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Fig.2 OM image (a), SEM image (b), IPF (the inset image is color legend) (c¢), KAM map (the inset image is color legend) (d), grain size

distribution (e), and misorientation angle distribution map (f) of the extruded sample
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Fig.3 Morphologies of ' phase of FGH4113A alloy after holding at different temperatures for 3 min: (a) extruded state, (b) 1050 °C, (c) 1080 °C,

(d) 1100 °C, (e) 1130 °C, and (f) 1150 °C

?!,..‘ ‘

Coarse primary y’ \ ‘1

. -.r.

Fine secondary y’

1050 1080 1100 1130 1150
T°C

Bl 4 AN FI LRI RS FGHAT13A £ 4y SR
Fig.4 Evolution of y" morphology of FGH4113A alloy after holding
at different temperatures (the upper left images are y' in the

extruded sample)
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Fig.5 Size distributions of the primary ' (a) and the secondary y' (b); area fraction and diameter of primary y' (c) and secondary y'(d); In(f;) vs. T"'

fitting results of the primary y' (¢) and secondary y’ (f)
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(d) 1130 °C, and (e) 1150 °C; the typical curve of true stress-true strain relationship (f)
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Fig.8 IPFs of FGH4113A alloy obtained under different deformation conditions (the legend is inserted at the top left corner)
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(d) 1130 °C, and (e) 1150 °C; average grain size and standard deviation of different samples (f)

0.001 s "B JEHE i KAM & N 20 A1 35150, 46 ok 2 23
R, BN 5 A A i AR

3.6 MAAEEE

GUTF AR T 56 AE T, i S E ] 2 A () 7 i 5P 1)

) 22 11 €0, ) AR BRI B 11 fios . VS L FE P 45
B, /N f1 B2 f St (low-angle grain boundary, LAGB, 2°~
15°) 3% 1 A% N K A B & 9t (high-angle grain boundary,
HAGB, >15°), R 1050.1080 CH}, MAF# % 0.001 s
FE it 0, AE KT e AR A, w0 H 7 45 A FE L
1100 ‘CAS[F] B AR Z1T, 6, [E BN HR T (40.0°~40.3°)
2t Hoor A, n & 11 s, 1080~1100 CYEHI A, 6,,,
B N, 0.01~0.001 s Ju[H 4 6, E 7E 38.8°~40.5°,
1130 #1150 ‘CAJEIF, 0, fEH & FFE. Fiit H LAGB
SR K 11g B, 1080~1100 CiEH A, LAGB & £
T 14%, 1115 £ 1130~1150 °C - %45 3% % 0.01~0.001 s ' H ,
ETERNT29%.

254 KAM B, 56t Jay i DX S 1) 22 JEAT 20 i, G T 12
Fiow , R TE L & 2 0/ fi B a5, R A B i 2 (1
12¢ #1150 °C/0.001 s Frdm i) o KA B i 5 0 22 O
S b R (126 711100 °C/0.001 57 FTARIRD , X B
PN B 22 £ 7D

Lty

Li N AR M 26 IPF 234 B VK AM 3 A7 P A & 7
A5 AT, B RS FGHA113A & & AR L& 1
N AR TR E 1080~1100 C, B AR 3 0.01~0.001 s 7', Itk
0 ] A AR T R R 4 /N 350 50 B 485 i iR, RS T 45 il 7
5 um LAY, R B 8RR e SR E AN IS 80 MPas
J SRS B AT SR 3 R IV [ Y ok [ 5 A 3L, SR AT s
P it S5 AR SR AN R L0 AR ZH 2

4 7
W& 7 fion, 1050 ‘C/0.01 s ' AF TR, i 28 23 A figifk,
X ALK 2N K3k o ZEE AT AR 2 2R KAM LGOS 1

BroRL PN 3 R SR A R 22, a0 13 B . GOS AT SR X
2y T4 SR ANAR TR Gk, ot B A o,

GOS(i):ﬁzjwij 6)

Kb, J () RN B R S 0, MG A ARF
Iea) [ (Y ) 22 £ 5 . GOS B 17 , 3% I i PR e A P2 6
froRL NIRRT . 13 H, B R A R 46 dRE GOS fi >2°
(B 13b), 6 B KAM B 35 31 20 DL E (B 13d) 5 B gk
P SR B AR ) 22 3k 31 2.5° (I 13 AT 13e) . GOS 43 fii
B, R AR 22 1) GOS KT 20 fohE , Xof I o A% il 28 3% 5



