s % ® oW WEERMHEIRE
i i RARE METAL MATERIALS AND ENGINEERING

Vol. , No.
November ****

https://doi.org/10.12442/j.issn.1002-185X.20250461
(ALAFFEXT GH4151 & hEEaERI=2 0
BABI2, FED, FHMY, RKEES, MR, BRAD, Kak

(LA T LB AR A w, d65T 100081)

.09 N0 = g g A IR TR AW, DY 4ERH 618000)
G AW PR AR AR, JE3T 100081)
@ EMURET TIVERAR, HIE #il 412002)

(5 ALFEHE R, dLRT 100083)

B B SRR A RSC G 1 GHA151 sl T T, RS G EMe. Sias. &5 A e
LRGN T HIURHE S S AFIERT GHA151 & Sab I tERIRomT . Z005R0, M REEZKMTH R, GH4151 &8 —k yHERZE
BIREAR, P RRL R B RE R, AENA S A Mt PR IZHT Y K. IMatPro A BT SR @ A S APAE—E 81 p A (TCP A7) A
MasCo Mo X el BRI O 704 5 A, (X i A B <, LRSI Th B YEVEARTET) Ep AT Bc #ECK, BIHRIIR
U AT R B I, i BB s RV KR I BN B B S, AR TET) Ee MIEBTEARTET) Ep $BUN, Wi Be &R
EE, Erh i ERIE IR SOEVA AL, XU B RAC LS & <5 b B MR B A 2 22 R iR AL R R AR o 5

AH 5 MasCe IR FIRT 5 1T -5 R4 i FURRAE SRR M B/
X8R GH4151 &4 HLUSME, Hribitd, sk
hEESES: TG146.1°5 MEAFRIRRS: A

XEHRS: 1002-185X(2017)02-0222-0?

B 5 2 AL R BN v HE LG/ Th B LG 1 7 SR A
Wi, WeEC TR IR W IE R, ERIRA A iR
A& MR BE T M\ 650°CPi 8242 = %] 700°CHI 750°C, Xf
TEARIRAL S R BINLEL B BRI 800°C,  [R] i ik 23k
SRR EE S K A A L S ER O, GH4151
G &R 800°CH sk AR AR AT Ml & 4
HENWREERE, Al Ti. NB iR/ AEIE 10%,
S LA y-Nis(Al. Ti. Nb)[ i & m ik
50%~60%, KILHEE A RK PR =, [FII IR & F 5
FEEM W, Mo, Cr. Co 250 K HHT VAR,

TR, ERERE TEEMS T, ETEANM
EFEREMBARKFE, CETFRTEEELEER
GH4151 &&Mma Nk wEEm. s e,
PALEL . AHEAAT N SOTF RS A1), T T R
SN FER0, SRR T A A S LA A 1 o) 6 R R
LN G 4 1) AR ST ANHE T B FH B B

AT ten il A RIS LR R AL G B FA i  2)
PRRIEN, FELEAFZZIME. B A BT
I 57 B FR bR, FELORRIR Y A TR BT ph e R I B A%
WAER, W& BN BT i A SR T E =R DL R
G FRAR AL, AR T i A A R R M DT )
FHUERBIE 2 1503 Reali, B RAEE A i
T+, UL GH4151 A& RN R &6 SR TE &

WEnEE B
EE&mB.: EZEHE KT T(2019-VI-0006-0120)

RESITIRFRNA, BRAEESUHRIBIRT T
ZR G A TR GREE, Ea ST R
AR M, W< AR IRAS B A N ] 2t R —
SERM . B, B M E SH SR TS
WEREAR () dn b PR SE) B 5 T S AL e -

FEAN R U T o WL IO LU BR N, KERT
FERY], MRS LB E TR R
RRSE S @ AT AR SR BRI 2124, Yang S50 1 72
Tkl AN S I Lo BB R I, M o R AR AL TC LN
(K] Al,Os MnS BRI A% =R s 0 3R & e
PR IE . TR T 835 il & e b WD IR AR S T AL
b, AR ZE R T RN &, Fli
Wk B RO 6878 T JURP AL Ti. NB RE S HZ AK T
6.6%M A4, KM TCP HITE & AT H 2 Bk
FIME, MosCor M3B. & M4 B A SR AL A E B 6 7 R S AT
HERIEL, 5. ITE TR BEESRL
RS RBRAEIE R, SR dr e BT &, X197 5%
RIEWEFL Al JCERAT GH4169 & &b W R B,
Al TTRIGINIERE T 55 Laves M. MyCs BRILIH o
MSERHTH, SR FMETERE N, R,
SEEPSINS GHI35 &R AR, 2 TiC MUk &
BEMRCRAAAE T, & el o k.
HEAMREPI TR DR & AHE BRI, e Raum

TEB® Y i, 5B, 1988 44k, WA, MEFTALBAMR AR, Jb3 100081, FHiF: 010-62184622, E-mail:tangchao5543@163.com



E R

JEABLE . AU GHA151 &4 rhii i Re sz <171«

KEaY RS GH4169 & & Hrhdith BE F .

