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Development of New Electrode Materialx*

Shoich Fukui¥*Susumu Isobe¥*Michio Okabe**

Abstract

The electrodes are the vital components of a slurry-fed electrie’
melter for high-level waste vitrification and there is urgent need
for electrode materials with a longer life. This program is focused
on the development of a new alloy superior to the conventional
Inconel 620. .

In this fiscal year,the preliminary investigation was conducted
on promising austenitic'Ni—Cr-FemX alloys prepared after the survey
of articles on melting points and corrosion resistance to molten
glass for high temperature materials. |

The differential thermal analysis on those alloys revealed that
the alloy containing higher Fe content shows the higher incipient
melting point.

- The corrosion»resistance was estimated'by the depth of attack in
still melt of the simulated glass. It depends upon Cr content of
the alloys and reaches to the saturation level if an alloy bears Cr
more than 30%.

The effects of fourth elements are not so noteworthy in this
investigation. Tungsten up to 6 at% is inefficient to rise melting
point and corrosion resistance. None of Y,Zr,Hf and Ti improved
the corrosion resistance of 35 atiNi-25 at’%Cr-Fe contrary to

expectation.
Some of the experimental alloys proved the corrosion resistance

superior to Inconel 6920 and beside the melting point higher than
it. ’

* Work performed by Daido Steel Co. under contact with Power Reactor
and Nuclear Fuel Development Corporation.

