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Microstructure and properties of several originally invented and
unique superalloys in China
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Abstract: This review summarizes the research results of the studies on superalloys in the research group of superallloys
and intermetallics in Institute of Metal Research, Chinese Academy of Sciences in the past 50 years. The paper mainly
introduces nine originally invented and unique superalloys in China, including their chemical composition and
microstructural characteristics, mechanical properties, chemical and physical properties, hot and cold workabilities, and
application characteristics.
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1 000 t 2]
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GH4033 2~5
GH4033 2 GH2135
GH4033
1 GH2135 GH4033
Table 1 Chemical compositions of GH2135 and GH4033 alloys (mass fraction, %)
Alloy C Cr Ni w Mo Al Ti Fe B Ce
GH2135 =0.08 15.0 34.5 1.95 1.95 2.4 2.3 Bal. =0.015 =0.030
GH4033 0.03-0.08  20.5 Bal. - - 0.80 26 =40  =0.010 =0.010
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2 GH2135 GH4033 2
Table 2 Cyclic rupture properties of GH2135 and GH4033
alloys®”!
Cyclic rupture property
Time/s
GH2135" GH4033
40 2 788 cycle 1 725 cycle
200 3 668 cycle 388 cycle
oo (rupture time) 430 h 202 h

1) Heat treatment is (1 140 , 4 h, air cooling) (830 , 8 h,
(air cooling)) (650 , 16 h, air cooling); fracture cycles are

average testing results of 3—8 samples.

3 ni2l

Table 3 Rupture time of two alloys under fatigue load?”!

Cyclic stress/ Rupture time/h

MPa GH2135 GH4033
0 375 121
+12.5 265 66
+17.5 106 56
+22.5 111 21

Rupture time is average value of two samples; heat treatment
condition of GH2135 alloy is (1 140 , 4 h, air cooling) (830
, 8 h, air cooling 650 , 16 h, air cooling).

GH2135
B=0 GH4033 4 -
N N At At
— 4B Y — Y= |+ == 1
sz [ZNf Z’r} Z’r W
B 0
B 4
GH2135 GH4033
GH4033
GH2135 40%"!
GH2135
132
GH2135
750
GH2135 4
GH2135 750

GH2135

GH2135

4 GH2135

Table 4 Change of yield strength with temperature for

GH2135 alloy

GH1035

t/ Uolz/MPa
RT 688
300 691
400 703
500 716
550 716
600 702
650 706
700 707
750 677
1.4
GH2135
20 70
WP-6  WP-6
1 000
300 (61
GH2135
GH2135 1978
2 GH2035A
wiJ5 11
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5 GH2035A  GHI1035
Table 5 Chemical compositions of GH2035 and GH1035 alloys (mass fraction, %)
Alloy C Cr Ni \"% Ti Nb B Al Mg Ce Fe
GH1035  0.06-0.12 20.0-23.0 35.0-40.0 2.50-3.50 0.70-120 120~1.70 - =050 - =0.05 Bal
GH2035A  0.05-0.11 20.0-23.0 35.0-40.0 2.50-3.50 0.80-1.30 - 0.01Y 02-07 0.012 0.05” Bal

Adding Ti or Nb respectively; 1) B and Ce are added by calculated quantity; 2) Adding Mg, but remnant is less than 0.01%.
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Fig.1 Effect of content of Al, Ti and Nb on tensile and
stress-rupture properties of alloy GH35A!"
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Fig.2 Effect of content of B and RE on tensile and stress-
rupture properties of alloy GH35A
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Fig.3 Instantaneous tensile properties of alloy GH2035A"!

GH1035 3

2.2

GH2035A

1990
(Z190110284.9)!'"

GH2035A

6 1987

WI5AL 1991 4
208 15
20=<10*h
3099 h
5 WIS WI5A
4 TB,-117A
GH2035A WJI5
WI5AI
““WIJ5AI GH2035A *7 1990
1991
3 DZ417G
DZ417G
1993 1994
2005 13
DZ417G K417G
(i K417G
DZ417G
3.1 Zr P
3.1.1 Zr
6 DZ417G K417G
6 DZ417G
0.7%Zr (2]
Zr DZ417G 900 760
980 Zr
Zr
3.1.2 P
P
P

P DZ417G



242

2011 2

6 DZ417G K417G

Table 6 Chemical compositions of DZ417G and K417 alloys (mass fraction, %)

