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Design and Evaluation of Super-lHeat-Resisting Nb—Based'and Mo-Based
Alloys

Masahiko Morinaga#, Jun-ich Saito¥, Masahito Kato#, Yasushi Isshiki#,
Hirofumi Wakiyama#, Shigeki Kano#%, Eiichi Yoshida*#%, Yasushi lirakawa*#
and Yoshiaki Tachi#*#

¥ Toyohashi University of Technology, Department of Production
Systems Engineering

¥ ¥ Power Reactor and Nuclear Fuel Development Corporation, Oarai
Engineering Center

Purpose : As structural materials for Li-coold fast reactor , Nb-based
and Mo-based alloys were selected as candidate materials and their
properties were evaluated by previous studies . In this study , simple
prediction method of tensile strength In tertiary alloys , their
prediction method of density and evaluation method of sodium corrosion
in binary and tertiary alloys were invesiigated to screen promising

elements
Experimental and Evaluation Method : Tertiary alloys were prepared by
tri-are melting in purified argon environment . A series of

experiments with these alloys was carried out on high temperature
hardness , corrosion resistance in 923K sodium for 1000h , density and
microstructural homogeneity . In addition , binary Nb-based alloys
were systematically investigated in sodium to clarify the effect of
alloying elements on sodium corrosion

Results : (1) It was clarified that simple prediction method of tensil
strength ( based on differences of atomic radius and Young[ls modulus )
obtained on binary alloys last fiscal year could be extended to
tertiary alloys
(2) 1t was elarified that density prediction of tertiary alloys could
be predicted by compositional average of alloying etement[]s density
(3) The effect of alloying elements on sodium corrosin was investigated
and new index number was introduced on corrosin resistance .
Also . the phase diagram was determined experimentally for tertiary
Mo-Re-W alloys at 1373K

Conclusion : Taking into account above results , the most promising alloy
system was selected to be Nb-¥-V-Zr and Mo-Re-W-ZIr

Work performed collaboratively by Masahiko Morinaga under contact with Power

Reactor and Muclear Fuel Development Corporation
PNC Liason : Oarai Engineering Center , Frontier Technology Development

Section , Shigeki Kano
I
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Table. 1.1 SEEEHBRAFH
NoE4E4 (at%) MoE&% (at%)
Nb- Re-Ta Mo- Re- W
g 23 15 b5
EBRAS 10 10 ;g ]g
15 0
15 20 25 20
20 15
N Nb=12Zr TZM (Mo-0.5Ti-0.1Zr)
ma Mo—-13wi%Re




(c)Mo-25Re-10W

(d)Mo-25Re-20W

‘j' B

(e)Nb-15Re-20Ta

(HNb-20Re-15Ta

(a) NbEE=

Fig 1.1
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Table. 1. 2 ZBEATERR

e 2] HERE | ETEE | XEfE
Nb1(Nb-1Zr) 8.52 8.55 8.59
Nb2(FS-85) 11.72 - | 1044
Nb - 5Re 9.10 9.19
NbEESELOEE | Nb-15Re 10.20 10.44
Nb - 5Re -20Ta 10.72 10.78
Nb -10Re -10Ta 10.47 10.61
Nb -15Re -20Ta 11.84 12.02
Nb -20Re -15Ta 12.02 12.25
TZM 10.13 10.16 10.2
Mo -13Re 10.07 10.99 10.9
Mok 24D Mo -15Re - 5W 12.29 12.29
A8 L Mo -15Re -15W 13.12 13.20
Mo -25Re -10W 13.81 13.83
Mo -25Re -20W 14.70 14.74
(g/cm3)
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Table. 1.3 BRESOSEBEEHBER

| 538 400 600 800 1000 1100 1200 "C

TZM 295 201 192 171 155 137 118
Mo-13Re 1201 140 135 128 107 78
Mo-15Re- 5W | 381 248 220 208 157 124
Mo-15Re-15W | 429 278 238 221 172 142
Mo-25Re-10W | 462 288 253 234 175 148
Mo-25Re-20W | 469 294 277 240 194 166

