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Filler Metal Development for Hastelloy Alloy XR

Katsutoshi WATANABE, Hajime NAKAJIMA, Kensho SAHIRA®®
Nobuyoshi KURAUCHI®*', Toshiki TAKEIRI*!, Teiichiro SAITOE*?2
Tamao TAKATSU*® and Tsuneo NAKANISHI*®

Department of Fuels and Materials Research
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

(Received November 13, 1989)

A method of alloy designing has been proposed and validated to
develop the filler metal for Hastelloy alloy XR(nuclear reactor grade
of Hastelloy alloy X), which is the candidate material for high tem-
perature structure of High-Temperature Engineering Test Reactor (HTTR).
In the filler metal development for Hastelloy alloy XR, materials of
two heats were melted and fabricated with special emphasis placed on
manufacturing process. One is the trial products (alley termed '"C")
designed by using multiple regression analysis in the range of the
chemical composition specified as Hastelloy alloy X, The other is
filler metal (alloy termed 'D") with optimum boron content in the same
chemical composition as Hastelloy alloy XR. The results of the tests
on several key items may be summarized as follows:

(1) Weldments with alloy''C" showed higher strength and ductility at
elevated temperatures than those of alloy"D". (2) Weldments with
alloy"D" had more excellent strength characteristics at elevated

temperatures than those of the other conventional filler metals.

*1 Mitsubishl Metal Corporation
*#2 Nippon Welding Rod Corporation
#3 TFuji Electric Corporate Research and Development, Ltd.
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(3) As for weldability, the crater cracks were siightly observed in the
FISCO cracking test, but those were out of the problem in the degree of
cracking from the viewpoint of practical applicaticn. The results of
qualification tests on weldability showed good performance for all
welding conditions of the present experiments. On the other hand, the
mechanism of hot cracking initiation and the controlling factors in hot
cracking susceptibility with relation to boron content have been

clarified for Hastelloy alley XR base metal.

Keywords: Alloy Designing, High Temperature Structure, HTTR, Filler
Metal, Hastelloy Alloy XR, Manufacturing Process, Multiple
Regression Analysis, Boron Content, Weldment, Strength and
Ductility at Elevated Temperatures, Weldability, Crater

Crack, FISCO Cracking Test, Hot Cracking Susceptibility
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Table 2.2 Effect of alloying elements on crack susceptibility
and creep rupture time

Element |MUltiple regression coefficient | Correlation coefficient on
pn crack susceptibilityd creep rupture timedé¢d¢

r (40.05 -

B (+20.39 (+)0.5139
P (+)0.11 (+)0.5197
S (+)0.004 (-0.4281
Cu (-20.44 -

Mg (-)0.15 (-0.1477
Ti (-)0.026 (+)0.4318
Al (-20.005 (-20.2990
Co - (-)0.0816
Mn - (-)0.7095
0 - (-70.4973
N - (-)0.7036

X (+);Increasing crack susceptibility,(-);Decreasing crack susceptibility
XX (+);Increasing creep rupture time,(-);Decreasing creep rupture time

Table 2.4 Check analysis results of chemical composition of Hastelloy
XR-II plate for the weldability tests. (c¢h.No.6~537)

wt. )
C Mn Si p S Cr Co Mo W
0. 07 .94 0.34 <0. 001 | <0. 001 21.89 0,02/ 9.05 |0 47
Fe N Ni B Al Ti Cu Mg 0 N
18. 58 REM. | 0.006 | 0.02 0.01 0. 009

“..12 aam
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Table 2.5 Inspection results of XR-II 15mm thickness plate
for the weldability tests. (ch.No.6-537)

1) Tensile Property at RT

Location uTs 0, 2%YS Eiongation
(kg/mm?) (kg/mm?) (%)
T 2.4 38.0 56
L 12.2 38.0 56
Spec. 66. 8 24.6 40

2) Hardness & Grain size

Location HRB Grain_Size
(ASTM No.)
T 89 3.0
L - 3.0
Spec, — <5

3} Creep repture property (300 °CX5. Zkg/mm?)