Alloy C Cr Ni Co Mo Al Ti \% B
Dz417G  0.13-0.22 8.5-9.5 Bal. 9.0-11.0 2.5-3.5 4.8-57 4.10-470 0.6-09 0.012-0.024
K417G  0.13-0.22 8.5-9.5 Bal. 9.0-11.0 2.5-3.5 4.8-57  4.10-4.70  0.6-0.9 0.012-0.024

Alloy Zr Fe Si P S Pb Bi As Sn Sb
DZ417G - =0.5 =0.20 =0.005 =0.008 =0.0005 =0.0001 =0.005 =0.002 =0.001
K417G  0.05-0.09 =I1.0 =0.20 =0.015 =0.010 =0.0005 =0.0001 =0.005 =0.002 =0.001

P Dz417G 3.2 y'
( 4ty p 0.003%~0.015% (1 220
Dz417G ,2h, AC)+(980 ,16h,AC) D7417G
P =0.005% y'
DZ417G st 1 240
P 0.003%~0.005% P 1 220
0.0005% P 980
7 K417
Dz417G S Fe K417G
30
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N
(a) 2 12
= =
40} ‘ w20 ¢ 3
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20 S 5 wn
S
J > .___._——o-",/‘
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w(P)/% (b)
60
(b) 150 .
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Fig.4 Effect of P content on rapture properties'': (a) 760
725 MPa; (b) 980 , 216 MPa

s

Fig.5 Effect of solid solution temperature on volume fraction
and size of y’ phase(a) and effect of y’ phase volume fraction on

rupture properties(b)!'’!
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7 DZ417G 760 725 MPa E 134 GPa E 155
3 GPa 201 GPa 1000
Table 7 Effect of aging temperature on rupture properties of 100 s 25 35 g 338
[13]
DZ417G at 760  and 725 MPa DZ417G ( (001))
Aging temperature/ /h % ( (001))
As-cast 76.5 18 1.0 mm
900 11 5 33 mm
950 51.5 9 (001)
980 139.5 21 [14]
1020 12
! AT
3.3 Ao Ac
Ao = EaAT 2
(001) a E a
AT E
10°~15° Ao
( )
(001)
(001)
30%~35%
Ao
DZ417G Ao 30%~35%
33.1 34 DZ417G
Dz417G DZ417G
1) DZ417G
(
) 2) DZ417G
( )
900 300 MPa
1 DZ7417G DZ404 DZz422
) 3 [1 [15]
3) DZ417G
(1]
8 Dz417G DZ417G
Table 8 Compafison of rupture Properties of DZ41'7G with DS CM247LC D7Z404
columnar crystalline and conventional cast alloy with same
] Dz422 DZz404
composition [1s]
Condition t/ o/MPa 7h % wl/%
Directional 4) DZ417G
irectiona
solidification 3000275 del 422 DZ422  DZ4125 DZ404
: Dz417G DZz404
Conventional g5 300 124 51 123
cast (1]
5) DZ7417G
332 60%
DZ417G (001) (3]
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6) DZ417G
DZ404
7) DZ417G GH2984 el
[14]
DZ417G 3 cc 4.1 GH2984
6 4 7z
2008 GH2984 Co Inconel 740 Inconel 617
Nimonic 263 12%~21%Co
GH2984 Fe 32%~34% Ni
Fe 9 GH2984
4
GH2984 4.2 GH2984
B o 60 GH2984 650~
750 700
Inconel 625
GH2984 20 70 Nimonic263 10 [15]
Nimonic 263 Inconel 625 3
GH2984 10 700 Inconel
e GH2984 740 650 750
Inconel 625  Nimonic263
2003 Inconel 740 6 M
9 [16]
Table 9 Chemical compositions of superalloys used for superheater tube!'®! (mass fraction, %)
Alloy C Cr Co Mo Nb Ti Al Fe Si Mn Ni
GH2984  0.04—0.08 18-20 - 1.8-2.2 09-12 09-12 02-0.5 32-34 =0.5 =0.5 Bal.

Inconel 740 0.06 24.97

19.80 0.58 2.01

1.69 0.87 0.71 0.47 0.30 Bal.

