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Table 1 Chemical composition of extruded FGH4096 alloy

(mass fraction, %)

Cr Co w Mo Ti Al
16 13 4 4 3.7 2.2
Nb Ta C B Ni

0.8 0.02 0.03 0.01 Bal.
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Fig. 1 Schematic diagram of size of double-cone sample
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Table 2 Key geometric sizes of double-cone samples

D/mm d/mm H/mm h/mm
12 2 8 3
16 4 12 4
20 6 16 5
24 8 20 6
28 10 24 6
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Table 3 Finite element numerical simulation experiment scheme of double-cone samples

Simulation group D/mm d/mm H/mm h/mm Simulation group ~ D/mm d/mm H/mm h/mm
1 12 2 8 3 14 20 8 8 5
2 12 4 10 4 15 20 10 10 6
3 12 6 12 5 16 24 2 14 4
4 12 8 14 6 17 24 4 16 5
5 12 10 16 7 18 24 6 8 6
6 16 2 10 5 19 24 8 10 7
7 16 4 12 6 20 24 10 12 3
8 16 6 14 7 21 28 2 16 6
9 16 8 16 3 22 28 4 8 7
10 16 10 8 4 23 28 6 10 3
11 20 2 12 7 24 28 8 12 4
12 20 4 14 3 25 28 10 14 5
13 20 6 16 4
Effective strain Effective strain Effective strain Effective strain Effective strain
1.260 1.270 6.230 4.070 4.640
1 H1130 2 ¥ 1120 3 K550 4 #3.600 5 H4110
1.000 1.010 4 740 3.130 3.570
0.875 S g 0.884 4.000 2.660 3.040
.)l 0.747 -lo_755 3250 LEXtY 135510
10619 e | 0.626 2510 1.720 1.970
0.491 0.497 1.760 1.260 1.440
0.363 0.369 1.020 0.788 0.908
0.235 0.240 0.276 0.319 0.375
Effective strain Effective strain Effective strain Effective strain Effective strain
0.896 0.980 1.080 8.910 1.000
6 H 0.802 7 0.877 8 IO 971 9 H 7.870 10 1 0.905
— 0.708 X B 0.775 0.857 6.840 0.806
i 0.614 i 0.672 IO .743 il 5.800 —l 0.707
& oo e osno - oo (I o o608
w0426 -~ 0.468 0.515 3.720 A (.508
0.332 == 0.365 0.401 2.680 0.409
0.238 0.263 0.287 1.650 0.310
0.144 0.160 0.173 0.608 0.211
Effective strain Effective strain Effective strain Effective strain Effective strain
0.705 2.100 1.910 0.601 0.677
11 Bo630 12 B 500 Hi720 0.541 I0610
I * 0.554 1 .680 1.530 0 482 0 543
0.479 e 1.470 1.340 0.422 0.476
.|o4o4 = 11260 ] i I0362 |o409
0.329 — 1.040 — s | 0.969 0.302 0.342
0.253 0.834 0.782 0.242 0.275
0.178 0.624 0.594 0.182 0.208
0.103 0.414 0.406 0.122 0.141
Effective strain Effective strain Effective strain Effective strain Effective strain
1.560 1520 0.383 0.490 1.720
16 Bis0 17 i3 18 H0343 19 H0439 20 Fis60
" 1.240 L 0.303 0.388 " 1.400
I 1.090 I 1 060 I0263 IO .336 1l 1.230
0,929 0.907 . 0223 - 0285 - h 1070
= 80.772 0.753 0.183 0.234 0.910
0.615 0.600 0.142 0.183 0.748
0.458 0.447 0.102 0.132 0.585
0.301 0.293 0.062 0.080 0.423
Effective strain Effective strain Effective strain Effective strain Effective strain
1 210 0.178 1.490 1 400 l 350
1090 22 H0159 23 l1.350 24 H 1.270 H 1210
-  0.965 0.139 1.200 1.130 1.080
l084l |0120 IlOSO I0987 l0949
0.717 . 0101 — 0905_ 0.848 0.817
0.592 0.082 0758 0.709 0.685
0.468 0.063 0.610 0.570 0.553
0.344 0.044 0.463 0.431 0.421
0.220 0.025 0316 0.292 0.288
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Fig. 2 Effective strain distribution of double-cone samples
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Fig. 4 Size of double-cone samples (Unit: mm)
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Fig. 5 Comparison of numerical simulation of actual
compression and actual load of double-cone specimens at

