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Fig.1 Microstructures of the as-forged FGH4113A alloy: (a) grain structure and (b-d) y' phase
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Fig.2 y'phase statistic results of the as-forged FGH4113A alloy, (a) statistical image, (b) size distribution of y’ phase (the abscissa is the median

of the interval), (c) y’ phase with equivalent diameter greater than 1 pum, and (d) area fraction of y’ phase with different diameters (the

abscissa is the median of the interval)
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Fig.3 Microstructures of y’ phase of as-forged FGH4113A alloy at different temperatures after direct sub-solution heat treatment: (a-c) 1000 C,
(d-f) 1050 °C, and (g-i) 1100 ‘C
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Fig.6  Microstructures of y' phase of as-forged FGH4113A alloy after two-step sub-solution heat treatments at different temperatures:
(a-c) 1000 C, (d-f) 1050 “C, and (g-i) 1100 C
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Table 2  Statistic results of y’ phase of small samples after direct sub-solution and two-step sub-solution heat treatments
Large y’ phase Small y’ phase Dissolve of y’ phase
Heat treatment Schedule - - - - -
Diameter/nm  Area fraction/% Diameter/nm  Area fraction/% Area fraction/%
As-forged, FC 1391+900 28.8 1794121 8.8 -
Direct 1000°C, AC 15564959 26.6 205+117 9.1 1.8
sub-solution 1050°C, AC 17044807 20.2 194488 5.9 114
1100°C, AC 19544937 18.5 - 0.9 18.1
As-forged+1120 ‘C+80 ‘C/min 14314730 16.3 134470 12.8 8.4
Two-step 1000 'C, AC 14974664 10.6 116454 144 125
sub-solution 1050 'C, AC 14344726 13.8 171464 5.9 17.8
1100 'C,AC 16594635 14.4 188+36 3.3 19.8
Note: FC—furnace cooling; AC—air cooling
1200 1800
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Fig.13 Comparisons of tensile properties at 550 ‘Cof FGH4113A alloy after direct sub-solution+aging (1) and two-step sub-solution+aging (2):
(a) yield strength and tensile strength; (b) engineering stress-strain curves
[ y'FHLHZR, $EiR FGHAL13A &4 MPifsm . FGH4A113A A8 U g AL T2 [ 5E o
A4 G A+1120 *C/2 h, 80 “C/min+1000 C+815 ‘C/8 h
I 28 AL B 550 °C i ke L AN Sz o B 4 iy TG A
+1000 ‘C+815 C/8 h Iy & #ab 2, WK 13,

3 & i

1) BiERE 4% 1000, 1050, 1100 °CE B %
PACFRTHR SRR, y AR IR, d A AR E

2Ewlk  References

[1] Reed R C. The Superalloys Fundamentals and Applications[M].
Cambridge: Cambridge University Press, 2006: 73

[2] Kozar R W, Suzuki A, Milligan W W et al. Metallurgical &
Materials Transactions A[J], 2009, 40(7): 1588

[3] Galindo-nava E I, Connor L D, Rae C. Acta Materialia[J], 2015,

iF 2 A Oswald ZALALHIFT PAM ALHI4RE 5, AR FE A 98: 377
Xt . FE2 1100 CH, &N EE D3y . [4] Collins D M, Stone H J. International Journal of Plasticity[J],
2) B A 4% 1120 'C/2 h, 80 ‘C/min ME[EH % il 2014, 54: 96

P H S, FHFHEZE 1000, 1050, 1100 °C 3V [F i H kb 3
Rt FEeR, W pMAEZZ L Oswald B AL HLE]IA
5, yHRSHAI R E, TR T B

3) JEi = IR ARG AR5, FGHA113A &4y

FHES VI EIHLEFISR D) FIL I R 5T 20 40 nme A7
PRSP 40 nm, A IE 98 B

4) it 54 4+1000 “C+815 “C/8 h [{I#f i 7 550 C
PR L T B A4 4:+1120 °*C/2 h, 80 ‘C/min+1000 ‘C+
815 C/8 h B dh. Z& R LUH T8 S KR nfefit

[5] Goodfellow A J, Galindo-nava E |, Christofidou K A et al.
Metallurgical & Materials Transactions A[J], 2017, 49A: 718

[6] Goodfellow A J. Materials Science and Technology[J], 2018,
34(15): 1793

[7] Goodfellow A J, Galindo-nava E I, Schwalbe C et al. Materials &
Design[J], 2019, 173: 107760

[8] Ning Y, Yao Z, Fu M W et al. Materials Science and Engineering
A[J], 2011, 528(28): 8065

[9] Ning Y, Fu M W, Yao W. Materials Science and Engineering A[J],



%5 3

RSG5 55 I ] 8 P Ak B ) — i B AR EOR oK il & R e AL IBS B R I

s 777

2015, 539: 101

[10] Song Xiaojun(A#%f4), Fang Shuang(5 %K), Dong Yunpeng(%<
) et al. Hot Working Technology(¥in L . 25)[J], 2015,
44(13): 42

