Chinese Physical Society
ME#E Acta Physica Sinica .

€D Institute of Physics, CAS

TR R iR A & FGH4095M Byl & R 4R LR 4F1E

IXR B84 WEHK EX BRK R&H

Fabrication and microstucture of spray formed powder metallurgy superalloy FGH4095M
Wang Tian-Tian Ge Chang-Chun Jia Chong-Lin Wang Jie Gu Tian-Fu Wu Hai-Xin

5| {8 & Citation: Acta Physica Sinica, 64, 106103 (2015) DOI: 10.7498/aps.64.106103

{E28 1% View online:  http://dx.doi.org/10.7498/aps.64.106103
AP % View table of contents: http://wulixb.iphy.ac.cn/CN/Y2015/V64/110

AT RE RSB B A L&
Articles you may be interested in

NiZr, AIZr A1 BCr AH Jay g J5 7 R A% R ik
Local atomic short-range-order features of NiZr, AlZr and BCr crystalline phases

Vi3 2242014, 63(6): 066101  http://dx.doi.org/10.7498/aps.63.066101

feili i s T Ag-Mg-Zn 4 <6 I AL S VI TOW 254 5 sl 0 2 P o A 26— P TR 5

First-principles calculations of microstructure and thermodynamic properties of the intermetallic compound
in Ag-Mg-Zn alloy under high pressure and high temperature

YE % 4.2013, 62(1): 016106  http://dx.doi.org/10.7498/aps.62.016106

A I FGHA4095 [ 4 ZUREAE
Microstructure of spray-formed superalloy FGH4095
PP A H%.2012, 61(19): 196101 http://dx.doi.org/10.7498/aps.61.196101

% j:&i‘féﬁiﬁ CU75_15A|24,85 él\él‘z\éﬂé/[{'% EEBH% El"]?"ﬁ”[’ﬂﬂ
Effect of high pressure treatment on microstructure and resistivity of Curs 15Al24 g5 alloy
PP A H%.2012, 61(17): 176103 http://dx.doi.org/10.7498/aps.61.176103

GeSn & 4 1) i ks 1 H00 Vegard 5 2 1 i 2
Lattice constant deviation from Vegard's law in GeSn alloys
YyH 22422012, 61(17): 176104  http://dx.doi.org/10.7498/aps.61.176104


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.64.106103
http://dx.doi.org/10.7498/aps.64.106103
http://wulixb.iphy.ac.cn/CN/Y2015/V64/I10
http://wulixb.iphy.ac.cn/CN/abstract/abstract58471.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract58471.shtml
http://dx.doi.org/10.7498/aps.63.066101
http://wulixb.iphy.ac.cn/CN/abstract/abstract51749.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract51749.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract51749.shtml
http://dx.doi.org/10.7498/aps.62.016106
http://wulixb.iphy.ac.cn/CN/abstract/abstract50113.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract50113.shtml
http://dx.doi.org/10.7498/aps.61.196101
http://wulixb.iphy.ac.cn/CN/abstract/abstract50589.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract50589.shtml
http://dx.doi.org/10.7498/aps.61.176103
http://wulixb.iphy.ac.cn/CN/abstract/abstract50590.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract50590.shtml
http://dx.doi.org/10.7498/aps.61.176104

3 % R  Acta Phys. Sin. Vol. 64, No. 10 (2015) 106103

SR A E R E S FGH4095M 8951 & &
ZH 4OFF(E"

= J N - =R
BEAVT FEMKY EAY AXRY REHY
1) (LSRR R MR R 15 TR B KA & S I HF ST, JE3T 100083)
2) (ALtIbiA T REHHR AT BR A BB, JE5T 100192)

3) (MFE AR AR 5 TR BE, A 610031)

FARRY

(2014 4£ 10 H 26 HYg3; 2014 4 12 A 3 HIREMESHR )

