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Fig.l1 Schematic diagram of cladding extrusion of powder
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Fig.2 Effect of extrusion temperature on the extrusion process: (a) stress'”; (b) temperature'; (c) extrusion load"!
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Fig.3 Effect of extrusion speed on the extrusion process: (a) stress[S], (b) strain rate!
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Fig.4 Effect of extrusion ratio on the extrusion process'*

"I (c) temperature®; (d) extrusion load"!
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Fig.5 Effect of die angle on the extrusion process: (a) stress'”; (b) strain rate” (c) strain"®; (d) temperature!®;
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Fig.6 Effect of friction factor (a) and heat transfer coefficient (b) on the extrusion load"”
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Fig.7 Microstructures of powder metallurgy superalloy Al before (a—b) and after (c—d) hot extrusion'?: (a, c) images at backscattered electron

mode; (b, d) grain boundary+grain orientation spread images
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Table 1 Suitable hot extrusion process parameters of powder metallurgy superalloys

Complete dissolution

Die preheating Extrusion ) ) Extrusion .
Alloy temperature of y’ Extrusion ratio . Die angle/(°) Ref.
temperature/°C o temperature/°C speed/mm-s
precipitates/°C

LSHR 1157 1066 - [31]
IN100 1185 1150 6:1/9:1/12:1 80 [32-33]

René95 1155 1090-1100 6:1-10:1 - [33]
René88DT 1130 1070-1100 7:1 - [34-35]

René104 1157 1010-1107 3:1-6:1 - [36]
FGH95 1160 1120 6:1/9:1/12:1 - [28, 37]

FGH98 300 1165 1100 40 40 [9]

1080-1120 30-35
WZ-A3 280 1150 4:1-6.5:1 40-60 [14]
1080-1106 3545

WZ-A3 1150 1110 4:14.7:1 20-35 [26]

FGH4113A 300 1150 1100-1125 3.7:1-6.7:1 21-50 45 [8]

Al 1142 1100 5.2:1 - [38]

A3 1150 1150 5:1 - [39]

New four-
generation powder
1180 1090-1100 3040 40 [16]

metallurgy

superalloys




9 1]

£ OANE: ARG SRS T ZS A0 Tk

* 2423

(1) DRX i &£ , FHAK T p M 58 R R - TR TP N
RAAWH RS R ER E X N, & &4 il f R
UFHSURFAIN TR . RN R I i, 357 A 4 1)
N FT N HAr A 35150 AR B s e ik R wp =2 AR T 4
15 G PN SR SR Ly A 58 A VA R I, dRoRL 2 R
AR AR B 2 5 T3 T AR IR T Aokt /), (H AR
TEPT IR R B b A IR R e o 3 — 2D M, iR 41 = S50
BRI AR T y A e VAR . BN MR G
AR T y MV FR I E BT A K SR A S Ak Ty WA
X o i FEAL ARV MR I — 2y A AT DAET 3L 8 O E BRIk dfokr
KK, AU TEEMEERIE. RN, BEERENZS T
DRX R E . FOMTE GRS X (8] PN, dfok i) LA 7 43 & AE
ghdnmi A SR AR, S A0 ROKEBE R R 5 45 517 o A 2
BEADIERE T, B k& @A TR BT KT 154 ) R
PRI R AR IR . R 1A ANEF R IR (I Ya R -y A
FEA IR AR E 150 C~yFH5E VRIS , K28 & &M
eI E N 1100 “CFlyAH 58 A ¥ iR FE—60 C .

KT T8 R B, wl i #on TR SRR A A
S A AR RN T O, AR I T O & e A E B
JRIEPE . 35 H s MR A3 1 XA N S 5 — NI 1 5
1B, BUATERAR MBI R , 55 R 2 B B M 1 B
IR RN LS A ¥ 5 o AHBE R R IR, M A 2 i
TR 2 KM R o (RGP S B e 3 B A 5 s
WAL 353 A 3853 5 [R) I EEAE 55 e i b P 30 0L 8 350 &) Ak
R ORFF— IR 2 [ — AP, B3R 1 el Ak ok
R B BT R FE IR HGE LA 20~80 mm/s, K £ &
S BRI A 40 mm/s &£ A

KGR Rk, N TSR 5 R S/ &%
A A A, 5% Bl N TR A 3 1) IX 8] A g % — MK )
BAE . ROAHE RN, SRR AT &/, & 41
PPBs AN AE#E 58 4T B, DRX AN 58 4 . T 4% it ok
I, 55 DN BRI s . A, B I R o)

AhZ 4B I L B (1 B 1R N AN 2 &8 IR sl i 22
AR, X FEERRAR A 50, R, ¥y K sl o
& T b AR — 52 B BT L, 3R A5 2 8 K AR TE & DL
7843 B PPBs I & 2E 5¢ 4x DRXM,  [AIH, { J97 A% i
FE S8 51 53 A, AR 1A HUR K S iR A & B B R B
FEIA 3:1~12:1, 1717 H BT 2 S KWL ZER , H R L
— A NT 6:14%,

KT B IR R, TR AT #F R i R AT e Hh e 5
AN DROAIASE A ORI, B H 1) AR 3 A AN 351 50, 4
By R PR R 4 iR T, BT RS M R T = . AR
T B A P 0 A6 S 55 A vy, 5 0 B 0 A AN 3 290
T G 4 1) Ao RO ST s P R T 0L B 3 T b 0 A AN
YI5T, MR R 2R 2 BRARD . O 18 55 H B A 11 iR
JE At &), 3w R IR 26, R AT # FRI B 1%
REEFRB /IR A B3R 0] R % B0E B A
40°~60°, K Z 5 A SR R 400,

