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Fig. 2 Three geometric illustrations of novel double cone specimen and effective strain profile: (a), (d) Size a; (b), (e) Size b; (c), ()
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Table 1 Simulated results with different H values of novel l
double cone specimen g
H/mm Fradlt Effective strain “E’
4 13.6 0.412-2.18 g [ g
5 104 0.282-1.84 |
6 8.35 0.213-1.61
6.35 6.68 0.201-1.53

Note: H—Height of double cone specimen; F,,—Maximum Effective strain/

(mm-mm™)
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ST RORE A SR L AR T O BANS A T D RS Fig. 3 Designed double cone and profile of effective strain
RN AREAE, WA RSF T 3(a)fs, (900 C, 8.0 (900 C, 8.0 mm/s): (a) Geometric illustration of designed
mm/s)A8 JE J5 I 55 N AR 73 A W 3(0) BT o double coneg; (b) Profile of effective strain
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Fig. 4 Predicted strain evolution of deformed double cone (980 ‘C, 0.01 s™): (a) Step 20; (b) Step 50; (c) Step 80; (d) Step 100
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Fig. 5 Deformation process of double cone specimen
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Fig. 9 OIM map and orientation analysis of double cone specimen at different deformation parameters (0.05 s '): (a) 1000°C, 0.01
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Table 2 Number and frequency of grain boundaries with various misorientations of double cone specimen at different deformation

parameters
Number (frequency, %)
Misorientation/
©) (1000 C, (1000 °C, (1000 C, (1000 C, (1000 C, (1040 C,
001s',0mm) 00Is',3mm) 00ls’,6mm) 00ls'9mm) 0.01s"' 12mm) 0.01s", 12mm)

<5 10 (5.6) 126 (22.3) 203 (13.3) 15 (11.5) 11 (6.5) 8 (4.3)
6-10 1 (0.6) 11 (2.0) 15 (9.0) 1 (0.8) 1(0.6) 1(0.5)
11-15 1 (0.6) 4(0.7) 23 (1.5) 1 (0.8) 1(0.6) 1 (0.5)
=16 165 (93.2) 423 (75.0) 1289 (84.2) 113 (86.9) 155 (92.3) 187 (94.7)

GEHIER Y WA R 13.3%F0 11.5%, WK 9(c)FI(d)T
ANy REER R E AR AN it TR R AR, S
KEAFERTE, @AEE D KA Rk
92.3%, EmRLN AT RIAEE S, H 5 ETIR G B
ML, FZRAENR 6 HIZEAEAT 4 EBSD Al
F, nEes EBSD MG IO SN 2R
KERIR 6 A TE RS 08, JLA2 AROIR SR AR 4 Jkir/
FiER o AHER(E)A, Wi 9(e)Fi; £:(1040 C,
0.01 s™)AMFAR I I vt 3 f2 WL B 4 £ TR Fp o i R
e oD, BEERICEEERSE S, BT HseE
VEHL, /N AR D, GEit RN 4.3%, A
SEATH G, ARG ARRIE R, HAR A T
T UbAh, AR 2 1wl B R HE A IR R AR L EL )
ZEA I S AHOE SR G5 R, 7 GH4169 &4
IR T Ry, RO FE I ) 224 5P LAR
(197N F7 B35 s FRATAE, RS T 3 B AR T R 1 o s, 5°
CLURIG/N A BE SRS 160 DAL IR K A B 2 TR AN
HEATHEA, 1M 6°~15°Ye [ N 1) /N £ it S A it R A 38 A
AR, KRS SOLL R/ MA RS K
F i T R AR S EREEAT I, BN T
R G KA 8 b B R T3l 511l

3 %t

1) Bl v K R[] 5 R 4 S 1 R B
e B RRAIG, AR TR T e B KB AT IG K, B BRAE Y
BEAETCEY R, HAESN AT & .

2) PEBEDVEON S RN AR S {2, A R DN A
3, AR AL BN AR RGN, NARER BN,
117 BB A A2 T S5 (B e R AR T TR IR, A D
B 30 1 A5 208 A I AT AT

3) %4 DP T 2ACFEf) GH4169 & 4347 vy il &30

TR, AARASE 0 ZE AN 5 5 Kb 5 25 T 4 R S P s
GNAT AR TR (R TR R AR T R ) AR A e (et o
I REFINTRL, RIS HE 4 MR, HREE
FRES b diobL ST

4) eI EOUR HE AR AEZE(1000 °C, 0.01 s7HFER
TEIG, O T B2 45 dn 3 BV AR
D, GARAN 5.6%, AN EAR, KAmA L
Pk 92.3%, @A JRIGZR G, B AR TS
e, ANMASIOREIR D, ARG TN, Hos
AR T I R /N S 88 B S5 KA i A R A e
BT

REFERENCES

[1] ANTOLOVICH B F, EVANS M D. Predicting grain size
evolution of udimet alloy 718 during the “cogging” process
through use of numerical analysis[C]// LORIA E A. Superalloys
2000. Warrendale, PA: TMS, 2000: 39—47.