---------------------------------------------------------------------------

Nb- 1Zr 134 88 83 86 78 71 67/
Nb- 5Re 330 264 239 178 100 79
Nb- 5Re-20Ta | 429 355 300 221 130 107 92

Nb-10Re-10Ta | 458 399 386 333
Nb-15Re 626 523 491 447 365 292 206

Nb-15Re-20Ta | 614 511 521 502 419 354 274
Nb-20Re-15Ta | 662 534 517 447 339 262 204

(Hv)
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Table. 1.4 3TRESDF FUD AP ERBER
R BRE
54€% ( mg/cm?) (pm/year)
SeaE | SE¥a(E
-2.486 23,931
Nb- 5Re -2.355 -2.421 2221-3]0 23.301
-2.692 22.52
-2.335 19.
Nb-10Re-10Ta ,1_225 -2.085 13_83; 17.038
Nb-15Re -0.306 -0.306 2.628 2.628
Nb-15Re-20Ta -3.248 -3.248 24.031 24.031
Nb-20Re-15Ta e ~—— e e
Mo-25Re-10W ig-?gf +0.107 (1"33? 0.679
+0.014 0.083
Mo-25Re-20W +0.096 +0.055 0.572 0328
+0.106 0.708
Mo-15Re-15W +0.121 +0.114 0.808 0.758
+0.552 3.935
Mo-15Re-5W +0.004 +0.278 0.029 1.982

“EH - Weight Loss
BHED + :Weight Gain
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Tabie. 1.5 NbESLOXIEEHTF—4
Nb-5Re Nb-5Re-20Ta | Nb-10Re-10Ta | Nb-15Re | Nb-15Re-20Ta | Nb-20Re-15Ta
20 20 20 20 26 20
28.3 | Nb205 | 28.0 | Nb2Os | 28.0 | Nb20s | 38.3 | Nb20s | 28.0 | Nb20s 35.1 | NbO2
32.8 | Nb20s | 28.3 | Nb20s | 28.3 | Nb20s | 38.5| Nb20s | 36.0 | Ta02 35.8 | TaO2
34.8 |NbO2 | 35.3 | TaO2 35.5 | TaO2 38.7 | Nb20s | 38.2 [ NbO2 37.8 | NbO2
374 |NbOoz |[35.8 | NbO2 | 38.7 | Nb205 |39.1| Nb 389 | Nb 38.8 | Nb20s
387 |InNb 37.0 | NbzO5 | 39.1 | Nb 56.2| NbOz { 43.0 |Nb20s | 389 | Nb
42.8 |NbO2 |37.6 | NbO2 | 44.4 | Nb20s {56.3| Nb 56.5 |Nb 40.7 | Nb20s
45.8 | Nb20s | 38.7 | Nb 45.8 | Nb205 |59.6| Nb20s | 69.8 | Nb 56.3 | Nb ‘
56.5 |Nb20s5 | 39.9 | NbO2 | 54.7 | Nb20s |69.2] Nb 70.6 | Nb20s | 70.0 | Nb
69.9 | nb 41.0 | Nb20s | 55.7 | Nb 70.3 | Nb20s 71.6 | Nb20s
70.3 | Nb20s | 44.1 | Nb20s5 | 57.9 { Nb20s
71.0 | Nb20Os | 36.1 | Nb 65.5 | Nb
70.4 | Nb20s | 66.8 | Ta02
70.0 | Nb
70.2 | Nb20s
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Table. 1. 6 Mo Z&S0XGEN7—4

