot 8 43.2 16.7 321 0.3 2.7 1 4.1
Spot 9 43.8 16.3 31.2 0.5 3 1.5 3.7
Spot 10 46 10.9 28.9 0.8 0.8 7 5.7
Spot 15 419 18 33.1 0.3 1.4 0.4 4.9
NbsSi2Sn
Spot 11 42.9 13.4 12 2.7 1.8 19.9 7.3
Spot 12 42.4 14.7 12.8 3 1.7 19.8 5.6
Spot 13 45.6 13.2 6.5 1.2 5.9 21.3 6.3
Spot 14 41.3 16.6 7.5 1.7 5.1 21.6 6.1
A15 intermetallic
Spot 16 55.7 17.3 2.7 4.6 10.1 3.6 6.1
Spot 17 54.8 18.8 2.1 4.7 9 3.3 7.4
Laves Phase
Spot 18 ‘ 28.4 ‘ 10 ‘ 5.8 ‘ 49.8 ‘ 2 ‘ 0.3 ‘ 3.7

*see text and figure 7d



Table S12. Comparison of the Nb rich oxides formed in the scales of the alloys at 800 °C and 1200 °C.

The average concentrations of elements are in at.%. OE = other elements excluding Nb and Ti

Alloy Nb Ti Si | Cr| Al Sn 0] Nb+Ti | Al+Sn | Cr+Sn | OE |[Nb+Ti]/[Cr+Sn] | [Nb+Ti]/[Al+Sn] | [Nb+Ti]/[OE] | Nb/Ti
800 °C
ZX3 16 9 0.3 [3.7 0.3 | 70.7 25 4 4.3 6.3 5.8 1.8
ZX5 |20.2| 84 | 1.5 1.8 | 1.3 | 66.8 | 28.6 3.1 4.6 8.1 6.2 2.4
ZX7 |14.2| 9.8 | 1.3 |28| 08 | 1.1 | 70 24 1.9 3.9 6 6.2 12.6 4 1.5
1200 °C
ZX3 | 183 | 59 | 45 |04 0 |709 | 24.2 0.4 4.9 60.5 4.9 3.1
ZX5 |20.7| 9.8 | 0.5 1.8 | 0.2 | 67 30.5 2 2.5 15.3 12.2 2.1
X7 25 | 59 | 0.1 |0.2] 0.8 0 68 30.9 0.8 0.2 1.1 154.5 38.6 28.1 4.2
Table S13. Comparison of the Nb and Si rich oxides formed in the scales of the alloys at 800 °C and 1200 °C.
The average concentrations of elements are in at.%. OE = other elements excluding Nb and Ti
Alloy | Nb [ Ti| Si |Cr|Al|Sn| O [Nb+Ti|[Nb+Ti]/Si| Cr+Sn | [Nb+Ti]/[Cr+Sn] | [Nb+Ti]/[Si+Sn] OE |[Nb+Ti]/[Al+Cr+Sn] | [Nb+Ti]/[OE] | Nb/Ti
800 °C
ZX3 | 139 (4.3|11.8 |03 0.3] 69.4 | 18.2 1.5 0.6 30.3 1.5 12.4 1.5 3.2
ZX5 | 15.5(4.9|12.8 0.5/0.2| 66.1 | 20.4 1.6 1.6 13.5 1.5 3.2
ZX7 |16.1| 5 |11.8|0.3{0.9|0.3| 65.6 | 21.1 1.8 0.6 35.2 1.7 13.3 14.1 1.6 3.2
1200 °C
ZX3 | 13.1 (55| 9.3 |0.3 0 |71.8| 18.6 0.3 62 2 9.6 1.9 2.4
ZX5 | 16.3 [4.9| 10.8 0.5/0.2|67.3 | 21.2 1.9 11.5 1.8 3.3
X7 14.4 145| 12.7 |105/0.7| 0 | 67.2 | 18.9 1.5 0.5 37.8 1.5 13.9 15.8 1.4 3.2







Table S14. Comparison of the Ti rich oxides formed in the scales of the alloys ZX3 and ZX7 at 1200 °C.
The average concentrations of elements are in at.%. OE = other elements excluding Nb and Ti