**% Central Research Laboratory of Daido Steel Co.
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Table 1. Melting Range of Superalloys [Ref.1]
NOMINAL COMPOSITION, WT % MELTIMG RANSE
Ref. No. Alloy Designation Hi Gr| Co| Re W | Ta| cb A T Fe | Hn Si c F c
Mickel Base Altoys
1 Astmigy 55 |1 150 | 170 | 53 - - — 40} 35 -~ - - 006 - -
2 097 45 | 150 — 1 40| 4p - —§ 10} 30| 20 | 025 | 020 005 22252530 12201390
3 HASTELLOY alloy X a7 | »e| 15| 80| 06 - - - — | 185 | 050 | 030 040 2300-2470 1260-1355
4 HASTELLOY alloy$ 67 | 155 — | 145 - - - | oz0 — | 10 |oso { 040 002m || 24352515 1335-1380
5 INCONEL  alloy 600 76 | 155 — - — - - — — | 80 | 05 | 02 003 2470-2575 13551415
6  INCONEL alloy 601 805 | 230 - - - — - | 14 — | 141 | 05 | 02 005 2375-2495 13001370
7 INCONEL alfoy617 54 | 220 125 80| — - - | 10 - - - - 007 2430-2510 1330-1375
8  INCOMEL alloy 625 81 | 215 -] 90| - -~ | 38| 02| 02| 28 | 02 ]| 02 005 2350-2460 12801350
9 INCONEL alioy 630 80 | 30 - - - — - - — | 95 - — 003 2450-2510 13451375
10 INCONEL alloy 706 45 | 160 - — - — | 20| 02| 18 40 | o2 | o2 003 24352500 1335-1370
1 INCONEL alloy 718 525 | 190 - % - — | 51| 05| 09 {185 [ 02 | 02 004 2300-2435 1260-1335
12 INCONEL altoy X750 73 | 155 - - - — | 10| 07| 251 70 | 05 | 02 004 2540-2600 13951425
13 INCONEL alloyMA754 | 78 | 200 - - - - —| 03| os - - - 005 25508 14002
N0 86 | 150 — | 30§ a0 — | 30| 04| 06| 78 - - 006 2410-2530 13201380
15 IN-ST 47 | 85 | 208 — - — | 07| 12| 23 — - — 005 -~ —
16 IN-397 48 | 245 | 200 | 15 - - | 10| 15| 30 - - - 005 - -
17 M-252 55 | 200 | 108 | 100 - - — 1 10| 26 050 | €50 015 24042500 13151370
18 NIMONIC' alloy 75 76 | 195 - - - - - — | 04| 35 [030 | 030 010 — —
19 NIMONIC alloy50A 76 | 195 - - - - - 14| 24 —~ |30 [ o030 006 2480-2535 1380-1390
20 NIMONIC alloy 81 67 | 308 — — - - — | 03| 18 — |o30 [ 030 003 - -
21 NIMONIC alloy 90 59 | 195 | 165 - - - — | 145 | 245 — | 030 | 030 0.07 24352480 13351360
22 NIMONIC alloy 105 53 | 150 | 200 | 50 — - - | 47| 12 — |03 | 030 013 - -
23 NIMONIC allay115 B0 | 143 | 132 | 33 - - — | 49| 37 - - - 015 - -
24 NIMONIC alloy 263 51 {200 | 200 ] 59 - - 045 | 215 — |o40 | 025 06 i - —
25 NIMONIC alloy 842 485 { 125 - | 80 - - 06 | 37 | 37 |o020 |03 003 2265-2370 12401300
26 NIMONIG alloy PEi1 8 | 180 -t 52 = - — | o8| 23 35 | 020 | 039 005 2335-2460 1280-1350
27 NIMONIC alloy PE16 435 | 165 - | 32 - - ~ | 12| 12 | 44 - - 005 - -
28 NIMONIC alloy PK33 5 [ 190 140 | 70| -— - -] 19| 20 - - — 004 - -
29 PYROMET 860 43 | 126 | 40| 60| - - — | 125 | 30 | 300 |oos | o005 005 - -
30 RENE4 55 | 190 { 110 | 100 — — — | 15| 31 — — - 003 2400-2500 13151370
3 ARENE4 :
32 RENE G5 61 {140 | 80| 35| 235 — Va5 a5 25 — - - 015 - -
33 BET 4 67 | 200 — | 45 - — | 141 24 | 50m| - - 006 - -
34 RGT 13 49 | 200 | 180 | 45 - - - | 15) 25| 50m| - - 006 — -
35 TD Nickel %8 — - - - - - —- - - — - - 2650 1435
2% TONickel
37 TONCr 78 | 200 - - - - - - - - - — — - -
38 UDIMET 400 60 | 175 | 140 { 40 - -] 65| 15 25 - - - 006 - -
38 UDIMET 500 54 | 180 | 185 | 40 - - — | 29| 29 - - - 008 2375-2540 13001395
40 UBIMET 520 57 1190 { 120 | 80 | 10 - — | 201 30 - - - 005 2300-2560 12601405
41 UDIMET 630 50 | 180 -1 30| 30 - | 65| 05| 10 | 180 - - 003 - -
42 UDIMET 700 53 | 150 | i85 | 52 | - - — | 43| 35 - - - 008 2200-2550 1205-1400
43 UDIMET 710 55 | 180 | 150 | 30 | 15 - — ] 251 50 - —_ - 007 - -
44 UNITEMP AF2-1DA 5 | 120 [ 100 | 30| 80 | 15 — ] 46| 30 | 10m| - - 035 - -
45 UNITEMP AF2-10A
45 WASPALOY 58 | 195 | 135 | 43 - - — | 13 ] 3¢ - - - 008 24252475 1330-1355
47 . VASPALOY
[Gobalt Base Alloys
48 HAYNES alloyNo.188 | 220 | 20 | 39 — | 140 - - - — | 30m{125m | 040 010 2375-2425 13001230
48 L4605 100 | 200 53 — | 150 - -~ - - — 1150 | 050 010 2425-2570 13301410
Iron-Nickel Alloys : .
50 Alloy 801 425 | 125 - | s7 - — | 02| 28 36 {010 | 010 005 2250-2550 12301400
51  A-286 %60 | 150 -] 13 - — -t 02| 20 54 1135 | 050 005 2500-2550 1370-1400
52 DISCALOY 260 | 135 - 21! - - — | oa | 17 54 {050 |08 004 2515-2665 13680-1465
53 HAYNES alloy 556 200 |20 200 30| 25 ) 09| 01} 03 - 28 1150 | 040 010 - -
54 INCOLOY allay 800 325 | 20 - - - - — | 04| 04 46 | 08 | 05 0,65 24752525 1355-1385
55 INCOLOY alloy 801 320 | 208 - - - - - —~ 1 11 | aas {08 | 05 085 2475-2525 1355-1385
56 INCOLOY alloy 802 325 | 25 -~ — - - -~ - ~ | 4 {08 | 04 04 2450-2500 13451370
57 INCOLOY alkoy BO7 400 | 205 | 80 | 01| 50 - — [ 02| 03 25 (050 | 040 005 2325-2475 12751355
58 INCOLOY alioy 903 380 — | 150 - - ~Ja} o7 14| 4 — - — 2405-2540 13201395
50 INCOLOY alloy 904 325 — | 145 - — — — | oBj 23| 35 |020 |03 045 - -
80 N-155 200 [ 210 20| 30| 25 -] 10 - - 30 | 150 | 080 015 2325-2475 12751385
61 V57 270 | 148 - | 125 ] —= - — | 0s5 } 30| s2 (035 [ars 008 — —
m = maximum