Mo-15Re-5W | Mo-15Re-15W | Mo-25Re-10W | Mo-25Re-20W
20 20 20 20

'126.8 | MoO2 | 25.3 I MoO2 | 39.3 |MoO3 25.8 | MoO2
29.4 | MoO3 | 40.6 | Mo 40.7 | Mo 40.6 | Mo
36.7 | WO3 | 58.8 | Mo 41.8 | WOs3 55.2 | MoOs3
40.6 | Mo 9.4 | MoOz | 90.5 | MoOs 58.1 | MoO3
53.7 | MoO2 | 73.9 | Mo 58.6 | MoOs3 58.8 | Mo
55.6 | WOz 589 |Mo 72.6 | MoOs3
58.8 | Mo 74.0 | Mo 73.2 | MoO3
73.9 | Mo 73.9 | Mo
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Fig. 1.1 3
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(c)Nb-15Re DETEIZEE

(d)Nb-15Re DR RN K

Fig. 1.1 4
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(e)Mo-25Re-20WDHIEE E (f) Mo-25Re-20WNDHR A NER
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Table, 2.1 AE2TITEMONbLIZXHTB1000CTOEEFE LRAEB=E (at%)

VA | VA | VIA | VIA Vil 1B

3d | Ti | V | Cr | (Mny| Fe | (Co)/f (N) /] Cu
1000C| 100 | 100 | 22 2.0 0.8

max | 100 | 100 | 14.8 7.8 1.0

4d | Zr | Nb | Mo | (T¢)/| Ru | Rh | Pd | (A9)
1000C| 100 | — | 100 54.5 | 12000] 267

max_| 100 | — | 100 58.0 | 20.5] 27.8

5d | Hf | Ta | W | Re | (Os) Ir Pt Au
1000c| 59 | 100 | 100 | 439 1gc) 08 | 124

max | 100 100 100 | 45.5 1201 1.0 36.2
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Table. 2.2 2TZNLESESOEEMHEEEF MU T LREERER
- N . ERE
AR | SRHK | patar Dataz iy Datai Data2 i3

(at%) ( mg/cm?2) ( pm/year)

- Ti 4.65 -0.187 -0.093 -0.140 1952 0971 1.462
\'% 4.47 -0.611 -0.591 -0.601 6.327 6.120 6.224
Cr 0.34 -1.273 -1.640 -1.457 13.012 16.764 14.888
Mn :
Fe 4.24 -3.073 -2.020 -2.529 31.522 20.720 26.121
Co
Ni
Cu 0.32 -6.475 -4.336 -5.406 66.186 44.321 55.254
Zr 4.90 -1.407 -1.332 -1.370 14.522 13776 14.164
Nb 100 -1.817 -1.824 -1.821 18.573 18.644 18.609
Mo 6.54 -2.623 -2.083 -2.353 26.472 21.022 23.747
Tc .
Ru 4.45 2090 -2.024 -2.057 20948 20.286 20.617
Rh 4.45 -1.019 -1.503 -1.261 10213 15.064 12.639
Pd 4.64 -1.982 -1439 -1.711 19.888 14.439 17.164
Ag
Hf 5.06 -0.426 -0.399 -0.383 4236 3.967 4.102
Ta 5.50 -3.052 -3.050 -3.051 20.673 29.654 29.664
W 4.88 -1.998 -1.764 -1.881 19.255 17.000 18.130
Re 5.00 -1.449 -3.033 -2.241 13.812 28911 21.362
Os
Ir 3.36 -3.687 -4.206 -3.947 35.728 40.757 38.243
Pt 5.00 -4.126 -4.242 -4.184 30244 40.347 39.796
Au 3.22 -5.240 -2.683 -3.962 51460 26.349 38.905

Nb:#15£99.9%
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Fig. 2. 3
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(j)Nb-Pd

Fig 2. 4
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Fig. 2. 5
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(r) 99%Nb

(s) 99.9%Nb

Fig. 2. B
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Fig. 2.7

FFBmMEIC £

22 RN ESLORBRONMER

(3 d BEER)

100-26 €296AL ONd



Sedme
-

Fig. 2.8 YtHEMIFICLS 2ERNbESEOHRROMEER

(4 dBRERE)

