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Table 1 Chemical composition of GH4169 alloy («/%)

Element Ni Cr Fe

Nb Mo Ti Al C

Content 52.14 18.86 18.23

5.348 3.187 1.096 0.547 0.036
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Table 2 Experimental heat treatment process

Number Solid solution Aging heat treatment Abbreviation
1 940 “C, 20 min, WC (water cooling) 720 °C, 8 h (60 ‘C/h)-620 ‘C, 8 h, AC (air cooling) 940 °C, 20 min
2 940 °C, 60 min, WC 720 ‘C, 8 h (60 C/h)-620 ‘C, 8 h, AC 940 ‘C, 60 min
3 960 C, 20 min, WC 720 C, 8 h (60 ‘C/h)-620 C, 8 h, AC 960 C, 20 min
4 960 C, 60 min, WC 720 C, 8 h (60 ‘C/h)-620 C, 8 h, AC 960 C, 60 min
5 980 ‘C, 20 min, WC 720 ‘C, 8 h (60 C/h)-620 ‘C, 8 h, AC 980 ‘C, 20 min
6 980 ‘C, 60 min, WC 720 ‘C, 8 h (60 C/h)-620 ‘C, 8 h, AC 980 ‘C, 60 min
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Fig.1 SEM morphologies of GH4169 alloy under different heat treatment: (a) 940 “C, 20 min; (b) 960 ‘C, 20 min; (¢) 980 “C, 20 min;
(d) 940 °C, 60 min; (e) 960 C, 60 min; (f) 980 ‘C, 60 min
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Table 3 Volume fractions of 6 phase and average grain size for samples after heat treatment

Sample 940 °C, 20 min 940 °C, 60 min 960 ‘C, 20 min 960 ‘C, 60 min 980 ‘C, 20 min 980 C, 60 min
d phase, vi/% 1.08 1.54 0.147 0.624 0.045 0.069
Grain size/pm 12.59 12.72 13.39 16.74 24.84 35.21
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Fig.2 Typical stress-strain curves of the tensile samples of GH4169

alloy
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Fig.3 Influence of heat treatment on strength of GH4169 alloy
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Fig.4 Influence of heat treatment on plasticity of GH4169 alloy
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Fig.5 Curve of J-Aa for GH4169 alloy treated at 940 “C, 60 min
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Table 4 Experimental results of fracture toughness for GH4169 alloy

Solid solution Fitting equation 40Jq0.281/(Rpo 2+ Rm)/mm Joo2BL /kJ-m?> Josni=Jic /kJ-m™ (1~2)d/um
940 °C, 20 min J=179.3Aa" 1.64 112 112 43.7~87.4
940 °C, 60 min J=1652Aa"% 1.71 115 115 46.2~92.4
960 °C, 20 min J=271.4Aa" 23 162 162 61.4~122.8
960 °C, 60 min J=305Aa"* 2.83 193 193 75.9~151.9
980 °C, 20 min J=382.6Aa"® 3.52 225 225 95.6~191.2
980 C, 60 min J=484.7Aa"*® 5.68 355 355 154.3~308.7
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Fig.6 Fracture SEM morphologies of the toughness test sample for GH4169 alloy under different heat treatment: (a) 940 “C, 60 min,
(b) 960 °C, 60 min, and (c) 980 C, 60 min
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Table 5 Experimental results of instrumented impact for GH4169 alloy

Sample Impact energy, ax/J Crack propagation energy, ax,/J axalax, RI%
940 °C, 20 min 35.36 18.26 51.64
940 C, 60 min 41.59 20.4 49.05
960 °C, 20 min 77.19 43.12 55.86
960 C, 60 min 52.27 28.66 54.83
980 C, 20 min 78.84 43.42 55.07
980 C, 60 min 75.31 42.25 56.1

8 iy lkEN 1 SEM [T
Fig.8 Fracture SEM morphology of the impact samples for GH4169 alloy: (a~d) 940 C, 60 min, (¢) EDX analysis confirming the ¢ phase on the
fracture surface, (f, g) 980 ‘C, 60 min
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Fig.9. TEM morphology (a) and composite SAED patterns of y” phase (b) and J phase (c) in GH4169 alloy under heat treatment at 940 “C for 60 min

600 nm

10 6 AN RS R0
Fig.10 Effect of  phase on crack propagation of GH4169 alloy under heat treatment at 940 “C for 20 min: (a) the J phase changed the path of

crack propagation and (b) the crack passed through the cavity
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Fig.11 Crack path morphologies at crack growth tips of fracture toughness specimens for GH4169 alloy under heat treatment at 940 “C for 60 min