4 1]

WMe s, BRI R SR & 4 FGHA113A A AT Iy M 4 2R A8 A <1053 «

Kernel Aver. Misorient.
0 ]

1050 °C

1080 °C

1100 °C

1130 °C
iDeformedrecrystallizederaint

IDcformedfiecrystallizedferaint
1150 °C

0.01s™ 0.1s™

ibcformed¥originalferaing

Bl 10 REAETERE F FGHA113A A4 KAM 43 4ii 4]
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B, T AT R A A SR R . AR H
GOS. KAM Fl J&) 3 B 1] 22 7] [X 43 Ff- 45 R A AR T2
Ly A

77,1150 ‘C/0.01 s™" 3L 7 - 3L S AE it 28 tH B
TRAEA . R A LR T - BN AR 28 L KAM L GOS F

SEM M i 14 s . Bl 14a. I 8 FIIE 9 R 1, A%
T JG dib RS AR 51 o 3 HTHLR kL, KAM &
H A MR BT (K 14b) . B GOS & 7]
S, R K T 5 o ORI A TE 4 /N H 2L CHE 14c Rl
Bl 14d) . & 14e WoRH Ky #HE W R, HEBR T4t/



* 1054 «

W] B RS TR %55 %

Relative Frequency
Relative Frequency

lg(Strain Rate, &/s ')

-3.0

1060 1080 1100 1120 1140
T/°C

=}
o
=

0.16

Relative Frequency

Relative Frequency

1060 1080 1100 1120 1140
T/°C
B 11 ANRZ LA FGHAT13A A 45 IR 2 M FE 4t
Fig.11 GB misorientations of FGH4113A alloy under different deformation conditions: (a) 1050 °C, (b) 1080 °C, (c) 1100 °C, (d) 1130 °C,
and (e) 1150 °C; distribution of 8, _(f)

ave

; distribution of LAGB content (g)

40 um
% 60} 60¢ 60r
2 50} FAGB T sl 50}
~ HAGB
s 40f 40} a0}
E 30+ 30+ 30+
& AGB
g 207 20 20r x
% 10t 10f 107
s 0 20 40 60 0 20 40 60 80 100 120 0 20 40 60 80 100 120
Distance/um Distance/pm Distance/um

& 12 FGH4113A & S AN AR T 2 AR T 1) 25 £

Fig.12 Misorientation results of FGH4113A alloy under different deformation conditions: (a) 1100 °C/0.001 s~ '; (b) 1130 °C/0.001 s ';

(¢) 1150 °C/0.001 s!



4 1 WME s BESEIEN K SRS 4 FGHA113A {AS AT N S Al 4 AR F 4 1055 »
2Ny M 15°, 1A K Aok 9 SR R 22 /N T 20, 225 B 3 I8 ATl

S W ARAL AR f S A Y SR Al N 2R, B 15 B K12 ﬁf%ﬂéﬁid\éﬂéﬂﬂa:{kﬁ%%a%*ﬁ,)i'n“é’a 5 um, J&
GOS E i, 4 /N 21 5 iR K & R A7 78 B ) 22 KT A B AR K SR AT . 1150 'C/0.01 s AT J5

00 0.1 02 03 04 05 06 0.7 038
True Strain .

. T A EeIR Misorientation in grain

300
1050 °C/0.01 s a
250+
&3
% 200+
A
L 150+
@ =
2 100} =
= :
50t E
g

-5 0 5 10
Distance/pm

P13 1050 ‘C/0.01 s™ FGHA113A & 4 FLR 75-FL R i 2R 240 2155 H7
Fig.13 Microstructure analysis of FGH4113A alloy after hot compression deformation at 1050 °C with the strain rate of 0.01 s ': (a) true stress-

true strain curve; (b—c) GOS maps of large-size deformed original grain; (d) KAM of large-size deformed original grain; (¢) misorientation in
grain

100

1150 °C/0.01 5!