100-¢6 €296AL ONd



Fig 2.9
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Table. 2.3 2 THNbEAESOXBREHRF—F (3 dBBERE)
Nb-Ti Nb-V Nb-Cr Nb-Fe . Nb-Cu
| 29 20 20 26 26
31.4 | NbO2 | 36.5 | Nb20s | 233 | Nb20s | 337 | Nb205 | 34,5 | Nb20O5
329 | NbO2 | 37.8 | Nb20s | 347 | Nb20s | 36.8 | Nb20s | 37.4 Nb20Os
36.3 | TiO2 | 387 | V90 | 36.7 | Nb20s | 383 | Nb20s | 38,1 | NbO2
36.8 | NbO2 | 40,0 {NbO2 | 37.8 | Nb 38.7 | Nb 38.6 |Nb
37.2 | Nb20s | 41.0 [Nb20s | 38.6 | Nb20s | 39,9 |NbO2 | 55,6 {Nb
37.7 | Nb 48.5 | Nb20s | 50.0 | Nb2Os | 559 (Nb 55.8 |Nb
38.4 | Nb 55.7 | Nb 50.6 | Nb20s | 60.2 | NbzOs | 69.7 |Nb
38.5 | Nb20s | 63,2 | V203 | 557 | Nb 70.0 | Nb 70.0 | Nb
40.6 | TiO2 65.6 | Nb20s5 | 62.4 | Nb20s
43.7 | Nb 69.8 | Nb 69.9 | Nb
55.5 | Nb 70.6 | Nb
59.8 | Nb 74.5 | Nb20s5
69.4 | Nb
69.6 | Nb

100-26 €296AL ONd



Table. 2. 4 25E%NbEASOXBEHRF—4 (4 dBBERE)

Nb-Zr 99.9%Nb 99%Nb Nb-Mo Nb-Ru Nb-Rh Nb-Pd

20 | 20 20 26 20 20 20

372 |Nb20s [ 347 |Nb20s5 | 253 |Nb205 | 257 |MoO3 | 367 |Nb20s5 | 315 Nb20s | 33,7 |Nb20s
38.2 | Nb 36.5 |Nb20s | 36.8 |Nb20s5 | 347 |Nb205 | 384 |Nb20s | 337 [Nb20s | 37,5 | NbO2
40.5 |Nb20s | 375 |NbOz | 37.5 [Nb20s | 37,5 |[Nb2Os | 38.8 | Nb2Os | 35,0 {NbO2 | 385 Nb

61.3 |Zr02 |38.5 |Nb 37.9 {Nb20s5 | 38.3 [MoO3s |504 |Nb20s | 385 |Nb 38.8 | Nb20s
69.2 |Zr02 | 40.0 {NbO2 | 38,5 |Nb 38.6 {Nb 55.9 | Nb 38.8 | Nb20s5 | 39.0 | Nb20s
69.4 | Nb 40.3 |Nb20s 42.4 |MoO3 [597 |NbOz | 389 |NbzOs | 40.7 |Nb20Os
69.6 | Nb 40.6 | Nb20s 49.4 |MoO3 170.1 | Nb 43.0 | NbO2 | 42.8 |NbO2
72.7 | Nb205 | 41,1 |Nb20s 53.7 |Nb205 | 70.5 [Nb20s | 55.0 |Nb20s | 50.2 | Nb20s5
55.7 |Nb 55.9 |Nb20s 56.0 | Nb 55.8 [Nb
55.8 |Nb 69.3 | MoOs3 56.9 | Nb20s | 66.7 | Nb20s
69.9 |Nb 66.7 | Nb20s | 69.8 | Nb

69.8 {Nb | 70.0 |Nb
70.0 | Nb |
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Table. 2.5 2FTHRENDbEESEDOXBEHRFT—% (5 dEBBERE)

