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Fig.2 Schematic diagrams of the finite element model for the
superalloy turbine disk forging process: (a) geometric
model; (b) flow chart of the subroutine secondary

development
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Table 1 Finite element simulation scheme of the turbine

disk forging process based on response surface

center composite design

No. Tworkpiece! C Tpie/ C A /s
1 1050 1050 1.95 0.005
2 1050 1050 1.5 0.0275
3 1100 1050 1.95 0.0275
4 1075 950 1.75 0.01
5 1100 1000 1.5 0.0275
6 1000 1025 1.75 0.01
7 1100 1050 1.95 0.005
8 1050 1000 1.5 0.005
9 1075 1025 1.2 0.01
10 1100 1000 1.5 0.005
11 1150 1025 1.75 0.01
12 1100 1050 1.5 0.005
13 1050 1050 1.95 0.0275
14 1075 1025 2.6 0.01
15 1100 1000 1.95 0.005
16 1050 1000 1.95 0.0275
17 1075 1100 1.75 0.01
18 1050 1050 1.5 0.005
19 1050 1000 1.95 0.005
20 1100 1050 1.5 0.0275
21 1075 1025 1.75 0.001
22 1075 1025 1.75 0.05
23 1100 1000 1.95 0.0275
24 1050 1000 1.5 0.0275
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Fig.3 Effects of processing parameters on the grain size distribution of the forged turbine disk
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Fig.4 Numerical statistical line chart of the processing parameters on the average grain size and its standard deviation of the

forged turbine disk: (a) workpiece temperature, (b) die temperature, (c) height-diameter-ratio, and (d) strain rate
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Table 2 Response surface model variation analysis of the
average grain size (AGS) and standard deviation
(SD) of forged turbine disk

F-value P-value R? SIN
AGS 3.56 0.0031 0.9157 6.69
SD 8.42 0.0015 0.9491 12.24
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Fig.5 Response surface mappings of the average grain size of the forged turbine disk as a function of processing parameters:

(a) strain rate vs workpiece temperature and (b) height-diameter-ratio vs die temperature
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Fig.6 Response surface mappings of the grain size standard deviation of the forged turbine disk as a function of processing

parameters: (a) strain rate vs workpiece temperature and (b) height-diameter-ratio vs die temperature
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Table 3 Optimized processing parameters for superalloy

disk forging based on response surface method

No. Tworkpiece/ C Tpie/ C A &/s  AGS/um SD
1 1097.19 976.26 2.4016 0.02057 3.60 0.76
2 1097.29 976.23 2.4017 0.02058 3.59 0.76
3 1097.27 976.29 2.4023 0.02056 3.60 0.76
4 1097.17 976.30 2.4020 0.02058 3.59 0.76
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Fig.7 Comparisons and the validation of the simulated microstructure distributions of the superalloy turbine disk before and after
optimization: (a-b) comparisons of the dynamic recrystallization fraction; (c-d) comparisons of the average grain size

distribution; (e-f) comparisons of the real microstructure observed at the core of the turbine disk
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Fig.8 Macroscopic morphology (a) and microstructures (b-f) of the actual forged turbine disk under optimized forming

parameters: (b) the low-magnification section metallographic microstructure; (c-f) microstructures of different marked

position of P1-P4 in Fig.8b, respectively
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Optimization of Forging Processing Parameters of the FGH4113A P/M Super alloy
Turbine Disk Based on Response Surface Method

Wen Hongning', Jin Junsong', Zhang Yiding', Gong Pan', Wang Xinyun', Chen Junzhi', Ma Xiangdong?,
Guo Jianzheng®”
(1. School of Materials Science and Engineering, State Key Laboratory of Materials Processing and Die & Mould Technology,
Huazhong University of Science and Technology, Wuhan 430074, China)
(2. Shenzhen Wedge Central South Research Institute Co., Ltd, Shenzhen 518000, China)
(3. State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China)

Abstract: The macro-micro coupled finite element simulation of the FGH4113A P/M superalloy during the forging process was
carried out. The effects of workpiece temperature, die temperature, height-diameter-ratio of the workpiece, and strain rate on the
microscopic average grain size (AGS) and its distribution uniformity of the forged turbine disks were analyzed by single factor
simulation. Based on the orthogonal experimental design and response surface method, the mapping relationships between
processing parameters and microstructure state variables were established. The AGS and the standard deviation of grain size
distribution were taken as the optimization targets of processing parameters to achieve microstructural control. Then the optimal
processing parameters can be obtained by multi-objective optimization of the established response surface model, listed as: the
workpiece temperature of 1097 °C, the die temperature of 976 °C, height-diameter-ratio of 2.4, and strain rate of 0.021 s'. The
validated finite simulation under this deformation condition was carried out to verify the reliability of the optimization results. The
results show that the forged turbine disk depicts the characteristics of the finer AGS and uniform grain size distribution. This study
can provide the guidelines and reference for process formulation in the production process of high-performance superalloy turbine
disks.

Key words: response surface method; superalloy; turbine disk; optimization of processing parameter
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