Abnormal ¢oaise grain|

501

True Stress/MPa

0
0.0 01 02 03 04 05 06 07 0.8

True Strain

Deformed RX grain

K14 1150 'C/0.01 s FGH4113A &5 3N /- FU N A2 i £ 21 930 W
Fig. 14 Large-size recrystallized (RX) grain of FGH4113A alloy after hot compression deformation at 1150 °C with the strain rate of 0.01 s
(a) true stress-true strain curve; (b) KAM map; (c—d) GOS map; (¢) SEM image

RX grain.

H

S < s
8 b| Z60 C| E4 d,
£ 30 250 £
E s 10 22
520 £ H SAANN AN,
g £30 £0
210 2 £
: g10 £
50 um £ 0 20 54
= 0 10 20 2 0 10 20 30 40 = 0 10 20 30
Distance/um Distance/pm Distance/um

BI15 1150 'C/0.01 s FGHA113A £ A8 Ji R RS P40 it it W AR KR 495 it bt 2 B 1) 22
Fig.15 Large-size RX grain and secondary RX grain of FGH4113A alloy after hot compression deformation at 1150 °C with the strain rate
of 0.01 s™': (a) GOS map; (b) RX at GB; (b,) misorientation result corresponding to Fig.15b; (¢) RX in grain; (c,) misorientation result
corresponding to Fig.15¢c; (d) RX grain; (d,) misorientation result corresponding to Fig.15d



* 1056 «

W] B RS TR

555 %

B A IR B 45 i o A R T A AR, X
Tl AR T AR AL T fE R AEA .
5 45 ¢

D EA FGHA113A & 48 y+y S 2, ok ]
S5, BEAE PRIBRE T, P38 R R ST 3.7 um
KA 4.5 um, B E 1150 “CHY10.2 pme 343 ki R~
BE IR AR R AR

D?=D2+3.461 x 10%exp (— 113302

)

RT

) R[FAAE T M 2877 59y 4 S IX 38 AL X LBk X
TR~ A T X DA B, — IR X, 5 I A 3 3 3 %6 A
Ko HEFERALIARTE T2 % 1 : 6% 1080 ~1100 C, B
A A 0.01~0.001 s, 6V Bl A2 T ditobi A 48 /N 35 50 B
S i kL, FOE TR HIE S pme

3) 454 F F KAM L IPF Fl GOS 25 4 2 1] [X 73 F 45
di L AR T kL, 1050 °C/0.01 s 20 2 AR AE 3B 4y JR 1A
AT ek, 1M 1150 “C/0.01 s7 HY B — VRS Ak RN — Yk i &%

f 22

SE 3
[1]Reed R C. The Superalloys: Fundamentals and Applications[M].

References

Cambridge: Cambridge University Press, 2008
[2] Behera A. Superalloys[M]. Cham, Switzerland: Springer, 2022
[3] Teng Q, Xie Y, Sun S et al. Journal of Alloys and Compounds[J],
2022, 909: 164668
[4] Qiao S C, Wang Y, Lv L X et al. Journal of Material Research
and Technology[J], 2021, 15: 7033
[§] Liu P, Zhang R, Yuan Y et al. Journal of Alloys and
Compounds[J], 2020, 831: 54618
[6] Detrois M, Rotella J, Goetz R L et al. Materials Science and
Engineering A[J], 2015, 627: 95
[71Tu W, Pollock T M. Superalloy 2008[C]. Warrendale: TMS,
2008: 395
[8] Liu Y H, Ning Y Q, Yang X M et al. Materials & Design[J], 2016,
95: 669
[9] Chen J, Dong J, Zhang M et al. Materials & Science and
Engineering A[J], 2016, 673: 122
[10] Gabb T, Oconnor P K. High Temperature, Slow Strain Rate
Forging of Advanced Disk Alloy ME3[R]. Washington: TMS,
2001
[11] Chen L, Zhang B, Yang Y et al. Journal of Materials Research
Technology[J], 2023, 24: 7638

[12] Zhang H K, Li Y, Ma H C et al. Materials Science and
Engineering A[J], 2022, 846: 143257

[13]Yang Y L, Cui J Y, Cheng J Y et al. Journal of Materials
Research and Technology[J], 2023, 27(1): 7347

[14] Xiao Lei(H ##), He Yingjie(fi 9 7%), Ma Xiangdong(H [F] %%) et
al. Rare Metal Materials and Engineering(%i 1 4 J& ¥kl 5 T
FE)[J], 2022, 51(6): 2215