Nb-Hf Nb-Ta Nb-W Nb-Ir Nb-Pt Nb-Au
20 20 20 29 - 26 20
33.5 | Nb20s | 33,6 | Nb20s | 352 Nb205 | 337 |Nb205 | 24 4 [Nb20s5 | 36,7 Nb205
36.5 | Nb20s | 36,5 | NbzOs | 37.8 [NbO2 | 353 |Nb20s5 | 34,8 [NbO2 38.6 | Nb
37.5 | NbO2 37.6 | NbO2 | 385 | Nb 38.7 |Nb 37.5 | NbO2 52.1 | Nb20s
38.2 | Nb 38.3 | Nb 38.7 | Nb 40.6 |Nb20s | 38.8 |Nb 55.8 |Nb
39.8 | Nb2Os | 396 | Nb20Os5 | 56.8 | WO3 55.8 {Nb 40.6 | Nb20s5 | 2.5 {Nb20s
40.8 | Nb20s | 40.8 | Nb20s | 69.9 [ Nb 56.0 |Nb20s | 65.0 [Nb20s5 | 63.8 | Nb20Os
43,5 | Nb205 | 55,7 | Nb 70.0 | Nb 70.0 |Nb 65.3 | NbzOs | 69.8 | Nb
45.5 | Nb20s5 | 66.7 | TaO2 72.7 |Nb20s5 | 69.8 | Nb
50.5 | HfO2 69.8 | Nb 73.6 |Nb20s5 | 70,0 | Nb
55.3 | Nb 70.0 | Nb 71.0 | Nb20Os
60.1 | Nb20s 73.3 | Nb20s
65.0 | HfO2
69.0 | Nb20s
72.0 | Nb20s
73.4 | Nb20Os

100-26 €296AL ONd
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Table. 2. 6 #EN b DR FRBRER LLP2HITER

i | BAEmgom?) — NS HEECL)

-2.998
9 . 0.0099
99% s 0.1130
o 1.817
99.9% 3 8oa 0.0582 0.0125
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Table, 3. 1 N b BREER DMK EHRHE

Lo iR (a%) |BE (gfom?)| EA (C) |2 (MPa) |HEES/E (Paron)
20°C {1100C | 20C |1100C

Nb-4W-4V-1Zr 8.88 2475 633 233 713 | 263
Nb-5W-4V-1Zr 8.99 2484 677 555 | 754 | 283
Nb-5W-5V-12Zr 8.96 2478 690 | 262 77.0 | 29.2
Nb-5W-6V-12r 8.94 2472 703 269 78.7 | 30.1
Nb-6W-5V-14r 0.07 2487 734 | 283 81.0 | 31.2
Nb-6W-6V-1Zr 0.04 2481 747 | 290 82.6 | 32.1
Nb-8W-7V-1Zr 9.02 2475 760 297 84.3 | 32.9
Nb-1Zr 8.55 2464 405 | 120 47.4 | 14.0
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Table. 3. 2

Mo~ R e —WORHEHHERDHZOICANES

Mo- 7Re
Mo-2(0Re- 5W
Mo-20Re-15W
Mo-25Re
Mo-25Re-10W
Mo-25Re-20W

Mo-30Re

Mo-30Re-10W
Mo-30Re-20W
Mo-35Re-10W
Mo-35Re-20W
Mo-40Re-10W

-Mo-40Re-20W

(at%)
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Table. 4. 1 ZAVHARTEEHERSH

Nb1
Nb2
Nb3
Nb4
Nb5
Nb6

Nb-31Ta-4W-1Hf-1Zr
Nb-36Ta-3W-2Re-1Zr
Nb-31Ta-9W-1Re-12Zr
Nb-36Ta-3W-2Mo-1Zr
Nb-1Zr
FS-85(NB-28Ta-11W-12Zr}

1

t
L]

Mo1
Mo2
Mo3
Mo4
Mo5
Mo6

Mo-34W-4Ta-0.52r
Mo-34W-5Ta-8Re-0.5Zr
Mo-35W-8Nb-8Re-0.5Zr
TZM(Mo-0.5T1-0.12Zr)
Mo-13Re

Mo-30W

(W1%)
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