- 1474 »

Wi @M RS TR

48 %

4 % i

1) GH4169 % 424 940 °C [E %5 A FE 60 min, #Ydh o
AHHT B (1.54%), dn At o AHREBR i SR 2
BELASH [ 975 o 2 o R IR, 9404 960 °C ] Ak 3L IR
ki RS 12~17 ume 980 °C WIS, & A & 2L i
FEHE FEIKA 0.069%), X &S B HE H
99, dRDRAEROR, YEIEEIECY 60 min I, SFE g
b RS}k 2] 3521 pm.

2) fERARARIE T, 5 AR SR B 52 AR,
(W REP) B L s D M G 45 R, A 5 0 A
(R38N Re BRI RSy e Dy o Wil BT i S R 3 0, 6 AR
I, HpdIh A 35 TRONE] 75 1, Wi E
Joase A\ 112 kI/m? B0 E] 355 kI/m*e AT 8 A3 R 11
SO, L RS TR 2B g v 0 4 D 55 e AR R
990

3) o FH 23 JE RGBT y AR AT DX, W 0 AT 2
JERTC AT A, ReUm N I ERE 6 MYy
FEAR AR 7 22 S AL S E Y AL, FLIRHS db S Te T
Al PR B RGO R Y e i D h R AT
DIy Ho(ao/a) BAR, BRI AR R 5T, 0 A IR
FER IS (L R AU R A e B2 B & e i .

S % 3k References

[11 Yu Z S, Zhang J X, Yuan Y et al. Materials Science &
Engineering A[J], 2015, 634: 55

[2] Lin Y C, Li K K, Li H B ez al. Materials & Design[J], 2015, 74:
108

[3] Mei Y, Liu Y, Liu C et al. Journal of Alloys & Compounds[J],
2015, 649(3): 949

[4] Sun Haofang (¥M52H4), Tian Sugui(lH 2 57), Jin Ying(4: ).
Rare Metal Materials and Engineering(Fi 45 4 J& ¥ kL 5 T
FE)[J1, 2017, 46(2): 449

[5] Wang Fei(F X). Thesis for Master Degree(Ti 18 3)[D].
Shanghai: Donghua University, 2012: 2

[6] Zhuang Jingyun(J£ 5t =), Du Jinhui(#1: 4:#), Deng Qun(X% #¥).

Microstructure and Properties of the Wrought Superalloy
GH4169(7% I il & 4 GH4169 41415 1 6E)[M]. Beijing:
Metallurgical Industry Press, 2011: 1

[7] Wang Yan(F &), Shao Wenzhu(Hf S3C#E), Zhen Liang(¥ R).
The Chinese Journal of Nonferrous Metals(™ [E A 44> & 2%
#)[J], 2011, 21(2): 341

[8] Wui Xianping( Z{ 5¢ T>), Zheng Wenjie( # 3C 7% ), Song
Zhigang(‘R&EN) et al. Transactions of Materials and Heat
Treatment(M BHAALBL2E3R)[T], 2012, 33(8): 53