Location Life(h)
T 1509
L 1285
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Table 2.9 Result of guided bend test
on welded joint
(Crack length(mm)*number)
‘Face Root Side
TP. 1 TP. 2 TP.1 TP.2 TP. 1 TP.2
0.5%1 0.5%1 0.5%1
A Good Good Good
1.0%1
B Good Good Good 2,0%1 Good Good
Table 2.10 Result of FISCO cracking test
Repeat Crack ratio|Travel speed
ne. 1 2 3 4 Total (%) (mm/min.)
Length of ' _
weld (mm) 56.0(57.1150.0 163.1
1 Length of * * o 130
crack{mm) [15.5]15.0(15.1 45.6 28.0
Length of _
weld (om) 63.6(53.3/59.6 176.5
2 Length of * * ® 130
crack(mm) 13.8|13.812.8| - 40.4 22.9
Length of o g'49.5042.7] - [153.0 -
weld {mm)
! Length of * * * 130
crack{mm) 11.5]14,01i11.4 | - 36.9 24.1
Length of o, 156 2 151.4 | = |161.6 _
weld (mm)
2 Length of * * ® 130
crack(mm) |14.6{12.6 (11,9 | - 38.1 24,1

%

Crack in crater
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Table 2.11 Results of tensile properties at room temperature and 900C
Heat Test 0.2%P.S JUTS Total Reduction Fracture
Temp (kg/mm') |[(kg/mm') |Elongation|in Area Location
(°C) (246) (%)
A X1 RT 44. 4 68.9 29.3 30,9 A
X2 RT 45.9 71.8 27.8 30.0 B
X 45,2 70. 4 28.5 30.5
AJ X1| RT 39,8 66.0 36.8 58.0 Base metal
X2| RT 39.5 66. 1 £0.5 58.3 a
X 39,7 §6. 0 38. 7 58.1
B X1| RT 39.17 65. 8 31.0 28.2 B
X2| RT {1.4 66. 4 33.0 42.3 A
X 40. 5 66. 6 32.0 35.3
BJ X1| RT 38.1 £5. 4 40,2 55.8 Base metal
X2| RT 38.4 65.4 40.5 60.1 ”
X 38,3 55. 4 40.3 57.9
5D X1| RT 29.3 63.3 58. 8 63.2 A
X 2 RT 29.6 63.3 $7.5 £0.8 A
X 29.5 63. 3 58. 2 62.0
A X 11 200 12.5 18.3 54,0 48. 7 B
X 2 ¢00 13.6 19,95 38.8 48.6 A
X 13.1 18.§ 46. 4 48. 17
AJ X1 900 12.9 19. 4 10.5 43.8 Weld metal
X2 900 13.5 19.6 26.3 54.9 ”
X 13.17 19.5 18. 4 49.3
B X 1] 900 13.% 19.8 41,2 64.0 A
X 2| 900 12.17 19.7 59.0 65.0 A
X 13} 19,7 50,1 64.5
BJ X1t 800 13. 8 0.1 54. 0 52.6 feld metal
X 2| 900 i4.C 20.0 63.0 41. 6 o
X 13.9 20. 1 , 58,5 {1.1
5D X1 500 2.1 19.8 §9.8 86.1 B
X 2| 900 12.8 19.17 96.5 83.1 B
X 12.8 19.8 §3.2 85.2
A Alloy” & 7, feld meta!l
AJ : Alloy™ A " ,¥Welded joint
B : Alloy” B 7 ,Weld metal
B J Alloy” B 7 ,¥elded joint
5D : . Base metal
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Table 2.12 Results of creep tests for Hastelloy XR-II at 900°C in air
(first trial)