different temperatures: (a) 980 ‘C; (b) 1020 C; (c) 1060 C
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Fig. 6 Effective strain contour distribution and macroscopic structure of double-cone samples (980 C, 0.003 s '): (a) Effective
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strain line distribution; (b) Macrostructure before supersolvus heat treatment; (c) Macrostructure after supersolvus heat treatment
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Fig. 7 SEM images of different effective strains regions of double-cone samples before and after solution heat treatment (980 C,
0.003 s7): (a) 4, point; (b) B, point; (c) C, point, before supersolvus heat treatment; (d) 4, point; (e) B; point; (f) C, point, after

supersolvus heat treatment
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Fig. 8 Microstructures of abnormal grains: (a) SEM image,
low magnification; (b) SEM image, high magnification; (c) OM
image
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Fig. 9 Local effective strain contour distribution of double-
cone specimens



3530 &4 6

XA, & MU T T ZXH A FGH4096 A &Il S ft b K 52 1323

4 OURHEBURE I 3 SR K DX I8 R 20 A LA

Table 4 Distribution of CGG zone in double-cone sample

Test . Strain rate/ A4, (Effective strain, B, (Effective strain, C, (Effective strain, D, (Effective strain,
group  Lomperatre/C 5! 0.004-0.02) 0.02-0.029) 0.029-0.037) 0.037-0.045)

1 980 0.003 Y Y Y N

2 980 0.01 Y Y N N

3 980 0.03 N N N N

4 1020 0.003 Y Y N N

5 1020 0.01 Y Y Y N

6 1020 0.03 Y N N N

7 1060 0.003 N N N N

8 1060 0.01 Y N N N

9 1060 0.03 Y Y Y N

Y means CGG occurred in sample; N means no CGG occurred in sample

300 » A, (Effective strain: 0.004-0.020)
* B, (Effective strain: 0.020-0.029)
A G, (Effective strain: 0.029-0.037)
§_ 240 v D, (Effective strain: 0.037-0.045)
b u =
.ES’ ° ®) n "
S180F 4 " S .
an L]
[5) ]
50
=
S 1201 .
< :
v, ; ¢ - 3 - =
601 M
1 3 5 7 9
Test group

10 OB HE B R A ) 45 2008 AR DX I 1 24 ok RO
Fig. 10 Average grain size of different effective strain regions

of double-cone specimen
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Fig. 11 Macroscopic structures of specimen after solution heat treatment after deformation at 980 C and different strain rates:

(a) 0.003 s'; (b) 0.01s7; () 0.03 57"

12 WU HE AR 20 [ FA A 7 5 AN [ S5 2 M8 b (¥ SEM 15980 °C, 0.003~0.0357')
Fig. 12 SEM microstructures of different effective strains regions of double-cone specimen after solution heat treatment (980 C,

0.003-0.03 sfl): (a), (b), (¢), (d) 0.003 st (e), (), (g), (h) 0.01 st @), (), (k), (1) 0.03 st (a), (e), (i) 4, point; (b), (), (j) B, point;

(©), (), (k) G, point; (d), (h), (1) D, point
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Fig. 13 Macroscopic structures of specimen subjected to solution heat treatment after thermal deformation at deformation rate of

0.03 s ' and different deformation temperatures: (a) 980 “C; (b) 1020 °C; (c) 1060 ‘C

