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Alloy Design of Solid Solution Strengthened Nickel-Base Superalloy

. Rikizo WATANABE,

Synopsis;

Yoshitaka CHIBA, and Tsuneo Kuno

Alloy design is performed developing an intermediate heat exchanger alloy for atomic energy steel-
making, having good workability so as to be formed to tube and higher stress rupture strength than 1

kg/mm? at 1000°C-105 hours.

171 compositions are extracted theoretically from about 17000 compositions in Ni-Co-Cr-Mo-W
austenitic system and seven of them are examined experimentally. As a result, 16Cr-20W-30Co-Bal.

Ni is established as one of the best austenitic compositions.

Examining the effect of the addition of

B, Zr, Y, and Al on the properties of 16Cr-20W-30Co-Bal. Ni and 20Cr-16W-30Co-Bal. Ni, Zr is
proved to improve stress rupture strength and Al to promote internal oxidation in He.
The finally developed alloy composed of (0.05C)-16Cr-20W-30Co-(0.5Ti)-0.05Zr-Bal. Ni seems

to meet the target.
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Fig. 1. Flow chart of developing alloy by alloy

design.
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Fig. 2. Relation between atomic radii and elastic
moduluses of Ni, Co, Cr, Mo and W.
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Fig. 3. Distribution of theoretically extracted
compositions in relation to Ny and a.
The arrow shows moving direction with
increase of only one element of Co, Cr,
Mo and W.
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5 ) — FPRATERERII EATE 6mm ¢, R SRAMERE 24
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lin. & 2in. OF5 & L BB BN O FATERO gk
CES-A4 o oy ABEN Y SEEL o7 5l
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minCTi{ER L /2.

T Es b2t 1E K& b 1 000°C -100hr & He vh | 000°
C -20hr OREBRA T 2. WINOEFLHRBA IS
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v ric SRER A & A T ERIRE QUF T O E RN BATR
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AR TS L, ANEBLEOE S 2EIE L.
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Table 1. Basic compositions(%), NC-Ny, Ny, and @ of experimental alloys.

Alloy Co Cr Mo W Ni NC-Ny Ny a

SSS 427 30 20 10 0 40 0.08 2.15 3.588
SSS 424 30 20 5 8 37 0.06 2.18 3.588
SSS 421 30 20 0 16 34 0.04 2.22 3.588
SSS 410 30 16 0 20 34 0.07 2.13 3.590
SSS 394 30 12 0 24 ) 34 0.09 2.03 3.592
SSS 206 10 16 0 24 ! 50 0.07 1.99 3.592
SSS 564 50 16 0 16 ][ 18 0.06 2.26 3.587
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Table 2. Compositions of samples (%).

Alloy | C [Ni |Cr | Mo | W | Co | Ti

SSS 427 0.030 Bal. '18.92 9.84 | — | 29.50| 0.30

$55424 0.040 # 119.89 5.23 j 7.55| 29.60{3 0.24
SSS 421 10.030, # 20.07 — | 15.60 29.10 0.15

SSS 410 |0.050; # 115.88 19.84] 29.40' 0.33

S$SS 394 0.050. # }12.04‘1 — | 23.89 29.00 0.37
SSS 564 (0.040 # [14.96 — | 16.42 47.70 0.34
| | i i .

6
SS85394
5+
- O,
8 4 sssa2dN\sssed 4]
E ¥ $55410
g 3f \
o SS5564 '
N a a
Z 2+ A 2
5 sss42l A
(U]
I+
A
1

1 1
| 200 i 225 1 250
Solutioning temperature (°C)

Fig. 4. Relation between solutioning temperature
and grain size number.
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Fig. 5. Relation between austenitic composition
and stress rupture strength at 1 000°C,
showing the effects of combinations bet-
ween Mo and W, between Cr and W
and between W and Co on stress rupture
strength.
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T2 ) — THEEEERETT5 2 &8%b» 5. chb
DHRE Ny-a ONF 2 EDMEI LT T e v FL
7eDH Fig. 6 TH5. EHRASWC I oTHBEhA
BEMRIE Ny & a B L—A2388nT 2 & 55308
DI BHEMTHA LTwichs, Fig. 6 »5 Ny & apt
BHFEDNFT L ADEZATY Y — FHEIRER LD
EL®LLD, ThXD Ny #8863 a 2R T57
BDIT, T e BHT L Ny BRSO T 3D FTho
BED IV~ THEGREIE T §5 2 & 280hh 5.