[2] SEMIATIN S L, WEAVER D S, KRAMB R.C, FAGIN P
N, GLAVICIC M G, GOETZ R L, FREY N D, ANTONY M M.
Deformation and recrystallization behavior during hot working
of a coarse-grain, nickel-base superalloy ingot material[J].
Metallurgical and Materials Transactions A, 2004, 35(2):
679-693.

[3] WEAVER D S, SEMIATIN S L. Recrystallization and
grain-growth behavior of a nickel-base superalloy during
multi-hit deformation[J]. Scripta Materialia, 2007, 57(11):
1044-1047.

[4] HURON E, SRIVATSA S, RAYMOND E D. Control of Grain
Size Via Forging Strain Rate Limits for R'88DT[C]// LORIA E
A. Superalloys 2000. Warrendale, PA: TMS, 2000: 49—58.

[5] W% 5. Delta T2 GH4169 154 il B AT A S B AE PR
Ji[D]. Kb HEAF, 2014,

Si Jia-yong. Deformation characteristics and simulation of

delta-processed GH4169 Superalloy[D]. Changsha: Central



1212

hEA SRR

2016 £ 6

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[15]

[16]

South University, 2014.

KENNEDY R L. Allvac® 718™, superalloy for the next forty
years[C]// LORIA E A. Sixth International Symposium on
Superalloys 718, 625, 706 and Derivatives. Warrendale, PA:
TMS, 2005: 1-14.

FREES. A M EEIML. dbst BHEHURAL, 2010,
GUO Jian-tin. Materials science and engineering for
superalloys[M]. Beijing: Science Press, 2010.

BHEA, W §, B OHE GH4169 A& iFe it B fvhi R 4
FrAnERIl]. KALEEBAE, 2010, 6: 17-19.

LUO Heng-jun, XIE Jing, CHENG Jin. Analysis and control of g
rain size of GH4169 alloy turbine disc forging[J]. Heavy Casting
and Forging, 2010, 6: 17-19.

FERt. BG4 GH4169 BIE T M. dbxt: w4 T
bt AL, 2008.

ZHUANG Jin-yun. Forging process of wrought super alloy
GH4169[M]. Beijing: Metallurgical Industry Press, 2008.

WEIS M J, MATAYA M C, THOMPSON S W. The hot
deformation behavior of an as-cast alloy 718 ingot[C]// LORIA
E A. Superalloys 718. Warrendale, PA: TMS, 1989: 135—154.
ZHOU L X, BAKER T N. Effects of strain rate and temperature
on deformation behaviour of IN718 during high temperature
deformation[J]. Mater Sci Eng A, 1994, 177: 1-9.

ZHANG J M, GAO Z Y, ZHUANG J Y, ZHONG Z Y.
Mathematical modeling of the hot-deformation behavior of
superalloy IN718[J]. Metallurgical And Materials Transactions A,
1999, 30: 2701-2713.

GUEST R P, TIN S. The dynamic and metadynamic
recrystallization of IN718[C]// LORIA E A. Superalloys 718,
625, 706 and various derivatives. Warrendale, PA: TMS, 2005:
373-383.

THOMAS A, EL-WAHABI M, CABRERA J M, PRADO J M.
High temperature deformation of Inconel 718[J]. J Mater Process
Technol, 2006, 177: 469—472.

B P, BE®E, B2KR 2 B BN AT 3% Delta T
¥ Inconel 718 A& HALM FIAWAAT AT FEAA L
JE2EAR, 2012, 22(1): 72-79.

YANG Pin, ZHAO Yu-tao, WANG An-dong, MIAO Dong,
CHEN Gang, HE Yi. Flow stress behavior of delta-processed
Inconel 718 superalloy under hot compression deformation[J].
The Chinese Journal of Nonferrous Metals, 2012, 22(1): 72—79.
RUIZ C, OBABUEKI A, GILLESPIE K. Evaluation of the
microstructure and mechanical properties of delta processed

alloy 718[C]// ANTOLOVICH S D. Seventh International

[17]

[18]

[19]

[20]

(21]

(22]

(23]

[24]

[25]

[26]

[27]

Symposium on Superalloys. Pennsylvania: TMS, 1992: 33—42.
DIX A W, HYZAK J M, SINGH R P. Application of ultra fine
grain alloy 718 forging billet[C]// ANTOLOVICH S D.
Superalloys. Warrendale, PA: TMS, 1992: 23-32.