2 Approximats solidus temperature
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Fig.1l Calculated and observed isothermal
sections in the Cr-Ni-Fe system. [Ref.2]
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Fig. 2 Isothermal phase diagrams of Ni-Cr-Fe system
calculated by Nishizawa and Hasebe. [Ref.3]




Table 2 Depression of melting temp. by 17 alloying element. [Ref.4]
element Ni Ca
RI 6 1
B yare »278
c 250 > 187
cr 2.8 2.8
Co +0.8 -
Fe 1.1 0.6
Mn 10 8.3
Mo 3.8 4.4
N1 - 0.5
Nb 8.9 39
Si 33 42
s ’556 »556
Ta 2.6 17
Ti 14 38
W +1.7 +0.8
v 2.8 8.3
Zr 356 1?

Table 3 Egquations of liquidus temperature [Ref.S5]

Equatien

1539-(70.0C+B.0S{+5,0Mn+30.0P+25, 0545, 0Cu+4 . ON{(+1 ,5C¢)

2 1534-(73.0C+12.051+3,0Mn+30,05+7,0Cu+3. 5N +1.0Cr+3,0A1)

3 1536~(90,0C+6. 251 +1.7Hn+28.0P+40.05+2 ,6Cu+2.9N1+1.BCr+5. |A| )1 {C<0.E]

4 1534-19]1.0C+21.051+3,5Mn+4 . ON[+0.65Cr+3, OMo)

3 1535‘[200.30—22.1C2—O.El+13.5551"0.G4SI2+S.32Hn+0.3ﬁn +4,2Cu%4. 1BN1+0.0IN1? +],58Cr-0.007Cr 1

B lSSB—(f(CJ+13.05I+4.BHn+l.5Cr+3.1N1):IC<0.5:f(C)-55.0C+BD.OC7.0.5(C(I.O:F(C)-44.0-2|.0C+52.OCEJ
7 [536-(78.0C+7.65i+4,.9Mn+34. 4P+38.05+4,7Cu+3. INi1~1.3Cr+3.EA])

-] 1535—{0.l+83.5C+10.0C2+lB.85I05.4Hn+4.5Cu+5.lNI?l.5Cr—3.3Ha—30.OP-3?.OS—9.5Nb [Ct0.511

g IS36-(11.8+55.2C+12.3¢%):(0.51<C .1)

Table 4 Equations of solidus temperature [Ref.5]

(*C,wt#)

Equatien

(Solidus temp., of Fe—-C aystem)-[20.551+6.5Mn+500, 0P+?00. 05+1,0CR+1],.5N1+5,5A1]

l535-t415.5C+lE.35I+8.BHn+lE4.5F¢IEB.55+4.3Nl+l.4Cri4.IHIJ:C(O.S

L536~1(507.2-0.335 )C+12-35|+E-BHn+124.5F+153.95+1.3N|+l.4Cr+4.IHIJ:CCO.S,E tascondary dendrite arm spacing{ m}

TG, utd¥)
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Table 5 Chemical composition of specimen (wtZ)

alloy Ni Cr Fe Ma Co a T Nb
Incanel 630 62.0)28.0| 8.0 - - 0.3 ] 0.3 -
Inconsl 671 S2.0[48.0 - - - - 0.4 -
Inconal 617 S4.0|22.0| - 8.0 |13.0] 1.0 - -
Incons! 625 E1.0]|21.0f 2.5 | 9.0 - 0.2 | 0.2 | 3.6

Table 6 Changes in dimension at metal line[Ref.12]

Macerial Tested Loss of Material, mils/day Total Penerration,

Inconel 690 0.79 1.98 (mils/day)