4-2-3 SlREHE

Table 3{Z%iR3 X U8 1000°C 12 513 5 3 |3RaRER L5 2
ZRY. SSS 427, 424 I 1 O3 HFEERETH &
SERMEEICR T2 Mo & W DS n B G,
S8S 421, 410 X% 394 D3 FHILELFT B L Ce il
DULTWREINT 3 LTHN 3 X OB 3ER X 2388+ 5 {E
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Table 3. Result of tensile test, showing increase of tensile strength with increase of
W and decrease of Cr.
RT 1000°C
Yield Ultimate . - Yield Ultimate . .
Alloy strength tensile Elongation (l)lfeg;xé:;on strength tensile Elongation Rfeducuon
(0.29,) strength (%) (%) (0.29) strength T e a:;ea
(kg/mm?)| (kg/mm?) ° ) | (kg/mm?) | (kg/mme) | (%) (%)
SSS 427 35.1 83.1 65.4 71.3 12.8 14.9 32.3 27.0
SSS 424 36.2 82.8 57.8 47.5 13.2 17.0 39.4 34.2
SSS 421 34.6 82.1 66.7 73.0 12.8 18.3 46.1 34.0
SSS 410 39.7 87.7 63.8 66.0 12.9 19.0 37.8 28.5
SSS 394 42.0 96.3 55.5 62.3 16.1 20.6 33.1 27.0
SSS 564 38.4 90.8 66.9 78.8 14.2 17.7 29.1 22.0
Table 4. Compositions of samples.
Alloy C Ni Cr w Co Ti Al B Zr Y
SSS 410 I 0.050 | Bal. '15.80 19.21 30.10 | 0.36 0.45 | 0.0005 Nil —
SSS 410B 0.042 4 15.92 19.59 | 30.20 | 0.49 0.49 | 0.015 Nil —
SSS 410Zr 0.041 7 16.00 18.45 | 30.10| 0.49 0.41 | 0.0025 | 0.047 —
SSS 410Y 0.062 4 15.57. | 19.82 | 28.80| 0.38 0.45 | 0.0002 | Nil 0.05
SSS 421 0.031 4 19.40 15.88 | 30.20 | 0.42 0.27 | 0.0010 | Nil —
SSS 421 B 0.060 7 20.28 |.13.92 | 30.30 | 0.48 0.52 | 0.016 Nil —
SSS 421Zr 0.033 4 20.02 15.40 | 30.30 | 0.49 0.47 | 0.0022 | 0.040 —
SSS 421Y 0.041 4 19.90. | 16.26 | 29.80 | 0.28 0.31 0.0002 | Nil 0.08
o (A) 3605
3592 3590 3588 3537
T T T
(394) (410} (421)(564)
400} 3600}
200 +
A L d oO
t
200 / 4 kg / mm? 35951 Co 0% oo
A
/ g 206 0 oe- 394
A\ 3590 | o= 410
100} °
—_ oo 421
£ gof T % o564
- 7 5kg /mm?2 , °
& 60f 3585 e
| o
x N\ %
40 co
o 3580 |
30} /— T S N U N SN R SR SR SR R
P 6kg/mm? 12 13 14 15 1.6 1.7 1.8 1.9 20 21 22 23 24 25
20 N,
° Fig. 7. Distribution of theoretically extracted
° compositions containing no Mo in rela-
’02'0 21 22 23 tion to Ny and a.

Fig. 6. Relation between stress rupture life and

FdH5 o Erbh b, SSS 410 & 564 HHETHE

combination of Ny and a.