Specimen | Applied Stress | Rupture Time | Elongation | Reduction Area | Failed
No. (kg/mm?) (h) (%) (%} position
A-1 5. 2 291.9 8.0 6.6
A—2 6. 0 160.3 6.8 12.9
A-3 4. 7 279.2 4.6 3.3
AJ—4 2. 2 210.0 9.1 9.8 WM
AJ—5 6. 0 57.1 5.7 19.0 WM
AJ—6 4. 7 302.5 k.5 4.9 WM
B—17 2. 2 2981 25.1 27.8
B—§ 6. 0 165.1 21.1 27.8
B—-9 4. 7 635.8 23.1 2.9
BJ—-10 5. 2 b11.7 9.7 22.0 WM
BJ-11 6. 0 183.5 17.0 33.3 WM
BJ-—12 4. 7 827.2 8.8 9.8 WM
B F —-13 5. 2 893.2 57.7 48.7
5F-—14 6. 0 261.6 66.7 64.0
5 F—-15 4. 7 1449.8 up.2 43.7
Specimen notation Failed position
A :Filler wire A Weld metal WM : Weld metal
A J :Filler wire A HWelded joint
B :Filler wire B Weld metal
B J :Filler wire B Welded jcint
5 F - Hastelloy XR—1 base metal

— 18
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Fig. 2.12 Production flow diagram of filler metals of alloys
A and B for Hastelloy XR-II
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Fig, 2.19 0.2% proof stress and ultimate tensile strength at room temperature
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Fig. 2.20 Total elongation and reduction in area at room temperature
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Fig. 2.22 Total elongation and reduction in area at 900°C
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Fig. 2.25 Geometry of creep specimen
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Fig. 2.26 Creep curves of Hastelloy XR-II and its weld metal
subjected to stress of 6.0kgf/mm? (58.8MPa) at 900°C
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Fig. 2.27 Creep curves of Hastelloy XR-II and its weld metal
subjected to stress of 5.2kgf/mm? (51.0MPa) at 900°C

in air
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Fig. 2.28 Creep curves of Hastelloy XR-IT and its weld metal
subjected to stress of 4.7kgf/mm? (46,1MPa) at 900°C
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Fig, 2.31 Macro and microstructure of creep specimen No.A-3
(Filler metal A, Weld metal, Stress 4.7kgf/mm?)
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Fig. 2.32 Macro and microstructure of creep specimen No.AJ-6
(Filler metal A, Welded joint, Stress 4.7kgf/mm?)
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Fig. 2.34 Macro and microstructure of creep specimen No.BJ-12
(Filler metal B, Welded joint, Stress 4.7kgf/mm?)
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Fig. 2.35 Macro and microstructure of creep specimen No.5F~15
(Base metal B, Stress 4.7kgf/mm?)
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Table 3.3 Remarks of specimens

Remark ' Filler | Sampling | Welding
metal location current
CH C Weld High
metal
CL C Weld Low
metal
CJH C Welded High
joint
CJL C Welded Low
Jjoint
DH D Weld Bigh
metal
DJH D Welded High
joint
DL D Weld Low
metal :
DJL D Welded Low
joint

Table 3.4 Result of guided bend test
on welded joint
(Crack length(mm)*number)

Face Root Side
T.P. CH CH CH CcJH CJL CH CH
C Good | Good | Good | Good | Good | Good | 0.5%2
T.P. DH DH DH DJH DJL DH DH
D Good | Good | Good | Good Good | 0.5%3
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Table 3.5 Result of FISCO cracking test

Repeat Crack ratio|Travel speed
no. 1 2 3 4 Total (% {(mm/min.)
tLength of _ _
weld (mm) 58.3|56.9 115.2
1 Length of * 130
crack(mm) [ 10. 8.9 - 19.5 16.9
Length of _ I _
weld (mm) 44,4 46,6 |46,2 137.1
2 Length of; ® % | 130
crack(mm)| 8. 9.4) 9,3 - 27.1 19.8
Length of
weld (mm) 47.0(52.5 99.5 -
1 Length of * 130
crack(mm)| 8. 8.5 - i7.0 17.1
Length of
weld (mm) 54,0(45.0|48.1, - 147.1 -
2 Length of # * 130
crack(mm)| 6. 7.4] 3.5 - 17.5 11.9

% Crack in crater
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Table 3.6 Results of tensile properties at room temperature and 900C