(0.25 - 1.33) (1.24 - 2,72)
Taconel 671 0.12 1.44

(0.08 - 0.15) (1.40 -~ 1.48)
Inconel 617 9.75 11.72

(9.30 - 10.2) (11.26 - 12.19)
Inconel 625 >25 >25

Specimens completely Specimens complecaly

peunetrated penetrated
Monofrax K-3 0.64 1.92

(0,43 ~ 0.85) (1.69 - 2.15)
Corhart 1715 0.35 0.99

(0.27 = 0.42) (0.43 - 1.55)
Corhart 1780 0.78 0.78

(0.54 - 1.03) (0.54 - 1.03)
ER 2161 ¢.62 2.00

(0.57 = 0.67) (1.85 = 2.15)
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Table 7 Reaction between glass components and Inconel 690 conponents, [Ref.13]
resction data of reaction
glass- Inconel 690 reactilon free energy equilibrium
component component product AG° KJ/mol constant log K
at 1227°C

2 CeOz (s} + NI (s} < Cep01(s)}+ Nio{s) + 31 - 1,1
3Ce03 {s) + Cr {s) < 3/2 Cepl3(s}+1/Z Cri0; {s) 16 + 5,5
3 a0y (s) + Fe {s) + 3/2 Cea03(s}+1/2 Feg03 (s) - n + 0,3
Fez03 (s) + Ni (s) = 2 Fed(s) + Ni0 (s) - 20 +0,7

3/2Fe303 (s} + Cr (s) &> 3 Fed {s) +1/2 Crp03 (s)  -237 + 8,1

/24037 (1) +  Cr (5) = 1/2 Mo (s) + 1/2 Crp03 (s} -172 + 5,8

1/3H003 (1) +  MNi {s) = 1/3 #o (s) + Hi0 (sf + 27 - 0,9

/21003 (1) +  Fe {s) += 1/2 Mo (s) + 1/2 Fea03 (s) - 18 + 0,6

3/2 Nio (s) +  Cr (s) «~> 3281 (s5) + 1/2 Crz0; (s} -205 + 6,9

Table 8 Theoretical and measured Cr

walght lcas by high temperature oxidatlon in molten glass.[Ref.13]

glass component Theoretical Cr loss Cr loss{measured) Cr loss(measured)
cr? -+ Cr3+ 1150°C/26hr,14 1230°C/96hr, 34
cation g-atom/100g reaction mg Cr/l00g mg Cr/lO0g mg /em? mg)cm’
ce* 6.15x1072 cet*s cedt 105 3z.8
redt  24.2x1073 Fedts Fe?* 413 120.1
#o®*  13.ex107® Ho®t+ Mo® 1423 447.1
L 1941 I 660.6% 1.9 548

* glass: 250g,surface

area of El.:Bcm?

Table B Theoretical and measured Ni welight loss by high temperature oxidation in molten glass.[Ref.13]

theoretical Ni loss Hi loss(measured) Hi loss(measured)
glass component: NiC—N1B* 1150°” ¢/96hr, 1A 1230°C/96hr ,3A
eation g-atoin/100g reaction mg Ni/l00g mg Hi/100g mg/cm? mg/em?
Tetd 1.8%107°  rmeitee® 210 65.6 6.6 193

[— 17 —_—




A:(Mn,Ni)(Cr,Fe)2O4 apinel

B:(Fe,Nl)Cr204 + Cr203
(30-50um from surface)

C:TiC,MnO0,,A1,0,,Ni0,810,,Cr 04
D,E,F,G:matrix '

H:inclusion consisted of Ti
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Ct CONCENTRATION, MOLE %

w0 | \ 1 1 1 1 1 1
[} b &0 ] 1”0 1% 180 Mo o m

PISTANCE INTO INCCREL, em . 10°

0.2mm

Fig. 16 Variation of Cr content
Photo 1 Enlargement of east in electrode. [Ref.14]
primary electrode reaction

zone.[Ref.14]

Table 10 Composition of zone [Ref.14]

HoleX
Metal far
Elemental Base Alloy . from Reac=-
Composition (Appendix A) A B € D E_F_ & _M_ |tion Zone -
A1 0.5 0.2 02 44 0.8 06 1.0 04 0.2 0.6
c 0.14 e amm meameame eme s - -
Cr 32.3 2.8 3|0 225 14.9 148 19.0 27.6 3.5 29.5
Fe 9.5 26.7 1.3 0.0 8.6 8.8 9.0 8.9 1.01 B.7
Mn -— 1.2 0.8 0.2 0.0 0.0 0.0 0.0 0.0 0.3
Ni 57.2 12.6 0.5 0.4 66.7 65.4 62.0 55.0 5.4 54,6
0 - 55.9 58.2 55.8 7.0 1.7 7.3 6.7 48.1 4.0
Si - 9.6 0.3 0.4 1.9 1.5 1.7 1.3 0.7 1.9
Ti 0.3 0.1 0.6 3.3 0.6 n.1 0.0 0.1 41.0 0.3
Fe/Ri 0.2 2.1 2.8 0 0.1 0.1 0.1 0.2 0.2 0.2
Cr/Ni 0.8 0.2 8.8 8l1.3 0.2 9.2 0.3 0.5 0.6 9.5
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Photo 3 Microstructure of Inconel 690 electrode surface.
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in Ni-Cr-Fe system. (1450°C)




