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This work is concerning a methodology of Ni-base superalloy development for a very high temperature
gas-cooled reactor(VHTR) using design of experiments(DOE) and thermodynamic calculations. Total 32
sets of the Ni-base superalloys with various chemical compositions were formulated based on a fractional
factorial design of DOE, and the thermodynamic stability of topologically close-packed(TCP) phases of
those alloys was calculated by using the THERMO-CALC software. From the statistical evaluation of the
effect of the chemical composition on the formation of TCP phase up to a temperature of 950 oC, which
should be suppressed for prolonged service life when it used as the structural components of VHTR, 16
sets were selected for further calculation of the mechanical properties. Considering the yield and ultimate
tensile strengths of the selected alloys estimated by using the JMATPRO software, the optimized chemical
composition of the alloys for VHTR application, especially intermediate heat exchanger, was proposed for

a succeeding experimental study.

Keywords : design of experiments, intermediate heat exchanger, Ni-base superalloy, thermodynamic calculation,
very high temperature gas-cooled reactor,
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METHODOLOGY OF NI-BASE SUPERALLOY DEVELOPMENT FOR VHIR USING DESIGN OF EXPERIMENTS AND THERMODYNAMIC CALCULATION
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Fig. 1. Mass fraction of thermodynamically stable phases of the superalloy with the chemical composition of 24 wt% Cr, 17
wt% Co, 12 wt% Mo, 0.5 wt% W and 0.08 wt% C calculated as a function of temperature by using THERMO-CALC software.
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Table 1. Mass fraction of TCP phase of Ni-base superalloys with different chemical compositions calculated by using THERMO-CALC

software
Order Chemical composition(wt%) Mass fraction of TCP phase
Cr Co Mo 4 Ta C 900 C 950 C

1 22 11.5 10 0 0 0.08 0 0

2 24 11.5 10 0 0 0.12 0 0

3 22 17.0 10 0 0 0.12 0 0

4 24 17.0 10 0 0 0.08 0.017 0

5 22 11.5 12 0 0 0.12 0.013 0

6 24 11.5 12 0 0 0.08 0.05 0.007
7 22 17.0 12 0 0 0.08 0.046 0.004
8 24 17.0 12 0 0 0.12 0.067 0.028
9 22 11.5 10 0.5 0 0.12 0.018 0.006
10 24 11.5 10 0.5 0 0.08 0.032 0.018
11 22 17.0 10 0.5 0 0.08 0.028 0.012
12 24 17.0 10 0.5 0 0.12 0.04 0.021
13 22 11.5 12 0.5 0 0.08 0.05 0.025
14 24 11.5 12 0.5 0 0.12 0.065 0.038
15 22 17.0 12 0.5 0 0.12 0.061 0.034
16 24 17.0 12 0.5 0 0.08 0.089 0.059
17 22 11.5 10 0 1 0.12 0 0

18 24 11.5 10 0 1 0.08 0.015 0

19 22 17.0 10 0 1 0.08 0.012 0

20 24 17.0 10 0 1 0.12 0.032 0

21 22 11.5 12 0 1 0.08 0.044 0.002
22 24 11.5 12 0 1 0.12 0.065 0.026
23 22 17.0 12 0 1 0.12 0.062 0.025
24 24 17.0 12 0 1 0.08 0.094 0.059
25 22 11.5 10 0.5 1 0.08 0.028 0.013
26 24 11.5 10 0.5 1 0.12 0.039 0.022
27 22 17.0 10 0.5 1 0.12 0.035 0.017
28 24 17.0 10 0.5 1 0.08 0.058 0.034
29 22 11.5 12 0.5 1 0.12 0.06 0.033
30 24 11.5 12 0.5 1 0.08 0.089 0.058
31 22 17.0 12 0.5 1 0.08 0.085 0.055
32 24 17.0 12 0.5 1 0.12 0.102 0.073
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Fig. 2. Normal probability plot of the effects of the composition of chemical elements on the mass fraction of TCP phases at
950 °C with 95 % confidence interval, calculated by MINITAB software.
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Fig. 4. Normal probability plot of the effects of the composition of chemical elements on the ultimate tensile strength(UTS)
at (a) 25 °C and (b) 950°C with 95% confidence interval, calculated by MINITAB software.
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Table 2. Mass fraction of TCP phase of Ni-base superalloy with different chemical compositions calculated by using THERMO-CALC
software, and their yield strength(YS) and ultimate tensile strength(UTS) estimated by using JMARPRO software

. . Mass fraction of Mechanical properties at
Order Chemical composition(wt%) TCP phase 25°C /950p 0 ?MPa)

Cr Co Mo W Ta C at 950 C YS UTS
1 22 11.5 10 0 0 0.08 0 398.7/49.4 783.0/49.7
2 24 17.0 10 0 0 0.08 0 417.6/55.5 806.3/55.8
3 24 11.5 12 0 0 0.08 0.007 420.6/52.5 810.0/52.9
4 22 17.0 12 0 0 0.08 0.004 420.9/55.2 810.4/55.6
5 24 11.5 10 0.5 0 0.08 0.018 413.3/51.6 801.2/51.9
6 22 17.0 10 0.5 0 0.08 0.012 408.9/54.1 795.7/54.4
7 22 11.5 12 0.5 0 0.08 0.025 417.3/51.5 806.0/51.8
8 24 17.0 12 0.5 0 0.08 0.059 429.9/58.1 821.2/58.4
9 24 11.5 10 0 1 0.08 0 422.1/48.7 811.8/49.0
10 22 17.0 10 0 1 0.08 0 417.0/51.3 805.7/51.6
11 22 11.5 12 0 1 0.08 0.002 425.1/48.6 815.4/48.9
12 24 17.0 12 0 1 0.08 0.059 436.4/55.1 828.9/55.4
13 22 11.5 10 0.5 1 0.08 0.013 413.9/47.7 801.8/48.0
14 24 17.0 10 0.5 1 0.08 0.034 430.7/53.9 822.1/54.2
15 24 11.5 12 0.5 1 0.08 0.058 433.3/50.8 825.2/51.2
16 22 17.0 12 0.5 1 0.08 0.055 433.4/53.6 825.3/53.9
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Fig. 5. Main effect plots of the effects of the composition of chemical elements on the ultimate tensile strength(UTS) at (a)

25 °C and (b) 950 °C, calculated by MINITAB software.
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