Co & W i3t DTV,
4.2.4 F—2F7F 4 rKRDOERE

2 Y — FHETREBOERE S, S Mo X ) AWOEBRFF

THH T ENEPEH LAOT Fig. 3 & FEER
H4EMHBT 5L Fig. 7 0X 5/ VA5t 22 &5

v, ZOS3bHESTTT I FLTOWTER LD
FTHBHH SSS 410 h0: b kL, TOEROESLE
rzhky 7))~ T BETRENELS. ToXSkh Tk
B EERIEE S 4 oR TR SSS 410 DOfNHEDMAKD
1000°C 0 2 Y — PHEEEICT LT 2Eb KL, &
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Table 4 CERCH VB OLEMKRETRT. WT
NOFELEEE TREFT H 9, 30mm &% CREXR
{FuETE

Fig. 8 L& EE&OEBLAEIRE & &HE 0BG
#RT. BEREM L7 SSS410B & SSS421 B |3z
RIciERBESRBICH AL T B {HA» H 5. Fig. 8 »
HENVALAAEIEHIXY A SSS410Y & SSS421Y I1:
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]
N

8§55421Y
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Fig. 8. Relation between solutioning temperature
and grain size number,

1225°C X2hr @5 & L, T DOMDEENE 1250°C X 2
hr & Lz
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Fig. 9. Relation between grain boundary compo-
sition and stress rupture strength at 1000°
C, showing the effect of addition of B,

Zr or Y on the stress rupture strength of
SSS 410 and SSS 421,
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Fig. 10. Relation between stress rupture life and

elongation, showing the effect of grain
boundary composition on the stress ru—
pture elongation of SSS 410 and SSS
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CERBRITEZOREKRE V. YIReRics ) — i
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Fig. 10 TR SRR E 7V — TRl o BfRz =
7. BREE&C W TERMRITY Y — TR O x
HAX G5, ERMEAITRIOERI < LITLA
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LRI boride 254 ) — FRMIERICEH LTVW5 1
DEFEZLND. YOU Y — FEMIEEIC R X IET R
DOERIITRETHLY, YR ZIOREDEED Y Y —F
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5 Y — FTHWEBEE D DO X L EV SSS410 Zr . SSS
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Table 5. Result of tensile test, showing increase

B, Zr and Y besides SSS 410B.
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Fig. 11. Result of high temperature tensile test,

showing the effect of addition of B, Zr

or Y on the high temperature ductility
of S8S 410.

of elongation at 1000°C by addition of

RT 1 000°C
! Yield Ultimate . . Yield Uhtimate . .
Alioy strength tensile Elongation Rocfdzgélon strength tensile Elongation Roefd;fégon

(0.225) strength (%) s 2 (0.294) strength P (%)

(kg/mm?) | (kg/mm?) 7 e (kg/mm?) | (kg/mm?) e ’
SSS 410 37.4 86.5 65.2 71.3 13.8 19.2 32.3 26.0
SSS 410 B 39.8 79.1 39.4 30.3 17.7 23.3 21.3 26.0
SSS 410Zr 37.6 85.7 65.7 71.3 13.9 20.0 81.5 66.5
SSS410Y 41.4 94.8 55.1 68.7 14.0 20.2 71.7 71.8
SS8S 421 35.2 83.2 64.8 73.0 12.4 18.5 37.8 28.8
SSS 421 B 35.7 80.7 65.0 66.0 14.0 21.0 62.6 54.9
SSS 421Zr 37.1 84.5 62.4 70.5 12.3 18.0 83.7 85.9
SS8S5421Y 36.2 82.1 61.8 71.3 12.8 19.4 76.6 73.4
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Table 5z 83 X U 1000°C Iz B1F 55 BERBREHE
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BEEMUREASI®HBEIMEIB, Zr BXCYHEmo X
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EREDELLIRENT ENbIB.
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V175°C LUF TR XU D Ix SSS 410 X kX
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E—FHULTWS. B, Zr 53X OY Db TIIgsaiEvinis
HORRE L DEAEEDOETY Zr By 2: FFT
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IMDEEEFRLERTIEIEBRELEE Y ADDDIT
1225°C X 2hr g e L, £hlsto ok 1 250°C X
2br g E L. IABRNEORE 25 KEII
SSS 410 2 SSS 421 AV, EE{boameitsy 1225
°C x2hr jh% & 1250°C x2hr jARSD 2380 & L.