Table 11. Chemical composition of experimental alloys. (at?)
system alloy Ni Cr L Fe others
1{15.13 ] 15.04 - Bal. -
2|25.06 [ 15.05 - Bal. -
3({20.11 | 20.14 - Bal. -
4| 30.06 | 20.01 - Bal. -
Ni-Cr-Fe RS336- 5]125.08 | 24.95 - Bai. -
6 | 35.02 | 24.99 - Bal. -
7 129.97 | 20.92 - Bal. -
8| 39.94 | 30.12 - Bal. -
9| 35.06 | 35.15 - Bal. -
10 | 45.15 | 35.13 - Bal. -
1]33.95 ) 24.92 1.93 Bal. -
Ni-Cr-Fe-W RS337- 2133.04125.10 | 3.95 Bal. - E
3131.94 | 24.90 6.02 Bal. -
1]|33.98 | 24.92 1.98 Bal. La:0.015
Ni-Cr—Fe¥ 2 |34.03|24.95 | 1.98 | Bal. Y:0.013
Spe:ial RS338- | 3 |233.90{ 25.07 | 2.02 | Bal. Zr:0.018
element 4} 34,10 ) 24.95 1.98 Bal. _Hf:0.020
5134.02| 24.90 2.01 Bal. Ti:0.52
Inconel 6390 60.52 | 30.82 - Bal. { A1:0.83,Ti:0.32
conventional
alloy UHM 40.12 | 30.83 - Bal. | Ti:0.22,3m:0.053
RDS 906 34.98 | 30.83 1.57 Bal. | N1:0.30,Zr:0.011
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Fig. 22 An example of DTA curve.
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Table 12 Solidification parameter of alloys

gl loy Salidus(*C) |Liquidus(®*C)
RS336-1 31435 > 1435
-2 > 1435 > 1435
-3 1421 1433
-4 1408 1433
] 13498 1425
-E 1381 1418
-7 13684 1408
-8 1376 1400
-8 1369 1385
=10 1367 1381
RS337-1 t3g2 1405
-2 1377 1397
-3 1368 1388
Inconal £380 1338 1378
UHM 1330 1375
RDS 906 1335 1368
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Fig. 23 Melting Points
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Fig. 24 Section Diagrams.
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Photo 4-2 Macrostructure of Coupons.
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Photo 4-4 Macrostructure of coupon.




Table 13 Corrosion resistance to melten glass,

penetration (mm)
allay
in the giass|at melt line

RS336-1 >2.943 »2.948
-2 *»3.052 33.045
-3 »2.987 »3.012
-4 0.878 0.821
-5 0.547 0.636
-6 0.348 0.430
-7 0.158 0.278
-B 0.078 0.194
-9 0.068 0.072
-10 0.051 0.02¢%
RS337-1 1.205 1.566
-2 1.607 2.053

-3 2.423 -
RS338-1 0.785 1.531
-2 0,828 1.5135
-3 1.331 1.851
-4 0.BE0 1.481
-5 0.757 1.350
Inconael 650 0.071 0.176
UHM 0.055 0.154
ROS 908 0.194 0.713

( 1250°C,50hr )
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Fig.25 Effect of Cr content on corrosion

resistance in molten glass.
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Table 14 Oxidation Products

Alloy Identified Phase
R38336-5 M304 s Cr203(w)
RS336-6 M304 ’ CrZOB(W)
RS336-7 M304 s Cr203
RS336-8 M304 » Cry0q , ¥ -Fe
RS336-9 M304(w), Cr,04 » ¥ —-Fe
RS336-10 Cro05 , ¥ -Fe

w: weak
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Photo 5-1 Microstructures of coupons
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dipped

in molten glass.
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Photo 5-2 Microstructures of coupons dipped in molten glass.
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Photo 5-3 Microstructures of coupons
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dipped in molten glass.
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Photo 5-4 Microstructures of coupons dipped in molten glass.
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