Heat Test 0.2%P.5 |UTS Total Reduction Fracture
Temp (kg/mmd) |{kg/mm) |Elcngationl|in Area Location
(°C) (%) (%)

CH RT 52.1 78.1 18.3 15.3 A

CH RT 48,17 65.0 8.1 9.2 C

CL RT 50.0 78. & 20.86 22.8 A

CL RT 49,5 80,3 23.3 25.1 A

CJH RT 44.8 74.4 38.0 53.5 Base metal

CJH RT 43.9 74.1 31. 0 19. 9 “

CJL RT {2.1 73.6 30,9 5.1 Base metal

cCJL RT 43.0 74,1 33.3 50. 9 ”

DH RT 46,3 73.8 30.0 34.3 A

D H RT 45. 8 72.C 29. 8 25,9 A

DJH RT 44,3 T4 1 371 55.1 Base metal

DJH RT 44. 6 4. 2 40,6 96,7 . .

DJL R T 44.6 66.3 16.2 15.2 Base metal

CH 900 14.0 22.3 66. 7 69.5 A

CH 8900 4. ¢ 22.1 51.8 77.3 A

cCL 800 14. 9 23.3 52.% 71.4 B

CL 500 15.0 23. 2 73.8 687.1 A

CJH 900 15.2 21.1 36.9 4.2 Yeld metal

CJH 900 15.4 23.1 49.8 8.6 ”

cCJL 900 15.0 23.1 341 78.3 Weld metal

CJL G500 15.1 23.0 40. 6 15,2 o

D H 900 14.3 21.70 12.8 71.5 8

DH 900 14.4 21.1 60.0 T1.4 A

DL 900 18.1 23.5 66.0 55.13 B

DJH 900 14.4 21.1 34.8 68.8 Weld metal

DJH 900 15.4 23.3 34,8 61.2 ”

DJL 8960 15.17 23.17 33. 4 £3.6 ¥eld metal

CH: Alloy”™ C 7 ,Yeld metal, High Welding current

CL: Alloy” ¢ 7 .Weld metal, Low Welding current

“ . Welded jcint,
7 ¥elded joint,
" Weld metal,
7 . ¥eld metal,
7  Welded joint,
7 . Welded joint,

CIH: Alloy” C
CIL: Alloy”™ C
DH: Alloy” D
bL: Alley” D
DIH :Alloy™ D
DIL :Alloy” D

High Welding current
Low Welding current
High Welding current

Lew Welding current
High Welding current
Low Welding current
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Table 3.7 Results of creep tests for Hastelloy XR-II at 900°C in air
(Second trial)

Specimen Applied Stress | Rupture Time | Elongation | Reduction Failed
No. (kg/mm?) (h) (%) Area (%) |position
CH-3 6. 0 3.6 1.77 27.75
CL-3 6. 0 393.4 11.88 31.94
CJH-3 6. 0 450.5 6l.97 58.83 BW
CJL-3 6. 0 3.6 13.68 39.9% | WM
DH-3 6. 0 251.2 11.33 47.23
DL-3 6. 0 181.4 10.18 33.29
DJH-3 6. 0 460.9 8,46 30.56 | WM
DJL-—3 6. 0 197.9 9.42 26.32 | WM
CH—2 5. 2 968.6 13.55 11.32
CL—-2 5. 2 1121.3 8.68 12.88
CJH-2 5. 2 1068.0 15.69 53.1 BM
CJL—2 5. 2 1001.7 10.68 31.94 | WM
DH-2 5. 2 701.5 9,44 24.87
DJH~-2 5. 2 1082.0 7.78 9.73 | WM
DJL-2 5. 2 471.6 L.28 9.73 | WM
CH-1 4. 7 1722.6 9.02 24,87
CL—1 4. 7 1628.9 6.96 24.87
CJH-1 4. 17 1798.4 16.51 46.20 | BM
CJL-1 4. 7 1558. 2 8.09 15.95 | WM
DH-1 4. 7 1068.2 6.74 15.95
DJH—-1 4. 1T 1792.7 6.81 12.88 | WM
DJL-1 4. 17 593.2 T.73 15.95 | WM
Specimen notation Failed position
Filler wire HWeld metal or Welding current WM : Weld metal
Welded joint BM : Base metal
CH: C Weld metal High
CL: C Weld metal Low
CJH: C Welded joint High
cJL: C Welded joint Low
DH: D Weld metal High
DL: D Weld metal Low
DIJH: D Helded joint High
DJL: D Welded joint Low
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Table 3.8 B content of creep test specimens after testing