W% 5t T A — T 4 T (R TE A AR & SR S5 AL R B Bt b o JE e SR MU [ R . AR SR FH
SN T B AR 2% 1o A S5 1 FGHA4095M & 42, BFIT 1 W5 i FGHA095M & < TR YR 1K) 3505 2 Rl
SURHE, R AR T W Y il & S 2 U R RS0 o A BRI, 808 B S DU AL %, SR
B B B, Tk 99.63%, PV S I EUE E ATIA 100%. W ROE A 4 AL LI ST AR/ N I o 2, R
TAAE R AR RO A, — Ry MR SF29°50.6—0.8 pum, K4/ MR SFZ10.1—0.5 pm, 76 3K~/ # i 1a) fg
HDERSZ8 1020 nm B =Ry AL BHR R FGH4095M & 4 1) %~/ M HELRRIR TS~ M,
T AN o B RTE R, S5 UTRUS R FRA ZE B G, 3 I AR 2 o/ ORL e B = PRI #2, +/ JukE
B A P2 A F AT 3 32 SAE . X3+ ISR E AT S, 338y SR EABE 0.40 pm 5,
SHB s REY. GeRA MR R ML, EIRBEMHAREERS, By M RPRRRIE AL S B
GGt R pAE m AR B AT 7 AT P A

KR WUNRUE, R iR G e, 414, 4/ M

PACS: 61.66.Dk, 61.72.Mm, 81.05.Zx, 81.70.Bt

15 =

TRFC R RN R BINLEICE, B sl E &
ML AW R R, SHEMR LS 20 s iR & R (—
iR 540840 °C U TAE A FE RA R H T
EEDR. B R EiR S e R s m v AR R
HeApRE B Py AR R R T A 4 ) 4 2SR R R
WA, SR, RIAEE I &% T T ™ kg AL B
T EARSRAFAE JE AR TR L 6 S LR B e 4 2%
TeiF G (B, [ B Sk A A T A 4 ) 2 K R R
B RA. MARBE T EMAENE 5477
A TFF A 45 R FE BIH 1A ] B T R Ao 24 45
ZA.

* [ER H AR S (HHES: 51171016) BEIAGURAEL
T #E/E#H. BE-mail: ccge@mater.ustb.edu.cn

© 2015 FEYIEFS Chinese Physical Society

DOI: 10.7498/aps.64.106103

W3 5 B ¥ (spray forming, SF) & — i fE#7 K
18 SR S5 AR B JE A R e R 1 B ek
AR, E N AN TR, B OB IR 35 5] 0
FEWARHT T SRAGAH /NS5 b 5 45 1 BEAR BU% T 4
I T #AR 5 AR B 5 R Gk K16 & i 151
PR BE — B ECE &, (A — R i O R,
TMARKL, PRI 5 5235 G, A 38 5o b R e 6 T2
AR AR5 3275 Gy AR s A5 o, H AT 2 SEBR
N F 22 B RL ) 4% IR T R A akes B, 2k
TS OE T 2R RIS, Hil, BN EA 2
KA 7O TAE. Bl S, 5 [ 25wt
St T A R B 42 René80, INT18 %5 14T 16
A e =00 B Py Ak 5 23 AR 7 B SR P I
L 2% MR T 2K il & 4 GHT42y, #E47 T K

http://wulizb.iphy.ac.cn

106103-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.64.106103
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 10 (2015) 106103

AT TT AR 10 QbR K 22 B Al - [
AR FH 8 5 1 T2 4 17 FGHA4095 45 il & 4,
O 7 — S Btk e 017 BRSO
A SRE R KRG & mR G SAEE 2 MR
A, AER 5 RS AR AR 6 2 A B (H AT
BERFNHLEL S K 2 78 B R B 26 IR KA 4
WA %), WY T2 M TR B Brih, ms
W T EARGRIRN RG> EE, F 50
e R AS Sl B 4 R OWLZH A 25 A TRIRRAE L 9
FW BRGSO S FLIR R Bk B a2 WA 7
RGN T W OB A mIR S 4, A IR I Rt
SRS T LB T2, T A & v 1 A
(PII SF FSCTE il B  3A BE 0 I A ) A,

TEMCEARMIR T N, AR SCR AW BOE 1. 2]
& 7 AR E 2 — AU R R A 42 FGHA4095 Ak
MU S ) FGH4095M 4 4, F 5% e it 5 1 T 245 1
HERFESEAT T KRG T, B SR B AS
HREIRTE S ' AHEAT B F 50 #.