B 14 WUEHE G IR Lo [ VA A B S AN TR 252508 48 4k SEM 18(980~1060 'C, 0.03 s7")
Fig. 14 SEM images of different effective strains regions of double-cone specimen after solution heat treatment (980—1060 C, 0.03

s7): (), (b), (©), (d) 980 C; (@), (D), (), (h) 1020 °C; (D), (i), (K), (1) 1060 C; (a), (e), (i) 4> point; (b), (D), (j) B point; (c), (g), (k) C,

point; (d), (h), (1) D, point
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HEEAS, {HAE(980 'C. 0.03s ). (1060 “C. 0.003s ")
FAF IR ST RIS, R I ILA S SR K
Ko

3) FHEA FGH4096 & & XA HE i FE VR R f5
S 3 A KR, [ E AR TR 980 CRY, [l
AR A 0.003 s~ HENE] 0.01 s, WUFER AN T &
KA ORI &5 RN AR JE Bl 0.004~0.037 A2 4k &
0.004~0.029, 5 F+ Sfki AR DX 45 38 gk T AL 202
um PN E] 175 pm, RASHE G K F] 0.03 s I AR K I
I S ALK RIS s ] AR T 26 0.03 s IR, A
TEARFE 980 “CHFAFE AR H LI AL f b KIS, B
AT FEM 1020 CFEZE 1060 C, FE & LR T4
R K K SE RN AR Y8 LA 0.004~0.02 36 K F
0.004~0.037, Il F i WL K 0K DX 3P 357 i b ST A
170 pm 3 % 197 pm.

REFERENCES

[1]  4r&sc, M. BREREG &M AERSMAD]. fis
FHELEAR, 2006, 26(3): 244-250
ZOU Jin-wen, WANG Wau-xiang. Development and
application of P/M superalloy[J]. Journal of Aeronautical
Materials, 2006, 26(3): 244-250.

[2]  HRXOC, WIARTE. SN HE AR HE RN R S IR &
SHZURITERE IR, &R AR, 2016, 52(4): 445—454.
ZHANG Yi-wen, HU Ben-fu. Effects of topologically close
packed phase on microstructure and properties in powder
metallurgy ni-based superalloy with Hf[J]. Acta Metallurgica
Sinica, 2016, 52(4): 445—-454.

[B1 HEAR, E@H, RO, KRK, BRigd, HRAEKXR.
FGHO6 4RI R il & & AL ZIFIERE[)]. AWK 5T %

1, 2005, 17(1): 59-63.

GUO Wei-min. DONG Jian-xin, WU Jian-tao, ZHANG

Feng-ga, CHEN Gan-sheng, CHEN Sheng-da.
Microstructure and properties of PM superalloys FGH96[J].
Journal of Iron and Steel, 2005, 17(1): 59-63.

[4]  XINGE, THEE, 4 I, ) & 3 W, IL 58 3AE%

JE FGH96 My ARG 4 i & & 1 AU 25 D) 3R RE ).
AT 14 R 2R, 2016, 26(2): 354-364.
LIU Xiao-tao, DING Han-hui, YANG Chuan, LIU Feng,
HUANG Lan, JIANG Liang. Microstructure and mechanical
properties of hot extruded FGH96 powder metallurgy
superalloy[J]. The Chinese Journal of Nonferrous Metals,
2016, 26(2): 354—-364.

[5] CHO Y K, YOON D Y, HENRY M F. The effects of
deformation and pre-heat-treatment on abnormal grain
growth in René 88 superalloy[J]. Metallurgical and Materials
Transactions A, 2001, 32: 3077-3090.

[6] WHITIS D D. Recovery and recrystallization after critical
strain in the nickel-based superalloy René 88 DT[C]/
Superalloys 2004. Warrendale: The Minerals, Metals and
Materials Society, 2004: 391-400.