[15] Yang Jinlong(#% 4> J%), Ma Xiangdong( [7] %), Li Yuan(Z* izt)
et al. Rare Metal Materials and Engineering(Fi 4 & Jg ¥l 5 1
F#)[11, 2022, 51(2): 651

[16] Yang Jinlong(#% 4 ), Long Anping( ¢ %), Zhang Gaoxiang
(7K B M) et al. Rare Metal Materials and Engineering(Fi G 42 )&
PR TRE)[I], 2022, 51(3): 1031

[17] He Yingjie(fTT#7%), Ma Xiangdong( 5 [f] %), Li Yuan(Z% i) et
al. Rare Metal Materials and Engineering(#i 5 & J@ ¥kl 5 L
FE)[J1, 2024, 53(1): 223

[18] Yang Q M, Lin Y C, Guo J Z et al. Journal of Alloys and
Compounds[J], 2022, 910: 164909

[19] Serrano-Munoz I, Fernandez R, Saliwan-Neumann R et al.
Materials Letters[J], 2023, 337: 133978

[20] Immarigeon J P A, Drunen G V, Wallace W. Superalloy 1976[C].
Warrendale: TMS, 1976: 395

[21] Rashad A, Zhang R, Cui C Y et al
Characterization[J], 2023, 203: 113112

[22] Kumar S S, Raghu T, Pinaki P et al Materials
Characterization[J], 2018, 146(11): 217

[23] Zhang Ming(5k ), Liu Guoquan( X! [F %), Hu Benfu( 4 J%)
et al. Acta Metallurgica Sinica(%:J&5R)[J], 2017, 53(11): 1469

[24] Xu J C, Zhao X B, Li W Q et al. Journal of Materials Science
and Technology[J], 2023, 147(1): 176

[25] Ricks R A, Porter A J, Ecob R C. Acta Metallurgica[J], 1983, 31
(1): 43

[26] Doi M, Miyazaki T, Wakatsuki T. Material Science and
Engineering A[J], 1984, 67(2): 247

[27] Huang H L, Liu G, Wang H et al. Metallurgical and Materials
Transactions A[J], 2020, 51(3):1075

[28]Wu K, Liu G Q, Hu B F et al. Materials Science and
Engineering A[J], 2011, 528(13): 4620

[29] Hadadzadeh A, Mokdad F, Wells M A et al. Materials Science
and Engineering A[J], 2018, 709: 285

[30]Cao Y, Di H S, Zhang J Q et al. Materials Science
Engineering A[J], 2013, 585(11): 71

[31]1Zhu Y, Cao Y, He Q et al. Materials Characterization[J], 2022,
191: 112108

Materials



%4 1 W 5. BYESEIN K &R &4 FGHAL13A #VRTUAT Jy B A 4 Fl * 1057 »

ojn;

Hot Deformation Behavior and Microstructure Evolution of a Novel Hot Extruded Nickel-
Based Superalloy FGH4113A

Yang Jinlong'”, Yin Chao’, Xiong Jiangying™’, Guo Jianzheng™’, Feng Ganjiang™’
(1. Shenzhen Wedge Aviation Technology Co., Ltd, Shenzhen 518000, China)
(2. Shenzhen Wedge Central South Research Institute Co., Ltd, Shenzhen 518000, China)
(3. State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China)

Abstract: To investigate hot working properties and to control microstructure of the extruded novel nickel-based superalloy FGH4113A, the
thermal deformation behavior and microstructure characteristics were studied using Gleeble thermal compressing machine, OM, SEM, and EBSD.
Hot deformation experiments were conducted within the temperature of 1050—1150 °C and strain rate of 0.001-0.1 s™'. The results indicate that the
grain size of extruded FGH4113A superalloy increases after holding at 1150 °C. Deformation temperature and strain rate have a significant impact
on the deformation flow stress and microstructure evolution. It is recommended for the extruded superalloy to undergo thermal deformation at
temperature of 1080—1100 °C and strain rate of 0.001—0.01 s within the y+y' microduplex region. After deformation under these conditions,
grains are fully recrystallized and size distribution is uniform, with average size controlled within 5 pm. The residual dislocation density within the
grain is small, and the misorientation differences are not significant. Recrystallized grain and deformed original grain can be distinguished from
multiple dimensions such as LAM, GOS, and IPF.
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