[9] Zhang S H, Zhang H Y, Cheng M. Materials Science &
Engineering A [1], 2011, 528(19): 6253
[10] Zhao Xinbao(* %), Gu Yuefeng(#+ H &), Lu Jintao(& 4> ¥%)
et al. Rare Metal Materials and Engineering(¥ifi 4 )& # ¥l 5
TFE)[J], 2015, 44(3): 768
[11] Du Jinhui(#:4:#), Lv Xudong(E B %), Deng Qun(X #f).
Rare Metal Materials and Engineering(Fif3 4z J& M £l 5 1T
FE)[J], 2014, 43(8): 1830
[12] Azadian S, Wei L Y, Warren R. Materials Characterization[J],
2004, 53(1): 7
[13] Wui Xianping, Zheng Wenjie, Song Zhigang et al. Journal of
Iron and Steel Research[J], 2014, 21(3): 375
[14] Lu X, Du J, Deng Q et al. Journal of Materials Research &
Technology[J], 2014, 3(2): 107
[15] Deleume J, Cloué J] M, Andrieu E. Journal of Nuclear
Materials[J], 2008, 382(1): 70
[16] Cai D, Zhang W, Nie P et al. Materials Characterization[J],
2007, 58(3): 220
[17] Zhang Haiyan( 5K if§ #%&), Zhang Shihong(ik +- %), Cheng
Ming(¥2 ). Acta Metallurgica Sinica(4:)&**4%)[J], 2009,
45(12): 1451
[18] Curry D A. Nature[J], 1978, 276(5683): 50
[19] Ritchie R O, Knott J F, Rice J R. Journal of the Mechanics &
Physics of Solids[J], 1973, 21(6): 395
[20] Shu Delin( K 5 4K). Mechanical Properties of Engineering
Materials( L FEA4 K} 1 % PERE)[M]. Beijing: China Machine
Press, 2007: 80
[21] Kong Yonghua(fL7k #£), Li Long(Z 7%), Chen Guosheng([4:
[ ) et al. Rare Metal Materials and Engineering(Fii 42 )&
BRLS TAE)[I], 2010, 39(S1): 472
[22] Editorial Board of China Superalloys Handbook (" [ =il &
ST MImZEL). China Superalloys Handbook( H =il & 4
FMt_-4)[M]. Beijing: Standards Press of China, 2012: 689
[23] Li Hongying(Z=£L %), Zhang Xiwang(7K 4 HE), Ding Chang-
wei( ] ). Journal of Materials Science and Engineering(#4
BERESA 5 TRE2AR)[I], 2008(4): 599
[24] Geng Ping(¥k F*), Zeng Meiguang( ¥4 ), Qian Cunfu(i& A7
i) et al. Journal of Northeastern University( 4 16 K27 %%
HO[I1, 1997(5): 99
[25] GB/T21143[S]. Metallic Materials-Unified Method of Test for
Determination of Quasistatic Fracture Toughness { % J& £ #lE
SRR g — B JTik) . 2007
[26] Lambert-Perlade A, Sturel T, Gourgues A F et al. Metallurgical
& Materials Transaction A[J], 2004, 35(13): 1039
[27] Diaz-Fuentes M, Iza-Mendia A, Gutierrez 1. Metallurgical &



254 FEERREE . 5 AN GHA169 & 4 smI P it 5wt <1475 »

Materials Transaction A[J], 2003, 34(11): 2505 [30] Liang Yu(*# 5%), Xiang Song([] %), Liang Yilong(ZziJ¥)
[28] Zhao M C, Hanamura T, Qiu H et al. Materials Science and et al. Materials Review(#1 K F4R)[J], 2017, 31(2): 77
Engineering A[J], 2005, 395(1-2): 327 [31] Sun Qian(#h #5), Wang Xiaonan(F % Fg), Zhang Shunhu(#
[29] Mcmeeking R M. Journal of Mechanics and Physics of WiFE) et al. Acta Metallurgica Sinica(4: )& ~3)[J], 2013,
Solids[J], 1977, 25(5): 357 49(12): 1501

Influence of 6 Phase on Strength and Toughness of GH4169 Alloy
Shen Jialin'?, Wei Xianyi"?, Xu Pingwei" >, Liang Yilong" >, Zhou Ye"?, Liang Yu'-*?
(1. Guizhou University, Guiyang 550025, China)
(2. The Key Laboratory for Mechanical Behavior and Microstructure of Materials, Guiyang 550025, China)
(3. National & Local Joint Engineering Laboratory for High-performance Metal Structure Material and Advanced Manufacturing Technology,
Guiyang 550025, China)

Abstract: Influence of the ¢ phase on toughness of GH4169 alloy was investigated by fracture toughness Jo,s and instrumented impact
experiment. Results indicate that with the increase of solution temperature from 940 °C to 980 °C, o phase content decreases from 1.54% to
0.045%, and grain size grows up from 12.59 to 35.21 pm. J phase content has no obvious eftect on the strength of the material, but the fracture
toughness Jyg increases from 112 kJ/m? to 355 kJ/m’, and the impact toughness increases from 35 J to 75 I. § phase is mainly distributed along
the grain boundary, and there is no strengthening phase precipitation around it. The zone with no strengthening phase near the grain boundary will
be formed, which promotes the crack propagation along the grain boundary. Moreover, the ¢ phase itself is the intermetallic compound. Under
certain plastic deformation conditions, it is easy to separate from micro plastic zone and form a cavity. In the micro plastic zone, the cavities are
rapidly interlinked to form a crack, and the crack grows along the grain boundary with the cavity, which reduces the crack propagation resistance
and accelerates the crack propagation. Therefore, the presence of 0 phase provides an extended channel for the crack and reduces the toughness of
the material.
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