[71 58 i, #h&es, EEW, kEC. @RGPk

KR Rl FHAL T AT Je sk e (7], 74N Ek, 2011, 11(4):
38-45.
GUO Jing, YAO Zhi-hao, DONG Jian-xin, ZHANG
Nai-cang. Progress in research of abnormal grain growth and
critical deformation in superalloys[J]. World Iron and Steel,
2011, 11(4): 38—45.

[8] ERIM, RS, RBR, O7 9 THE, & 3l ER

= BIGIRE R AR T RXTHEDSS FGHI6 & & ikl 5 i K
KIGFZM[I]. MU R4, 2016, 36(5): 14-20.
WANG Chao-yuan, DONG Yun-peng, SONG Xiao-jun,
FANG Shuang, YU Qiu-ying, LI Kai, WANG Shu-yun.
Effect of deforming temperature and strain on abnormal
grain growth of extruded FGH96 superalloy[J]. Journal of
Aeronautical Materials, 2016, 36(5): 14—20.

[9] BENSON W E, WERT J A. The effect of initial grain size
distribution on AGG in single-phase materials[J]. Acta
Materialia, 1998, 46(15): 5323—-5331.

[10] HUMPHREYS F J. A unified theory of recovery,
recrystallization and grain growth, based on the stability and
growth of cellular microstructures: 1. The effect of
second-phase particles[J]. Acta Materialia, 1997, 45(12):
5031-5039.

[11] VANHERPE L,

MOELANS N, BLANPAIN B,



3530 &4 6

XA, & MU T T ZXH A FGH4096 A &Il S ft b K 52

1327

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

VANDEWALLE S. Pinning effect of spheroid second-phase
particles on grain growth studied by three-dimensional
phase-field simulations[J]. Computational Materials Science,
2010, 49: 340-350.

KOO J B, YOON D Y, HENRY M F. The effect of
smalldeformation on abnormal grain growth in bulk Cu[J].
Metallurgical and Materials Transactions A, 2002, 33(12):
3803-3811.

BLANKENSHIP C P Jr, HENRY M F, HYZAK ] M,
ROHLING R B, HALL E L. Hot-die forging of P/M Ni-base
superalloys[C]// Superalloys 1996. Warrendale: The Minerals,
Metals and Materials Society, 1996: 653—662.

BR, W7T5t, BREAR. I S A TR B L HE A 4R
W1 &JE5R, 1986, 22(6): 489-493.

LU Yan, QU Wan-gui, CHEN Zong-lin. An approach to
mechanism of coarse grain formation after critical
deformation[J]. Acta Metallurgica Sinica, 1986, 22(6):
489-493.

LEE S B, YOON D Y, HENRY M F. Abnormal gain growth
grain boundary faceting in a model Ni-base superalloy[J].
Acta Materialia, 2000, 48: 3071—-3080.

MAAZI N, PENELL R. Introduction of preferential
Zenerdrag effect in Monte Carlo simulation of abnormal
Gossgrain growth in the Fe-3% Si magnetic alloys[J].
Materials Science and Engineering A, 2009, 504: 135-140.
FANE, XEWE, BmER, BB, EIE. JUGER R
FiL 5 # K K Monte Carlo EFUL[J]. A4k AL 3 2 4,
2008, 29(6): 179-183.

GUAN Xiao-jun, LIU Yun-teng, SHEN Xiao-min, MA
Xiao-fei, WANG Li-jun. Modeling abnormal grain growth
induced by texture using Monte Carlo method[J].
Transactions of Materials and Heat Treatment, 2008, 29(6):
179-183.

Mo A, EBRIE, EARBE, AR BB T ZEX FGHO6 &
SRR KRS, AT MRlAR, 2014, 34(5): 7-11.
YANG lJie, WANG Xiao-feng, JI Chuan-bo, ZOU Jin-wen.
Effect of forging process on abnormal grain growth of
FGH96 superalloy[J]. Journal of Aeronautical Materials,
2014, 34(5): 7-11.

X, MER, AT, PR, RAM,
FGH96 & & fthi K R BT FC (0] AHRE AL 2 2 417,
2004, 25(6): 25-29.