Aitoy so. [ omtent of o povo] GEET et siress [ uptyre T F EnEent T
CH-1 4.7 1722.6 o4
C a7 CL-1 4.7 1628.9 23
CJH-1 4.7 1798.2 47
D 50 DH-1 9.2 1068.4 al

Table 3.9 Comparison of creep rupture time between estimated values
and experimental ones under stress of 4.5kgf/mm? at 900°C (h)

A B C D

Filler Metal

WM wJ WM WwJ WM wJ WM W]
Estimated
value by 1406 1944 - 851 2912 1812 Lho 459
multiple
regression
analysis

800

Experimental | <500 380 700 1000 1850 ~2300 1300 ~
value 2300

Note: A, B and D are invalid in multiple regression analysis because some
elements, such as Mn and N, are out of the range of valid contents.
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Fig. 3.1 Groove geometry

‘(a) Face bend (b) Root bend {c)} Side bend

(d) Face bend (e) Root bend (f) Side bend

Fig. 3.2 Appearance of bend specimens
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3.10 Tensile specimens of weldments after testing

Fig.
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Fig. 3.18 Creep rupture ductility versus testing time at 900°C
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Fig. 3.19 Specimens after creep testings of Hastelloy XR-I1 at 900°C
in air :
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Table 4.1 Chemical analysis results of Hastelloy XR-IT
sheet for Varestraint Test

(wt%)
Alfoy
1B 28 3B 48 5B

C 0. 071 0.075 6. 079 0,072 0.077
Mn 0.86 0. 88 0.88 0, 86 0. 91
Fe 18.15 18. 22 18. 22 18, 21 18. 21
P < (.00} < 0.000 < 0,007 < (0. 001 0. 001
S < 0,001 < (.00 =< 0.00] < (0. 001 0. 601
Si 0.3 0. 32 0,32 0.34 0,32
Cu < 0.0 < (.01 < (.01 < 0. 01 < ., 0]
Ni Bal. gal. Bal, Bal, Bal,
Co . G2 0,02 0.0? 0.03 0,02
Cr 22.01 21.98 21.98 21.95 21.92
Mo 9.08 9.13 8.12 9.13 9.12
W 0.49 0. 49 0. 50 0.49 0. 143
B 0,000z 0,0017 0, 0028 _0,0085 _0,0098
Mg < (.01 < 0,0 < 0.0t < 0,01 a. 01
Al 0. 01 0. 02 g, 02 0.01 0. 01
Ti < 0.01 0. 01 0. 01 0. 01 0. 01
0 0.004 0. 004 0. 004 0. 004 0. 0605
N 0. 065 0. 005 0. 005 g, 005 0. 005

Table 4.2 Hardness measurement results of Hastelloy XR-II
sheet after solution heat treatment;
1180°Cx20 min, AC.

Altoy HV (5kg)
1B 158
28 167
38 160
48 155
5B 164
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Fig. 4.1 Production flow diagram of Hastelloy
XR-II sheets for evaluation of hot
cracking susceptibility by varestraint

test
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Fig. 4.2 Photomicrographs of Hastelloy XR-IT sheets after final heat
treatment, 1180°Cx20 min AC, for Varestraint test (continue)
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Fig. 4.15 Classification of particles in HAZ (Alloy No.53RB)
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Fig. 4.19 Grain boundary liquation in HAZ
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Fig. A.1 Diffusion coefficient of boron and carbon in pure iron

and nickel as a

function of temperature
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