Inconel 617 0.09 21.65 12.0 8.72 - 0.31 1.16 =2.50 0.58 0.54 Bal.
Nimonic 263 0.04-0.08 19-21 1921  5.6-6.1 - 1924 =0.60 =0.70 =04 =0.6 Bal.
Inconel 625  =0.10 20-23 =1.0 8.0/10.0 3.15-4.15 =040 =040 =50 =0.5 =0.5 Bal.
10 [16]
Table 10 Mechanical properties of some superalloys used for boiler tube!'®
Tensile property at room temperature Tensile property at 700 Rupture strength/MPa
Alloy 700 , 700
o/MPa  oy,/MPa % % oy/MPa cy,/MPa 9% % 3%<10° h 10°h
GH2984 1107 686 26.6 46.6 745 539 344 523 149 130
Inconel 740 1150 705 30.0 39.0 905 650 37.0 44.5 149 130
Inconel625 960 514 48.0 - 651 398 40.0 162 -
Nimonic263 960 580 43.0 46.0 740 490 26.0 34.0 120 100

Standard heat treatment of GH2984 alloy is (1 100

, 1 h, AC)+(700

,8h,50 /hcooledto 650 ,16h, AC)
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Table 12 Heat-corrosion data (mass loss) of several alloys!'”!
IO(])OI - ]63 ...].03 - 164 ' ”“105 Mass loss/(g-cm >h™")

Rupture time/h

6 GH2984 Inconel 740  Nimollic 263
[16]

Fig.6 Stress rupture properties of GH2984, Inconel 740 and

Nimonic 263 alloys at different temperatures!'®!

43 GH2984
Cr 18%~20%
Cr,05
11 GH2984 700~ 900
100 h (14] 11 700
0.005 8 g/(m*h)
0.009~0.15 g/(m*h)
GH2135 GH1140
1 3 700~900 100 h

[16]

Table 11  Average oxidation rates of three Fe base superalloys

Alloy In crucible In gas tube
650 700 750 820 900
GH2984  0.40 1.29 1.63 1.24 0.28
GH1140  0.63 0.85 3.50 152.0 0.19

GH2135  0.94 1.92 3.16 46.23 0.94

at 700-900  for 100 h!'®
Average oxidation rate/(g'm >h ")
Alloy
700 800 900
GH2984 0.0058 0.020 0.0738
GH2135 0.019 0.042 0.095
GH1140 0.014 0.028 0.139
3 25%NaCl+75%Na,SO,
650~820 3 h
( 12)I'Y GH2984
750 GH1140  GH2135

750 GH2984

GH403!" - - - - 0.24
44 GH2984
GH2984 700 (0.1~1.8)><
10*h
GH2984 y
4~6 y'
y y' 23 nm 5.74%
MC
NbC  Ti(N,C)
1~10 pm GH2984
0.52%
GH2984 700 Y
tl/3
v
18><10° h 7.23%( 13) '
Y Y
v
GH2984 700 NbC
Ti(CN) ( 13)17
0.52% 18<10°h  0.66%
18><10° h
Cr MG
MpCs o
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13 GH2984 y MC o GH2984 15CrMo
(7l 1.4%~4.4% GH2984
Table 13 Amount changes of y’, MC and ¢ phases of GH2984
alloy during long-time aging!'” (mass fraction, %)
Standard ST+ ST+ ST+ ST+
P et S 9w b e
(ST)  10°h) 10°h) 10°h)  10°h) 46 GH2984
GH2984
y' 5.74 6.48 6.85 7.23
Carbide  0.52 0.52 0.55 0.66
o 0.19 0.62 1.01 1.79
1992 ““GH2984
4.5 GH2984 >s
GH2984
900~1 300 5
GH2984 S
[18]
GH2984 1100 2001
1 160~1 180 5
K444 K435 K452 K446  GH4413
100% GH2984
1Cr18Ni9Ti
¥
(YB804— Cr W Mo
20) K444 1~2
GH2984 BC K435  3~4
38% GH4413  5~6
3~4 K452 1~6
65 K446
mm 180° 5
2005
GH2984 6
141! 850 h
400 600 1000 1200 N/cm® 2003 K444 RO110 1~4
K452
14 GH2984 el

Table 14 Expanding tube experiments of GH2984 alloy!!®!

