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Table 1 Main chemical composition of the two alloys (wt%)

Alloy Cr Co Mo Al Ti Nb C W B Ni
A 24.00 14.00 0.50 1.50 1.50 1.50 0.030 1.00 - Bal.
B 20.16 14.37 5.88 1.57 1.50 1.55 0.051 1.04 0.003 Bal.
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Fig.1 SEM images of main precipitates in the grains and at grain boundaries after isothermal aging at 760 °C for 100 h: (a—b) alloy A and

(c—d) alloy B
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Fig.2 SEM images of grain boundaries of alloy A aged at 760 °C (a—e,) and alloy B aged at 800 °C (a,—e,) for various time
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Table 2 Variation rate of grain boundary width during aging process of two alloys

Grain boundary (GB) 0-100 h 100-1000 h 1000-5000 h
Width/nm  Variationrate/nmh™ ~ Width/nm  Variation rate/nm-h’' Width/nm ~ Variation rate/nm-h’'
Ordinary GB of alloy A 144-165 0.021 165-200 0.039 200-300 0.025
Widened GB of alloy A (760 °C)  144-250 1.060 250-489 0.266 489-959 0.118
Widened GB of alloy A (800 °C)  144-286 1.420 286-668 0.424 668—-1212 0.136
Ordinary GB of alloy B 160-195 0.350 195-220 0.028 220-300 0.020
Widened GB of alloy B (760 °C)  160-580 4.200 580-945 0.406 945-1230 0.071
Widened GB of alloy B (800 °C)  160-645 4.940 645-1061 0.452 1061-1610 0.137
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Fig.3 TEM analyses (a—d) and element distribution (e—h) of precipitation phase of widened grain boundary of alloy A aged at 800 °C for 5000 h:
(a—b) bright field images; (c¢) SAED pattern of region I in Fig.3b; (d) SAED pattern of region II in Fig.3b; (e—h) element distributions of C,
Al, Cr, and Ti
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Fig.4 TEM analyses (a—b) and element distribution (c—e) of precipitation phase of widened grain boundary of alloy B aged at 800 °C for 1000 h:

(a) bright field image; (b) SAED pattern of the white dotted circle in Fig.4a; (c—e) element distributions of Cr, C, and Al
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Fig.5 Widened grain boundaries of alloy A (a) and alloy B (b) aged at
800 °C for 5000 h
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3000 h (a) and widened grain boundary of alloy B aged at
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Fig.9 Experimental and predicted values of widened grain boundary
size of alloy A (a) and alloy B (b)
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Fig.10 Evolution of M,,C, carbides near grain boundaries after aging
at 760 °C for 100 h: (a) alloy A and (b) alloy B
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Table 3 Element content of marked positions in Fig.10 (wt%)

No. Cr Ni Al Ti C Co
1 18.7 53.1 1.7 - - 13.7
2 31.8 36.3 2.0 1.8 10.7 6.5
3 37.7 332 1.8 1.9 - 6.1
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Fig.11 TEM analyses (a—c) and element distributions (d—f) in the widened grain boundary region of alloy A after aging at 800 °C for 5000 h:

(a) bright field image; (b) SAED pattern of position 1 in Fig.11a; (¢) SAED pattern of position 3 in Fig.11a; (d—f) element distribution mappings of

Cr, Al, and Ni
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Table 4 Element content of marked positions in Fig.11 (wt%)

No. Cr Ni Al Ti C Mo
1 81.71 14.80 0.03 0.08 - 3.38
2 91.09 5.71 0.11 0.03 - 2.99
3 52.95 40.68 1.54 2.45 - 1.92
4 61.87 35.85 0.18 0.22 - 1.88
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Fig.12 Bright field image (a) and element distributions (b—f) in the widened grain boundary region of alloy B after aging at 800 °C for 500 h:

(b) Cr; () AlL; (d) Mo; (e) Ni; () Ti
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Table 5 Element content of marked positions in Fig.12 (wt%)

No. Cr Ni Al Ti C Mo

1 77.31 5.16 - - - 17.51

2 40.04 42.26 1.389 2.08 3.86 10.37
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BT, RAEIT# o & ST 5 i 5 10 M, C R4
2338 B AE S ORL R S A XN BT R ML,C BRI . R
M,,C AP AT L RRLAL, , 45 5 35080 S s 4k, an B 15¢
FliRe M ST T A P Cr.C e R & B ib 2
S CABR AL i A B 1) ML C B AL T A% A KT, B AL 470
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Fig.13 SEM image and corresponding line scan results of element
distributions across the widened grain boundary region of
alloy B after aging at 800 °C for 3000 h
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Fig.14 Morphologies of y’ phase at grain boundary after aging: (a) alloy A aged at 760 °C for 500 h; (b) alloy B aged at 800 °C for 5000 h
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Fig.15 Schematic diagrams of the formation of widened grain boundary during isothermal aging: (a) initial aging; (b) re-dissolution of

intragranular M,,C, carbide; (c) multi-layer coarsening of M,,C, carbide at grain boundary; (d) precipitation of y phase around M,,C,

carbide at grain boundary; (e) merging and growing of y' phase at the M,,C, carbide interface
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Mechanism of Grain Boundary Widening of Typical Nickel-Based Superalloys
Under Near Service Conditions

Ma Danrui, Guo Jing, Zhang Maicang
(School of Materials Science and Engineering, University of Science and Technology Beijing, Beijing 100083, China)

Abstract: This research focused on two candidate materials (alloy A and alloy B) for superheater and reheater in high-parameter advanced ultra-
supercritical power plants. It systematically analyzed the phenomenon of local grain boundary widening, the kinetics, and the mechanism of grain
boundary widening of two kinds of Ni-based superalloys during long-term aging. The results show that the main precipitates of two alloys in the
widening grain boundary region are M,,C, carbide and grain boundary y’ phase during high-temperature and long-term aging. The evolution of
grain boundary widening of two alloys with aging time follows the JMAK equation. The formation process of grain boundary widening consists of
three stages. In the first stage, the M,,C, carbides near the grain boundaries are treated by meltback, inducing the coarsening of M,,C, carbides at
grain boundary and the grain boundary migration. In the second stage, new M,,C, carbides are precipitated after grain boundary migrating, which
makes M,.C, carbides in the grain boundary area arrange in multiple layers, and the width of grain boundary increase. In the third stage, the '
phase will precipitate at the M,,C//y interface with the decreased coarsening rate of carbides, and the short-circuit diffusion of grain boundary
makes the y’ phase grow and the width of grain boundary further increase.
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