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Fig.1 Microstructure evolution of Ni-Cr-W-Mo alloy during long-term aging at 800 °C: (a) before aging; (b) 200 h; (c) 500 h; (d) 1000 h; (e) 3000
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Table 1 The types and characteristics of precipitates during long-term aging at 800 °C

Precipitation . .
Type Location Characteristics
sequence
Primary MeC Random Block-like
@® Intergranular precipitates Grain boundaries Lamellar and film-like
. o Coherent and incoherent
@ Twin boundary precipitates ) ) Granular
twin boundaries
©) Intragranular nano-precipitates Within grains Granular and ribbon-like
o A Enveloping the outer layer
@ Peritectic precipitates Outer layer of MsC )
of MsC and irregular
Decomposition products of . Irregular and with more than
® Interior of MsC
MC one type
® Bright white precipitates Grain boundaries together with type (1)
a Ni Element wt% At% b cr Element wt% At%
'; C 633 26.50 '; C 6.03 2336
© Cr 2831 2625 © Cr 3755 4239
g. Ni 502 4097 é. Ni 26.15 2129
2 W 12.6 4.06 g w 2549 955
9 2.56 222 3 Mo 348 241
& =
w
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Energy (keV) Energy (keV)
c Element wt%  At% d w Element wt%  At%
’;- w C 1.6 11.67 ‘; Cr 335 9.61
o Cr 148 2494 © Ni 298 757
> Ni 208 3105 | = W 8447 6851
£ &
2 w 573 2732 g Mo 920 1431
E o Mo 55 502 g
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Fig.2 The EDS components of five types of precipitates: (a) intergranular, twin boundary and intragranular precipitates ((1)-(3)), (b) peritectic

precipitates ((4)), (c) MsC, (d) bright white precipitates ((6))
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Fig.3 TEM morphology of intergranular M>3Cs: (a) discontinuous granular; (b) lamellar
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Fig.4 Nucleation and growth mechanisms of intergranular lamellar

M>3Ce during aging at 800 °C
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Fig.6 TEM morphology of intragranular nano-M23Cs: (a) granular; (b) ribbon-like
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Fig.7 TEM morphology (a), EDS mapping (b—f) of peritectic M23Cs and SAED pattern (g—h)
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Fig.8 Equilibrium phase diagram of Ni-Cr-W-Mo alloy
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Fig.9 TEM morphology (a), EDS mapping (b—¢) ,SAED patterns(g—h) of decomposition products of MsC and EDS composition (f) of o phase
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Fig.10 Schematic diagram of the decomposition reaction of primary MsC during aging at 800 °C
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950 -
—nm— Ultimate strength a
- 0- - Yield strength
900
R A e S
> ¢ 8
= 850
=
B0
=
2 4001
7] B oge e - Rooz
T===-D
350 °
300 - v v y y y
0 1000 2000 3000 4000 5000

Aging time/h

Elongation/%

56 5 180
—u— Elongation b
st —o— Impact toughness 1160 %
E
48 + 1140 =
=
Q
1120 &
44+ * 2
—_——— =S
a #1100 §
40t — s
180
6L n n n n n
0 1000 2000 3000 4000 5000

Aging time/h

& 12 Ni-Cr-W-Mo &4:7E 800 ‘CHT 2% ) J7 271t e A4k,



<1 Wity El@pRLS TR Cil

Fig.12 Mechanical property changes of Ni-Cr-W-Mo alloy during aging at 800 °C: (a) strength; (b) ductility and toughness
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Fig.14 Intergranular cracking after aging for 200 h: (a) lamellar M>3Cs; (b) film-like M23Cs; (c) five types of cracking patterns
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Fig.15 Fracture morphology of Ni-Cr-W-Mo alloy before and after
aging at 800 °C: (a—b) before aging, after 200 h (c—d) and
5000 h (e—f) of aging
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Precipitation Behavior During Long-Term Aging of Ni-Cr-W-Mo Alloy and Its
Effect on Mechanical Properties

Gao Shuai'?, He Xikou', Jia Lei', Tang Zhengxin', Bao Hansheng', Yin Xue®, Dong Wenjun?, Liu Zhengdong!

(1.Institute for Special Steels, Central Iron and Steel Research Institute Co., Ltd, Beijing 100081, China)
(2 School of Materials Science and Engineering, University of Science and Technology Beijing, Beijing 100083, China)
(3 China Institute of Atomic Energy, Beijing 102413, China)

Abstract: Using techniques such as SEM, TEM, and phase analysis, the precipitation behavior during long-term aging at 800°C and its effect on
the mechanical properties of a Ni-Cr-W-Mo alloy were investigated. The results indicate that during aging, M23Cs carbides precipitated sequentially
at grain boundaries, twin boundaries, and within grains in different morphologies. The intergranular lamellar M>3Cs was a product of a
discontinuous reaction, while the granular M23Cs at twin boundaries grew along the {111} twin planes. The intragranular nanoscale M23Ce
contributed to pinning strengthening. MsC carbides underwent degeneration from the exterior to the interior between 1000h and 5000h of aging,
decomposing into M23Cs, a-(W,Mo), and W- and Mo-poor matrix. Due to the equilibrium segregation of W and Mo, a-(W,Mo) phase precipitated
at grain boundary M23Ce after 5000h of aging. Changes in mechanical properties were mainly concentrated in the early aging stage. The increase in
strength within the first 200h of aging was caused by a sharp rise in carbides, while the deterioration of ductility and toughness was attributed to the
brittleness of intergranular M23Cs and its reduction of grain boundary cohesion. From 200h to 5000h of aging, the properties degraded gradually.
The strength reduction in this stage was related to the weakening of solid solution strength by o phase and the coarsening of nanoscale M23Cs,
while the significant degradation of ductility and toughness was associated with the coarsening of intergranular M23Cs and the decomposition of
MsC. The fracture mode transitioned from transgranular ductile fracture to a mixed mode after aging.

Key words: Ni-Cr-W-Mo alloy, long-term aging; M23Cs; precipitation behavior; mechanical properties
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