BHOWAL P R, SCHIRRA J J. Full scale Gatorizing TM of fine
grain Inconel 718[C]// LORIA E A. Superalloys 718, 625, 706
and Various Derivatives. Warrendale, PA: TMS, 2001: 193—201.
BEZE, S, kI, SUHW]. GHA169 &4l f B L
SEHUE R ILERERT )], ML TRERERL, 2003, 27(1): 15-18.
LU Hong-jun, YAO Cao-gen, ZHANG Kai-feng, JIA Xin-chao.
Fine-grain forming process, mechanism and properties of
GH4169 alloy[J]. Materials for Mechanical Engineering, 2003,
27(1): 15-18.

gRIEHE, Tk, B W1 Delta 1.2 Inconel 718 &4 6
FREAEHLHIN]. SJm 274, 2009, 45(12): 1451-1455.
ZHANG Hai-yan, ZHANG Shi-hong, CHENG Ming. Evolution
of ¢ phase in Inconel 718 alloy during delta process[J]. Acta
Metallurgica Sinica, 2009, 45(12): 1451-1455.

ZHANG H Y, ZHANG S H, CHENG M, et al. Deformation
characteristics of ¢ phase in the delta-processed Inconel 718
alloy[J]. Materials Characterization, 2010, 61: 49—53.

YUAN H, LIU W C. Effect of the delta phase on the hot
deformation behavior of Inconel 718[J]. Mater Sci Eng A, 2005,
408: 281-289.

WANG Y, ZHEN L, SHAO W Z, YANG L, ZHANG X M. Hot
working characteristics and dynamic recrystallizationof
delta-processed superalloy 718[J]. J Alloy Compd, 2009, 44:
341-346.

T, SO, B R. GHA169 A o AR RAT g Kot
ASTERLTIBSE [T P E A s 24, 2011, 21(2): 341-349.
WANG Yan, SHAO Wen-zhu, ZHEN Liang. Dissolution
behavior of ¢ phase and its effects on deformation mechanism of
GH4169 alloy[J]. The Chinese Journal of Nonferrous Metals,
2011, 21(2): 341-349.

CONE F P. Observations on the development of delta phase in
Inconel 718 alloy[C]// LORIA E A. Superalloys 718, 625, 706
and Various Derivatives. Warrendale, PA: TMS, 2001: 323—332.
P B ITIBOAT BOR IR M. et e Tk
HRRAL, 2007.

YANG Ping. Electron back scatter diffraction technique and its
application [M]. Beijing: Metallurgical Industry Press, 2007.
WATANABE T. Approach to grain boundary design for strong
and ductile polycrystals[J]. Res Mech, 1984, 11: 47-48.



5526 55 6 FKE, 4. DP L& GH4169 £ 4P T i Sl Jy vk 1213

High-throughput testing on hot working of
delta-processed GH4169 alloy

SI Jia-yong"?, SONG Si-yuan', LIAO Xiao-hang', HUANG Zai-wang'

(1. College of Mechanical and Electrical Engineering, Central South University of Forestry and Technology,
Changsha 410004, China;
2. State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China)

Abstract: High throughput testing technology for the hot working of superalloy was put forward for GH4169 alloy with
delta process. The key dimension of the double cone sample was designed by finite element modeling method. The
effects of hot working parameters on the effective strain were discussed. Then experiments were carried out, grain
boundary orientation and grain boundary distribution character were researched. The results show that effect of friction
coefficient on the effective strain is significantly. With increasing the friction coefficient, the strain of specimen center
and the strain gradient increase. With increasing deformation temperature and decreasing strain rate, the effective strain of
specimen center reduces. It can promote the dissolution and breakage of J phase. Then the dynamic recrystallization
volume fraction and dynamic recrystallization grain size are raised. When the hot working parameter is (1000 °C, 0.01 s™"),
the number of low angle grain boundaries is 5.6% at the center of double cone sample. The ratio of high angle grain
boundaries is 92.3%, and twin crystals mainly distribute at the outer rim due to the lowest strain. With increasing
deformation temperature, the number of low angle grain boundaries decrease, the grain size and twin increase.

Key words: GH4169 alloy; hot working; high-throughput testing technology; numerical simulation
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