Alloy | Nb | Ti Si [cr | Al | sn 0 Nb+Ti | Si+Sn | OE [[Nb+Ti]/[OE] | Nb/Ti
ZX3 61 | 175| 02 | 6 02 | 702 04 | 6.4 3.7 0.4
X7 87 | 155 13 [39] 38 | 02 | 66.6 1.5 | 9.2 2.6 0.6

Table S15. Comparison of the compositions of the Nb in the bulk of the oxidised alloys at 800 °C and
1200 °C. There is no data for the Nbg in the alloy ZX7. The average concentrations of elements are in
at.%. OE = other elements excluding Nb and Ti

Alloy Nb Ti Si Cr Al Sn 0 Ti/[OE] | Si+Sn | Si+Sn+Al | Si/Sn Cr+Sn OE Ti+OE | Nb/Ti

800 °C

ZX3 | 56.7 | 25.9 1.7 7.2 2.7 5.8 2.2 4.4 0.6 9.9 11.6 37.5 2.2

ZX5 | 544 | 31.8 1.5 4.2 2.6 5.5 3.8 4.1 8.3 0.6 8.3 40.1 1.7

ZX7 | 51.3 | 27.6 1.2 6.2 5.2 2.2 6.3 1.9 3.4 8.6 0.6 8.4 14.8 42.4 1.9
1200 °C

ZX3 | 56.8 | 235 0.2 7.5 3.3 8.7 2.1 3.5 0.06 10.8 11 345 2.4

ZX5 | 58.8 28 0.3 3.4 1.4 8.1 55 3.7 5.1 0.09 5.1 33.1 2.1




Table S16. Comparison of the compositions of the NbsSis in the bulk of the oxidised alloys at 800 °C
and 1200 °C. The average concentrations of elements are in at.%.

A||oy| Nb | Ti \ Si \ cr | Al | Sn | 0 | Si+Sn \ Si+Sn+Al \ Nb/Ti
800 °C

X3 | 423161358 1 0.7 | 2.2y] 365 2.6

ZX5 447 15 | 35 1.8 | 06 | 3 36.1 37.4 3

ZX7 | 438168296 1.1 | 3.7 | 1.1 | 3.9v] 307 34.4 2.6
1200 °C

ZX3 [ 43.8]16.6 [ 343 ] 0.9 07 | 3.7 35 2.6

ZX5 | 44.2 | 149 | 346 1.7 | o6 | 4 35.2 36.9 3

ZX7 [ 419] 18 |33.1] 03 | 1.4 | 04 | 49¥] 335 34.9 2.3

Table S17. Comparison of the compositions of the A15-NbsX in the bulk of the alloys ZX5 and ZX7 at
1200 °C. The average concentrations of elements are in at.%.

Alloy| Nb Ti Si Cr Al Sn 0 Si/Sn | Si+Sn | Si+Sn+Al Nb/Ti
ZX5 | 56.8 | 22 3.1 7.2 | 51 | 58 0.61 8.2 15.4 2.6
/X7 |515(18.1| 24 | 47 | 96 | 6.9 | 6.8 0.35 9.3 18.9 2.8
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Figure S1 X-ray diffractograms of the cast and heat treated alloys (a) and (b) ZX3, (c) and (d) ZX5, (e)
and (f) ZX7.
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Figure S2 BSE image and X-ray maps showing the presence of a Cr rich phase (assumed to be the
C14-NbCr; Laves phase) in the bottom of the button of the cast alloy ZX3.
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Figure S3 Top left, BSE image of the microstructure in the bottom area of the button of the cast alloy
ZX3 showing areas with eutectic. Top right, BSE image of eutectic observed in the bottom of the
button. X-ray elemental maps for the top right image.
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Figure S4 BSE image and X-ray elemental maps of the bottom area of the cast alloy ZX7.



Figure S5 The oxidised specimens at 800 °C (a), (c) and (e) and at 1200 °C (b), (d) and (f). Images
correspond to alloys as follows: (a) and (b) ZX3, (c) and (d) ZX5 and (e) and (f) ZX7.
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Figure S6 BSE image and X-ray elemental maps of the Sn rich zone of the alloy ZX7 after oxidation at
1200°C.