Sample Diameter/ Inner diameter/ Outer diameter/  Slit/ Inner diameter after Expending Expending Water pressure/
No. mm mm mm mm expanding/mm  amount/mm ratio (N-cm )
1 25.38 21.05 24.96 0.42 22.00 0.95 2.09 1200
2 25.33 21.02 24.99 0.34 21.72 0.70 1.4 1200
3 25.33 20.33 25.08 0.25 20.97 0.64 1.5 1200
4 25.24 21.12 24.97 0.27 21.70 0.58 1.4 1200
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1~4 K446 K444 K438 (
RO110 16) 16" K435 K444 K452
K438 K438
IN738 K435
K444 K438 Cr
(W+Mo) 7.2% W/Mo 2.75 K438
5 1511 44% 144 (AI+Ti)
15 74% ' 50% Ti/Al 1.64
Ta K438 6.8% 47%~49% 0.94 y
W/Mo Ti/Al
2%Ta 12~20 t K452 K438
Ta Cr 21% K438
5 16% W/Mo Ti/Al K452
[19]
GH4413 Cr
15%
GH4049 Cr (10% ) 5% y
5.1 29% GH4049 36% 7%
W/Mo GH4413
K435 K452 850 GH4049 ( 17)tH4
15 5 (el
Table 15 Chemical composition of five kinds of hot corrosion resistance alloys (mass fraction, %)[19]
Alloy C Cr Co W Mo Al Ti Nb B Zr Ni Others
GH4413 0.07 14.5 - 6.0 33 2.7 2.0 - 0.02 - Bal. CZ’ 8320
K435 0.09 15.9 11.3 5.5 2.0 2.8 4.6 0.2 0.02 0.05 Bal. Mg, 0.01;
Ce, 0.015
K444 006 159 108 53 20 31 46 02 008 005 Bal  C%00I%:
Hf, 0.3
K446 0.09 16.0 - 5.0 3.5 1.8 2.4 1.1 0.01 0.01 Bal. Fe, 15;
Ce, 0.01
K452 0.11 21.0 11.2 35 0.6 2.5 35 0.3 0.02 0.04 Bal.
16 K435 K444 K452 K438 1l
Table 16 Hot corrosion resistance of K435, K444 and K438 alloys[lg]
Alloy Test condition Aver?riegijggiiﬁg rate/ Alloy Test condition Aver?izz)l:rgi?% rate/
K435 Mass ratio of NaCl to 0.28 K435 Mass ratio of NaCl to 0.934
Na,S0,=1:3, Na,S0,=1:3,
K438 900 ,20h 5.41 K438 700,100 h 1.994
K444  Mass ratio of NaCl to 0.12 K444 Mass ratio of NaCl to 1.20
Na,S0,=1:3, Na,S04=1:3,
K438 900 ,100h 1.90 K438 700 ,200h 1.64
K452 Mass ratio of NaCl to 0.148 K452 - -
Na,S04=1:9, ; ;
K438 9002 ’4300 N Serious ccr)i(;ssluort,dcannot be K438 _ _

Data from contrast test result in the same condition.
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5~6 7 K444 3
1 K444
5.2 s 900
o 8[22]
K452
800~900 10 000 h 900
TCP
7120721] K435 K452 K444  GH4413 5.3
10 000 h 5
17 GH4413 GH4049

Table 17 Hot corrosion resistance of GH4413 and GH4049 alloyst'!

Average corrosion rate/

Average corrosion rate/

Alloy Test condition (mg-om 2h 1) Experiment condition (mg-om h )
Mass ratio of NaCl to Mass ratio of NaCl to
GH4413 Na,S0,=1:3, 9.29 Na,S0,=1:3, 2.81
850 ,20h 700 ,20h
Mass ratio of NaCl to Mass ratio of NaCl to
GH4049 Na,SO4=1:3, 32.99 Na,S0,=1:3, 1.09
850 ,20h 700 ,20h
500
(a) 280 (b)
400 F 240
= 300 S 2001
& a
= = 160
© 200 S
9007TC *© 120
100+
801
0 . vl . ; 4 I vl I
10! 10° 10° 10* 10! 10° 103 104

0 1 1
10! 10? 10°
z/h
7 GH4413 K452 K435 K444

and K444(d) alloys!?*2!

10*

10 000 h
Fig.7 High-temperature rupture stress up-to rupture time of 10 000 h at different temperatures for GH4413(a), K452(b), K435(c)

t/h

10! 102 10° 104
t/h
[20-21]
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