LIU Jian-tao, LIU Guo-quan, HU Ben-fu, CHEN Huan-ming,
SONG Yue-peng, ZHANG Yi-wen. Study on grain growth of

[20]

[21]

[22]

(23]

[24]

[25]

[26]

PPM FGH96 superalloy[J]. Transactions of Materials and
Heat Treatment, 2004, 25(6): 25—-29.

¥ A, AR, EweE, HAEW, MRl ki
FGHO6 5 dbi KO 2] AR TARE, 2014(8):
1-7.

YANG lJie, ZOU Jin-wen, WANG Xiao-feng, JI Chuan-bo,
ZHOU Xiao-ming. Effect of heat treatment on abnormal
grain growth of FGH96 superalloy[J]. Journal of Materials
Engineering, 2014(8): 1-7.

W e, "IZE, MR, B dl BrEA FGH4096 &4
W RAR AT A R FOM TE[I]. #EFS 4, 2019, 33(12):
2047-2054.

CHEN Long, SI Jia-yong, LIU Song-hao, LIAO Kai. Hot
deformation behavior and hot processing map of extruded
FGH4096 superalloy[J]. Materials Reviews, 2019, 33(12):
2047-2054.

CHEBEMETFN) W2 PEEMEFRGE 2
F)M]. dbnt: A EARAE AL, 2002: 323-368.

Editorials Board of China Aeronautical Materials Handbook.
China Aeronautical Materials Handbook (Volume 2)[M].
Beijing: Standards Press of China, 2002: 323—-368.

RXHR, X AR, B, R FGH96 & OE T E
I FEBUE AN, ML dRLEA3R, 2013, 33(1): 21-27.

ZHU Xing-lin, LIU Dong, YANG Yan-hui, NIU Guan-mei.
Numerical simulation for canning extrusion process of
FGHO96[J]. Journal of Aeronautical Materials, 2013, 33(1):
21-27.

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
workingof a coarse-grain, nickel-base superalloy ingot
material[J]. Metallurgical and Materials Transactions A,
2004, 35(2): 679-693.

AR, KRBT, BEHEN, HAIE. DP T2 GH4169 &4
o Lomd #0720 EA SR ik, 2016,
26(6): 1204—1213.

SI Jia-yong, SONG Si-yuan, LIAO Xiao-hang, HUANG
Zai-wang. High-throughput testing on hot working of
delta-processed GH4169 alloy[J]. The Chinese Journal of
Nonferrous Metals, 2016, 26(6): 1204—1213.

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.



1328 HE A SR R 2020 4 6 A

Effect of thermal processing on
critical grain growth of extruded FGH4096 alloy

LIU Song-hao, SI Jia-yong, CHEN Long

(College of Mechanical and Electrical Engineering, Central South University of Forestry and Technology,
Changsha 410004, China)

Abstract: Based on the hot compression deformation and supersolvus heat treatment of extruded FGH4096 alloy
double-cone specimens, with the DEFORM numerical simulation, the distribution of critical grain growth (CGG) in
different effective strain ranges was determined. The effect of hot working process on CGG of extruded FGH4096 alloy
was studied. The results show that the window conditions for the CGG of the alloy range change from low strain rate at
low temperature to high strain rate at high temperature, after the double-cone specimens deformed at temperature of
980—1060 “C and strain rate of 0.003—0.03 s ' and treated by supersolvus heat treatment. Then the CGG can be avoided
and uniform grain structure can be obtained at (980 ‘C, 0.03 s and (1060 C, 0.003 s ). With the increase of strain rate,
the degree of abnormal grain growth and the critical effective strain of CGG decreases at 980 ‘C. On the other hand, with
the increase of deformation temperature, the degree of abnormal grain growth increases and the effective strain region of
CGG enlarges at strain rate of 0.03 s~

Key words: FGH4096 superalloy; hot extrusion; thermal compression; supersolvus heat treatment; critical grain growth
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