2 SERATF R %

SIS RE A B — AR R AR A 4 FGH4095 [
Fat b g E % st FGH4095M &4, EE A
SRy (R4 $0%) N Cr 13.00, Co 8.00, Mo 3.50,
Al3.50, Ti 2.50, Nb 3.50, W 3.50, C 0.055, Zr 0.05,
B 0.015, JEEFREILER, REHANIL KHET R
P M - WL I RE A IR DU T 2 ) 45 BE A
T8 I W IR Y LRI ISR R L 2 & W AL

W S5 R AR B FEAE b R N Bl 2k )
BVEURE, AEZE 240420004 fib 4547 B 26 1 )5
o, Al EEEGRFE BRI O, fnoRL LS 1 5 il
#2910 g CuCly4+50 mL HCl+50 mL H,O, J& i
I IE] 7—10 s; o/ MU 7R E 40 Mg o' 5 Ha fi
J& Bl HRL AR G ) 20% Ho S04 +80%CH3OH, il
G B 30—40 s; HLARE AN 9 ¢ CrO3+90 mL
H3PO4+30 mL C,H;OH, J&hifE 3—5 s. FJH
e BB AN R R T BB N T &4
[ 2H SURRAE .

3 WA I IR &

3.1 WISt EIAIRLEE

% B B £ 725 [ Bremen K2 B SK2 3 H |
HEAT, S AR R (No) fEA S S AR, At

FEALE il & R P AR IR R EAT. 93.8 kg 1Y
FGH4095M B} &4 & T IS SR h #2221 Pa,
JEIRIT RN ARG (Ar). HEIR IR R 2
Bl 4, A A i A BN 150 K, B &S TR
1470 °C, Bl 1 (a) 2o N ANEEE SERHR G
JERAE L. A AR IR 1500 °C, [RRBES 4Bt
Hh )BT AR BE R . A A RS 4R v ) L3518
BT W E R, o RS SR BRI AL, i
H ) /6, G 08 14 g 5 P A A e Ll s s o
HH 11 3 0 55 T A 2 3] A B A (1 4 /N 4
TR, BRI B IR e st vl es B,
Bl 1 (b) . MR fE DTS B A HEAR 4l
J& Rl B TR 1 (c) BT R R T
TR,

1 (TR ) B RE T2 8% Kb & milt & & mid
o (a) B AUE SK2 2 H; (b) FALUIRUILHE; (c) Bi5T
OB

Fig. 1. (color online) Spray forming process facility
and preparation process of superalloy: (a) spray form-
ing SK2 facility; (b) process of atomization and depo-

sition; (c) spray-formed billet.
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Fig. 2. Variation on surface temperature of deposited

billet of spray forming process.
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Table 1. Density and relative density of deposited bil-
let and hot isostatic pressed billet.
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Fig. 3. Loose of spray-formed FGH4095M at different
location of billet: (a) top; (b) middle.
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Fig. 4. Microstructure of spray-formed FGH4095M at
different locations of billet: (a) top; (b) middle; (c)

bottom.
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(d) HEAEIRH ~/ MITESR
Fig. 5. Morphology of 7/ particles of spray-formed billet: (a) distribution of primary 7’ particles and
carbides; (b) morphology of secondary «' particles; (c) morphology of fine tertiary 4" particles; (d) splitting

~' particles.

K6 ~ FIMRIIPIFIEDS  (a) B4/ WKL (b) 2 FAPIAN-TATRL T — AR (o) 2 2ONIEIRES
Fig. 6. Different kinds of splitting 7/ particles: (a) a single particle before splitting; (b) single particle splits

into doublet; (c) single particle splits into octets.

7Ty AR BARSERR A RI R (a) S RATII A+ BORL; (b) o/ BURLH BLIMIRA; (c) + FURi4k SRy 2; (d) R
HBAPATREF—H; (e) v/ MFIEIRIRIEIN 2L, (f) 58 BARHEIR LS 40

Fig. 7. 4/ particles at different stages in splitting process: (a) a single particle before splitting; (b) start to
split at its edge; (c) continue to split; (d) split into doublet; (e) particle in the process of splitting into eight

small particles; (f) split into octets completely.
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Fig. 8. Variation of total energy of 4/ particle.

