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Table 1 Composition of experimental materials (w/%)

Materials Cr Co Mo W Al Nb C Ce Mn Si B Ni
FGH4096 16.0 13.0 4.0 4.0 2.2 0.8 0.02 - - - - Bal.
GH4133B 20.0 - - - 1.0 15 0.03 0.01 0.3 0.3 0.03 Bal.
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Fig.1 Typical microstructures of experimental materials:
(a) powder metallurgy superalloy FGH4096 (HIPed bar)
and (b) wrought superalloy GH4133B (hot rolled bar)
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Fig.2 Typical microstructures of P/M-solidified-wrought
complex structure processed after electron beam
welding: (a) P/M-solidified-wrought complex structure,
(b) P/M-solidified boundary, and (c) solidified-

wrought boundary
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Fig.3 Comparison of flow behaviors between P/M-solidified-
wrought complex structure and base materials: (a) 1020 C,
1 s (b) 1020 °C, 0.1 s (c) 1020 C, 0.01 s*; and (d)
1020 C, 0.001 s™
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Fig.4 Comparison of deformation activation energy (Q) between
P/M-solidified-wrought complex structure and base

materials
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Fig.5 Microstructures of P/M-solidified-wrought complex structure at deformation temperatures: (a) 1020 “C, (b) 1090 C, and

(c) 1140 C
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Fig.6 Microstructures of P/M-solidified-wrought complex structure at strain rates: (a) 1 s™, (b) 0.1 s, and (c) 0.001 s*
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Fig.7 Schematic illustration of microstructure evolution of P/M-solidified-wrought complex structure after isothermal forging

4 £ i
1)&%%*%@ S NTGM R B RS 4
FA R, R LT R AR S YR T@mﬁﬁﬁﬁ

kb -H%-4 451 .

2) %t 1"]'5$ BEM AR 22 B SR ABL U AR A,
BV Bl A i A (1 38 i 3, Ik B A fE
BN, ARSI . B, EMFE
PEBTZMET, “WMiB-8%-4%" ML N KT
FGH4096 ¥ K14 & & B .%? GH4133B A
BEEM. RN, “Bia-%-8mEmegs T
GH4133B £t4. kT FGH4096 BFF, i B1i% 45 HIH
TBOE A 5 72 BE A T WM BEM 2 1]

3) SRR TLH G kv -5 -4 I &N RRAE X 3
W RAEHLGEAL . “Bib-55-48 7 S EiE i Of
ZX) &ﬁ%ﬂ%ﬁévmﬁﬂﬁﬁ%mﬁ%ﬁﬂk\ B5. Ak

MAF R RATR, AN K, B, HBEER
e AL K R AR R AR TE 5 43 B4l N 3 AT M A
LY ST

S ik References

[1] Humphreys F J, Hatherly M. Recrystallization and Related
Annealing Phenomena, 2nd ed[M]. Amsterdam: Elsevier,
2004: 10

[2] Reed R C. The Superalloys Fundamentals and Applications
[M]. Cambridge: Cambridge University Press, 2006: 6

[3] Tian GF,Jia C C, LiuJ T et al. Mater & Des[J], 2009, 30: 433

[4] Gabb T P, Kantzos P T, Telesman J et al. International

Journal of Fatigue[J], 2011, 33: 414

[5] Mourer D P, Raymond E, Ganesh S et al. Superalloy[M].
Warrendale, PA: TMS, 1996: 637

[6] Simpson T M, Price A R, Browning P F et al. Advanced
Technologies for Superalloy Affordability[M]. Warrendale,
PA: TMS, 2000: 350

[7] John M H, Timothy E H, Wilford H C et al. Dual Alloy Disk
System, US Patent, 5106012[P]. 1992

[8] Klotz U E, Henderson M B, Wilcock | M et al. Mater Sci &
Tech [J], 2005, 21: 218

[9] Tsuda O, Kanamaru N, Furuta S et al. Metal Powder
Report[J], 1991, 46: 31

[10] Ning Y Q, Yao Z K, Liang X M et al. Mater Sci Eng A[J],
2012, 551: 7

[11]Ning Y Q, Yao Z K, Guo H Z et al. Mater Sci Eng A[J],
2010, 527: 6794

[12] Sellars C M, Tegart W J. Acta Metall [J], 1966, 14: 1136

[13] Ning Y Q, Yao Z K, Fu M W et al. Mater Sci Eng A[J],
2011, 528: 8065

[14] Ning Y Q, Fu M W, Yao W. Mater Sci Eng A[J], 2012, 539:
101

[15] Ning Yongquan(T:7k£X), Yao Zekun(@k&E ). Acta Metal
Sin(%:J& % 4k)[J], 2012, 48: 1005

[16] Ning Y Q, Yao Z K, Guo H Z et al. J Alloy & Comp[J],
2014, 584: 494

[17] Ning Y Q, Yao Z K, Guo H Z et al. J Alloy Compd[J], 2013,
557: 27



+532 . A& REMES T 546 4%

Plastic Deformation and Microstructures of Powder/Metallurgy-Solidified-Wrought
Complex Structure

Ning Yongquan ', Yuan Shichong ?, Sun Chaoyuan 2, Zhao Zhanglong *, Yao Zekun*, Guo Hongzhen*
(1. Northwestern Polytechnical University, Xi’an 710072, China)
(2. China National Erzhong Group Co., Deyang 618000, China)

Abstract: Wrought superalloy GH4133B with equiaxed grains has been selected as bore material and P/M superalloy FGH4096 with PPB
nets as rim material for a dual-alloy turbine disk. Then electron beam welding was conducted on as-polished superalloys. Results show
that the weld region possesses the characteristics of base metals (both powder superalloy and wrought superalloy), where obvious
solidified structures exist. P/M-solidified-wrought (P/M-S-W) complex structure is obtained. Cylindrical compression specimens were
machined from the central position of P/M-S-W complex structure. A series of isothermal compression tests were performed on a
thermo-simulation machine. Based on the compression results and the related analyses, plastic deformation and microstructure evolution
of P/M-S-W complex structures were investigated.

Key words: dual-alloy turbine disk; P/M-solidified-wrought (P/M-S-W) complex structure; plastic deformation; microstructures
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