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

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 U, 20 min, WC (water cooling) 720 U, 8 h (60 U/h)-620 U, 8 h, AC (air cooling) 940 U, 20 min 

2 940 U, 60 min, WC 720 U, 8 h (60 U/h)-620 U, 8 h, AC 940 U, 60 min 

3 960 U, 20 min, WC 720 U, 8 h (60 U/h)-620 U, 8 h, AC 960 U, 20 min 

4 960 U, 60 min, WC 720 U, 8 h (60 U/h)-620 U, 8 h, AC 960 U, 60 min 

5 980 U, 20 min, WC 720 U, 8 h (60 U/h)-620 U, 8 h, AC 980 U, 20 min 

6 980 U, 60 min, WC 720 U, 8 h (60 U/h)-620 U, 8 h, AC 980 U, 60 min 
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¢ 1  GH41695£¤¥¦� SEM§¨ 

Fig.1  SEM morphologies of GH4169 alloy under different heat treatment: (a) 940 U, 20 min; (b) 960 U, 20 min; (c) 980 U, 20 min;  

(d) 940 U, 60 min; (e) 960 U, 60 min; (f) 980 U, 60 min 
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Table 3  Volume fractions of δ phase and average grain size for samples after heat treatment 

Sample 940 U, 20 min 940 U, 60 min 960 U, 20 min 960 U, 60 min 980 U, 20 min 980 U, 60 min 

δ phase, v

f

/% 1.08 1.54 0.147 0.624 0.045 0.069 

Grain size/µm 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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¢ 5  GH41695B®J;����}©ª(J-∆a©ª) 

Fig.5  Curve of J-∆a for GH4169 alloy treated at 940 U, 60 min 
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Table 4  Experimental results of fracture toughness for GH4169 alloy 
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Fig.6  Fracture SEM morphologies of the toughness test sample for GH4169 alloy under different heat treatment: (a) 940 U, 60 min,  

(b) 960 U, 60 min, and (c) 980 U, 60 min 
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Fig.7  Force-displacement curves of instrumented impact samples 

for GH4169 alloy 
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Table 5  Experimental results of instrumented impact for GH4169 alloy 

Sample Impact energy, a

k

/J Crack propagation energy, a

k2 

/J a

k2

/a

k

, R/% 

940 U, 20 min 35.36 18.26 51.64 

940 U, 60 min 41.59 20.4 49.05 

960 U, 20 min 77.19 43.12 55.86 

960 U, 60 min 52.27 28.66 54.83 

980 U, 20 min 78.84 43.42 55.07 

980 U, 60 min 75.31 42.25 56.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

¢ 8  ?@B®:¯ SEM§¨ 

Fig.8  Fracture SEM morphology of the impact samples for GH4169 alloy: (a~d) 940 U, 60 min, (e) EDX analysis confirming the δ phase on the  

fracture surface, (f, g) 980 U, 60 min 
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¢ 9  GH41695 940 U, 60 minB®Jµ¶ TEM§¨>·o¸¹º»¼® 

Fig.9.  TEM morphology (a) and composite SAED patterns of γ″ phase (b) and δ phase (c) in GH4169 alloy under heat treatment at 940 U for 60 min 

 

 

 

 

 

 

 

 

 

 

¢ 10  δFI;���JKL 

Fig.10  Effect of δ phase on crack propagation of GH4169 alloy under heat treatment at 940 U for 20 min: (a) the δ phase changed the path of 

crack propagation and (b) the crack passed through the cavity 
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¢ 11  GH41695:;<$B®;���w° 

Fig.11  Crack path morphologies at crack growth tips of fracture toughness specimens for GH4169 alloy under heat treatment at 940 U for 60 min 
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Abstract: Influence of the δ phase on toughness of GH4169 alloy was investigated by fracture toughness J

0.2BL

 and instrumented impact 

experiment. Results indicate that with the increase of solution temperature from 940 °C to 980 °C, δ phase content decreases from 1.54% to 

0.045%, and grain size grows up from 12.59 to 35.21 µm. δ phase content has no obvious effect on the strength of the material, but the fracture 

toughness J

0.2BL

 increases from 112 kJ/m

2

 to 355 kJ/m

2

, and the impact toughness increases from 35 J to 75 J. δ 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 δ 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 δ phase provides an extended channel for the crack and reduces the toughness of 

the material. 

Key words: GH4169 alloy; δ phase; strength and toughness; crack propagation 
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