Jibh, WS A 7RI W, kT SRR TR
VERNSLITR, KN a, i TfbRERFIE. 5%

T HAF IR AR RN By = —ALV 20 LYy
BT IR, A9 2B PSR T BB T A BR
A Lo, 4 3 A MEAEIRRL T HIBL 710 B A L, 4,
BRUIRZS T IR 2 A B T kA R
Ey = VEia(P) + 67sa®, (5)
Ey = VEia(P) + 8ysa* — ALsad?, (6)
By = VEina(P) + 12y5a* — ALga®.  (7)
4B < By, fta> O 4 By < By, W4
ALo
0 > gt P A L D5 A
Dy, Ik JE B RIE RIS B3 B B AR, 17 %t/
TR T[] B HEAT IR N AT
s R Tt T 5ot S 6 459 1 9 L A B P SR
%433y MBS R B AR AT B SRR E]. RN
WA BURE ' M B 5 ) /0 B, T i3k B AT St S
H, Bk, SR A MRS HEAT S0, BT
TEMR A" HITE SN, SR 4520 4% d Fom A R
St/ MR SF, B DL R 3078 34 L

HC R

Tt

Hop AR~ R, A Image] A4S 1T
AL T 24 ARITTEAR, T4 2 I
FITHEAEAR ' AR 1) S5 38 B4R, H A= 434 ¥
9 flos.

0
0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
SRy R AR /um

Ko WL RILRIIMEIEIR ~ A5 R B ARSI 7 A7 ]
Fig. 9. Frequency distribution of the average equiva-

lent diameter of the splitting +/ particles.
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Fig. 10. Precipitation temperature of v’ phase calcu-
lated by JMatPro.
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Table 2. The research of tensile property at room tem-
perature and high temperature of FGH4095M.
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Abstract

Spray forming is a kind of near-net-shaped rapid solidification process based on powder metallurgy gas atomization
technology. In this work, the FGH4095M is fabricated by spray forming. The pre-alloy is prepared by vacuum induction
melting and vacuum arc remelting techniques. Then the alloy is sprayed by SK2 facility with atomization gas nitrogen
at University of Bremen in Germany. In this paper we study the density and microstructure of the spray-formed billet,
especially the special morphology of 7' phase. The results show that density is associated with different parts of the
deposited billet. The relative density of the bottom part is higher (99.63%) than those in the other parts. The relative
density of top part (98.91%) is lowest. After hot isostatic pressing, the relative density can be up to 100%. Uniform and
fine equiaxed grains are the remarkable morphology of spray-formed alloy without prior particle boundary. The sizes of
grains are in a range of about 1040 pm and the grains at bottom part of billet are finest. The grain sizes of primary 7'
phase are in a range of about 0.6-0.8 um, and the grain sizes of secondary v’ phase in a range of about 0.1-0.5 um as
well as dispersed spherical tertiary 4" particles with the sizes of 10-20 nm. The special morphology of secondary ' phase
occurs with the splitting of 4 particle, which is related to the low cooling rate of the depositing process. The splitting
behavior reduces the total energy of v' particle. Total energy of 4 particle includes elastic interaction energy, elastic
strain energy and surface energy, among which the elastic strain energy is invariable. The surface energy increases with
the splitting process and the elastic interaction energy reduces. The effect of elastic interaction energy on particles is the
major reason why the total energy is reduced. The trend of splitting behavior is analyzed by calculating the equivalent
diameter of splitting +' particle. It indicates that when the equivalent diameter is over 0.40 pm, there is the possibility
to split. Subsequently, spray-formed FGH4095M billet is treated by hot isostatic pressing, isothermal forging and heat
treatment process to obtain the FGH4095M alloy turbine disk. The research of tensile property of FGH4095M alloy
turbine disk shows an excellent property either at room temperature or at high temperature for the optimized alloy. The

relationship between special morphology of 4" phase and excellent property needs further investigating.

Keywords: spray forming, powder metallurgy superalloy, microstructure, 7' phase
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