[11] Payton E, Wang G, Ma N et al. Superalloys 2008[C]. Pennsylvania:
The Minerals, Metals & Materials Society, 2008: 975

[12] Tian G, Jia C, LiuJ et al. Materials & Design[J], 2009, 30: 433

[13] Cheng Junyi(F&f& ), Xiong Jiangying(REIL¥%), Liu Zhaofeng (1l
iif]I%) et al. Rare Metal Materials and Engineering(#54 4= @ #1 %}
5T, 2023, 52(2): 699

[14] Ricks R A, Porter AJ, Ecob R C. Acta Materialia[J], 1983, 31: 43

[15] Cheng Junyi(F£1& X), Zhu Lihua(4<374E), Ma Xiangdong(Z It
%) et al. Rare Metal Materials and Engineering (Fi 5 4 /@ A1k}
5THH[I], 2022, 51(10): 3722

[16] Babu S S, Miller M K, Vitek J M et al. Acta Materialia[J], 2001,
49(20): 4149

[17] Sarosi P M, Wang B, Simmons J P et al. Scripta Materialia[J],
2007, 57(8): 767

[18] Wen Y H, Simmons J P, Shen C et al. Acta Materialia[J], 2003,
51(4): 1123

[19] Wen Y H, Wang B, Simmons J P et al. Acta Materialia[J], 2006,
54(8): 2087

[20] Singh AR P, Nag S, Hwang J Y et al. Materials Characterization[J],

2011, 62: 878

[21] Singh A R P, Nag S, Chattopadhyay S et al. Acta Materialia[J],
2013, 61: 280

[22] Klepser C A. Scripta Metallurgica Et Materialia[J], 1995, 33(4):
589

[23] Fan X, Guo Z, Wang X et al. Materials Characterization[J],
2018, 139: 382

[24] Boettinger W J, Kattner U R, Moon K W et al. Methods for
Phase Diagram Determination[M]. USA: Elsevier, 2007: 151

[25] Roy I, Balikci E, Ibekwe S et al. Journal of Materials Science[J],
2005, 40: 6207

[26] Vogel F, Cheng J, Liang S B et al. Journal of Alloys and
Compounds[J], 2022, 919: 165845

[27] Masoumi F, Shahriari D, Jahazi M et al. Scientific Reports[J],
2016, 6: 28650

[28] Lifshitz I M, Slyozov V. Journal of Physics & Chemistry of
Solids[J], 1961, 19(1): 35

[29] Wagner C. Berichte Der Bunsengesellschaft FUr Physikalische
Chemie[J], 1961, 65(7-8): 581

[30] Hither W, Reppich B. Materials Science and Engineering A[J],
1979, 39(2): 247

[31] Thomas G. Strengthening Methods in Crystals[M]. Amsterdam:
Elsevier, 1971

Effects of Two-Step Sub-solution Heat Treatment on Microstructure of New As-Forged
Nickel-Based Powder Superalloy Turbine Disc

Liu Zhaofeng™?, Cheng Junyi'? Ma Xiangdong?, Xiao Lei® Guo Jianzheng'? Feng Ganjiang™?
(1. State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China)
(2. Shenzhen Wedge Central South Research Institute Co., Ltd, Shenzhen 518035, China)

Abstract: The effect of two-step sub-solution heat treatment process on the y' phase microstructure of a novel nickel-based powder metallurgy
superalloy FGH4113A(WZ-A3) was studied. The results show that the cooling rate of large-size forged turbine disc is lower after forging, and
the size distribution of y’ phases is from about 100 nm to 4500 nm. Small samples were taken from the disc for heat treatment experiments. When
the samples are heated to 1000 and 1050 °C, the total proportion of y’ phases decreases, and the evolution mechanism shows signs of Oswald
coarsening mechanism and PAM mechanism. When the sample is heated to 1100 °C, the intracrystalline y’ phase is completely dissolved. If
two-step sub-solution heat treatment process is used, the sample is first heated to 1120 °C for 2 h followed by rapid cooling, and then heated to
1000, 1050 or 1100 °C. The total proportion of y’ phases decreases. The evolution of intracrystalline y’ phases is dominated by the Oswald
coarsening mechanism, and its morphology and size are relatively stable during the heating process. The testing rods were cut from the disc and
went through experiments: as-forged state+1000 °C (without heat preservation)+aging heat treatment and as forged state+1120 °C/2 h+aging heat
treatment. The tensile tests were conducted at 550 °C. The yield and tensile strengths of the latter one are significantly higher than those of the
first one, and this can be treated as a reference for dual-performance heat treatment process design of large-size turbine discs.
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