4:4-2 5y — SHERIARE

Fig. 13 sV — 7HEFEEICH XIET Al o8 L
7. SSS 410 & SSS 410AL H 5k SSS 421 &
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Fig. 12, Relation between solutioning temperature
and grain size number.

Table 6. Compositions of samples.

! Ni 1 Cr

Alloy c W | Co Ti Al Y
SSS 410 . 0.050 Bal. 15.88 19.84 29.40 0.33 0.025 —
SSS 410Al 0.050 ” 15.80 19.21 30.10 0.36 0.45 —
SSS410Y 0.062 ” 15.57 19.82 28.80 0.38 0.45 0.05
SSS 410YAL 0.050 % 16.00 19.55 30.20 0.44 0.96 0.09
SSS 421 0.030 % 20.07 15.60 29.10 0.15 = 0.009 —
SSS 421Al 0.031 v 19.40 15.88 30.20 0.42 0.27 —
SSS421Y 0.041 v 19.90 16.26 29.80 0.28 0.31 0.08
SSS 421YAL 0.035 ” 19.99 15.71 30.20 0.39 0.92 0.09
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Table 7. Result of tensile test, showing the probability of interaction effect between Al
and Y on room temperature tensile properties.
& & RT 1 000°C
== - : - .
lov S & Yield Ultimate . . Yield Ultimate | . :
Alloy = 8. | strength | tensile Elongation Rg?u:;;on strength | tensile Elongation }éfd;(:;on
S E (0.29) | strength (%) (%) (0.29%) | strength (%) (%)
# = | (kg/mm?)| (kg/mm?) ’ ? (kg/mm?)| (kg/mm?)| 7" °
SSS 410 1 225°C 39.7 87.7 63.8 66.0 12.9 19.0 37.8 28.5
1 250°C 36.5 85.6 60.6 60.3 13.7 19.0 38.6 26.0
SSS 410A1 1 250°C 37.4 86.5 65.2 71.3 13.8 19.2 32.3 26.0
SSS 410Y 1 225°C 41.4 94.8 55.1 68.7 14.0 20.2 71.7 71.8
SSS 410XAlL 1 225°C 39.6 74.8 18.1 20.8 12.8 18.0 (24.8) 39.0
$SS 421 1 225°C 34.6 82.1 66.7 73.0 12.8 18.3 46.1 34.0
= 1 250°C 33.2 80.0 70.3 73.8 13.1 18.5 37.0 32.2
SSS 421A1 1 250°C 35.2 83.4 64.8 73.0 12.4 18.5 37.8 28.8
SSS421Y 1225°C 36.2 82.1 61.8 71.3 12.9 19.4 75.6 73.4
SSS 421YAL 1 225°C 37.3 64.3 19.1 22.5 12.0 18.1 72.0 84.6
{; . = S/SS4IOSS4IOAI Bf - SSS 410
6F = \Z 6 - o= G.S.25
2~ N\ °r \O\M
- $88410Y L
3k sssdloval oo=— j, G.5. 37 B
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E 2 2k
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< E
g ! ‘ ' —— : ‘ > ] [ B ] 1 L1
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oL
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| | [ A ) L ' 1 L
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ife r

Fig. 13. Effect of Al on stress rupture strength at
1 000°C, showing detrimental effect of Al
combined with Y.
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Fig. 14 10132 v — PHEIEEC & JiE TR GIE O
2202 . SSS 410 3 X OF SSS 421 oWl A & bEE
WENAEX LD EY Y — THRFBEEIT LM LT 5
@A d A% T ERURICIIZEL L.

4.4.3 B5P3REH

Table 7 Ic iR L8 1000°C 17 ki) 53 RS
HBE TR SSS 410 & SSS410Al # %\ id SS5S421 &
SSS 421A1 DI TIIE IR EIC A2 X L <, ANTEIRT

Fig. 14. Effect of grain size on the stress rupture
strength of SSS 410 and SSS 421 at 1000
°C.
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Fig. 15. Result of high temperature tensile test,
showing the effect of Al on the high
temperature ductility of SSS410 with
and without Y.
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Fig. 17. Relation between Al content and depth
of internal oxidation in He (1 000°C-
20hr).
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