KT IR0 FA AN AL I [, 3% 1 3ok 72 op ORI
BRERFFEE IS Kk, 7R85 50 HORk skt
B2 SR K, PR R AR B B e B - R, M4 ERkbn
T BB PN FAA B B 55 R AL B[R] A g, RIS 7R A
BTN, WRIIR B R A TR BRI, IR i
% I 18] 2L n] BRI, A8 A ) 0 T P R R A 15 MR B
YR Z T BR ), R B () ey 4 e, ) Al i 38 2 42
PRRE N AR St AR UE B T BT IR

TE HIH 25 55 6 S B0 e B 5 5 o] SR 4 4
PRI PR TCASHOURE 45 & 10 07 V5 25 i O R e b AR iR
SR MAGFESE, wE 1 iR, §hRESEN
A T8 AV R T S I S SO R R S K iR
G G AT — 5 U R R AR S Y Bl P (00 A 4 AL 5
5, HZSEIR 23RS A S IR - R I 2R, LA & )
AKE F7 FEFN AN T B 5 SR Ja AR U #n T B #f e — AN A i
BN B 0, o0 BT iZoin e % 82 B A i 21, 3 T

( . o . )
Thermal compression Obtain stress Construction of intrinsic equations and
simulation of superalloys in strain Curves thermal processing maps to determine
hot isostatic state the optimal processing window
\. J

-
Import the verified
intrinsic equations into the
finite element software
-

Obtain a preliminary range of
hot extrusion temperatures and
speeds of the alloy

R )
Analyze the microstructure
corresponding to the optimal

processing window
=y

}

( 4 )
Simulation of temperature and stress-strain fields of alloys under Comparison of simulation results
preliminary hot extrusion parameters in combination to obtain optimal hot extrusion
with equipment tonnage and other conditions parameters of the alloy
\ g )

B bR i & & AR T ES M0

Fig.11 Flowchart of hot extrusion process parameter selection for powder metallurgy superalloys!*'
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Fig.12 Finite element model of cladding extrusion: (a) geometric model; (b—c) advancing processes of pressing stem
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Table 2 Parameter setting for simulation of hot extrusion process of powder metallurgy superalloys
Friction factor Heat transfer Convection
between Friction factor coefficient among coefficient between

Alloy Cladding material ~ Die material ~ extrusion between blank blank, cladding and blank and Ref.

barrel and and cladding die cavity/ environment/

cladding N-s'-mm™-°C" N-s'-mm™-°C"
FGH96 304 stainless steel ~ HI13 steel 0.3 0.3 11 0.02 [18]
FGH98 316L stainless steel - - 0.01 0.2 - [9]
FGH4113A 316L stainless steel Steel 0.12 0.01 5 0.02 [8]
WZ-A3 316L stainless steel ~ H13 steel 0.1 0.5 2 0.02 [14]

New four-generation
powder metallurgy 316L stainless steel - -

superalloys

- - - [16]

Adjustment of optimization 1
program initialization informationJ
i=i+1

Optimization of extrusion
parameters by multi-objective
particle swarm algorithm

Initialization of

Are the set
goals met?

! — Execution of the ith Prediction of
extrusion process =1 extrusion sub-process microstructure
parameters

End of extrusion process Does the final extrusion-
optimization state mlcrostruqturc; meet
the control objectives?

Is the maximum
squeeze stroke
reached?

13 FGH4113A & & # IE T 2R
Fig.13 Optimization flow of hot extrusion process of FGH4113A alloy'”
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K14 GH4096 547 484 5K 57 000 1 SEM EI{Z 1) Bf 2
Fig.14 Stitching image of 484 SEM images with magnification of

57 000 in GH4096 alloy™”
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Fig.15 Workflow for segmentation, identification and extraction of the y’ precipitates in SEM images'”": (a) import image; (b) annotation of y

[39].

matrix and y’ precipitates; (c) model generation; (d) neural network training; (e) model application; (f) extraction of y’ precipitates
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Research Progress on Hot Extrusion Process Parameters of

Powder Metallurgy Superalloys

Wang Jie'?, Jia Jian'?, Liu Zhiling'?, Qu Jinglong"**
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Abstract: Improving the hot working performance of difficult-to-deform alloys, such as powder metallurgy superalloys, is an important way to

improve their formability, yield rate and the development of high performance alloys. Hot extrusion can effectively improve the microstructure of

the alloy and enhance its hot working properties during the preparation process. This paper reviews the research progress on hot extrusion process

parameters of powder metallurgy superalloys in recent years, systematically discusses the influence of hot extrusion parameters on the extrusion

process and microstructure, and summarizes the research work on the selection and optimization of hot extrusion parameters. At present, the

influence of extrusion speed and extrusion ratio on alloy microstructure, numerical simulation of hot extrusion process and optimization of

extrusion device need to be further studied. This paper is used to provide reference for understanding the hot extrusion process and subsequent

engineering practice, and to provide certain theoretical guidance and technical support for regulating the alloy microstructure, optimizing the hot

working process and improving the hot working performance.

Key words: powder metallurgy superalloy; hot extrusion; microstructure; parameter optimization

Corresponding author: Jia Jian, Ph. D., Senior Engineer, High Temperature Materials Research Institute, Central Iron and Steel Research Institute,
Beijing 100081, P. R. China, Tel: 0086-10-62185834, E-mail: ujiajian@sina.com