HAT, AREE ST sl a £ mp o )
FAER D, RO G EE GHA151 &4 KRR
P TZ, REAFRMEESHE BEHL, HEE
S CZH SN o ik 0 PR A O BE B A A, BUBH R IR
GH4151 A& rhd#itk A g m R = ALy, A
REZAE SN ILE RIS %,

1 SEIOME RARTA

1.1 LR}

SCIOH] GHA151 A R FH B A RSP o M+ v B
Fa+ A BGIUP HAS =R, 2 S e RiE T
W, # % H ©300 mm KIEEA, BB N
®300mmx250mm FIFERE, BHHAREN 60%, &
JEREATHRENR M. &SRS IR 1 R .

% 1 GH4151 &5 s (wt.%)
Table 1 Chemical compositions of GH4151 alloy (wt.%)

FH GB/T 229 )@t kR HaRaE b o 36 )7 2 2K
T u BadE e, KBRS H
55mmx10mmx10mm, %4 J5 757 72~ B e ) NI300C B
b AT F AR R B SRR, @A ) A RS A R e
BAERE RS, AL REM IR Jy- A 2, B
Wb DAk, eI bl . RREEAT iS5
Xt =R R S B GH4151 &4 Mt T B
At . A HLAMEAE DR DMT750M R A &l ik
17, SR RS ASTM E112 Halizkyk, &Md
LT EATH I M, IR ~: 3g CuCl+20mL
HCH30mL CH3CH,OH . #7 i A (4 72 35 £E 49 4 i B2
(Scanning Electron Microscope, SEM) KA —IKH T
(Secondary Electronic, SE)F17 &4} F T (Backscattered
Electron, BSE)f U 52 1M fis S 47 AiE WK FH H ¥ Ho
fi74 (Electron Backscatter Diffraction, EBSD) 4#7,
PA_E357E SEM4000PRO 375 & i 414 v 7 A B EAT, 43
T ECR AU D5 B e AT AR IO, R SE AT H

C Cr Ni Mo \ Ti Nb Al \

fEJE R, FEARMIGTE 20 mL HoSO4+80mL CH;OH YA TR

005 11 £ 45 06 27 33 39 33 14.9

FREET (R EAE 20V, BF[E] 3~5s), 4RJE KB KR

1.2 fARFA*

R 1 R, R IMat Pro 84 f HLAR S H
WEETHE T GH4151 &I FEHE, w1 i
N EAE S y IR A RAREL 1167°C, w A
MasCe [ FF 46 B tH 5 FE 43 53l O 954°CHI 860°C . i HX
1090°C. 1110°C. 1120°C. 1130°C. 1140°C. 1150°C.
1160°C~ 1170°CEE )\ANE AR SE, [EFEE [y 4h, [
Ja 7% (Air cooling, AC); LA b [EVEHALH 1) —F4F
m o, BEAT T OB B BB RGO 4b B (850°C/6h/ A
+760°C/16h/Z5¥5). BEAh, BT 1130°C[H ¥ HA b3 5 1)
FER 3 HIREAT T 850°C/0.50/25 4 Fl 760°C/6h/%5 4 15 Fh
AR BRI A AL B . TR FOR PR B U B A TR,
FHAT MasCe AH ()1 47 725 AH 1 01 2 73 B2 N 6.74% F1
0.91%.

Wt % Phase -
e —t
Bocemens
i
FEa I 1
B
o

v Pase
-

p o AL WA 8 Y N Y s SR S Y
1 GH4151 %4 IMatPro T 5P

Fig.1 Equilibrium phase diagram of GH4151 alloy caculated by

JMatPro software: (a)the whole phase diagram, (b)partially enlarged

part
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Fig.2 Distribution of primary y' phase under different annealing
solution and two-stage aging heat treatment:(a)~(b)1090°C,
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Fig.3 Area fraction change and ESD changes of primary y’ phase with

the increase of solution temperatue
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Fig.4 Metallurgical images at different solution temperatures:
(2)1090°C , (b)1110°C, (¢)1120°C, (d)1130°C, (e)1140°C , (f)1150°C,
(2)1160°C, (h)1170°C
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Fig.5 Grain size change with the increase of solution temperatue
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Fig.6 BSE images of samples which were subsolvus solutioned at

(a)1130°C and supersolvus solutioned at (b) 1170°C respectively
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Fig.7 BSE images of different heat-treated samples:

(a) 1130°C-solutioned sample after two-stage aging,
(b) 1170°C-solutioned sample after two-stage aging,
(¢)1130°C-solutioned sample after 0.5h-aging at 850°C,
(d)1130°C-solutioned sample after 6h-aging at 760°C
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Fig.8 Impact toughness changes under different heat treatments
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Fig.9 The oscilloscope impact curves under different heat treatments:
(a)solutioned at 1130°C, (b) solutioned at 1170°C,
(c)1130°C-solutioned sample after two-stage aging,

(d) 1170°C-solutioned sample after two-stage aging
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(e)~(f)1130°C-solutioned sample after two-stage aging,
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Table 2 Percentages of different types of grain boundaries under

different heat treatments

Impact
Heat treatment 2~15° 15~55° >3 toughness
(J-cm?)
1130°C/4h/AC 7.94% 59.20% 32.86% 65.9
1170°C/4h/AC 6.95% 43.94% 49.11% 80.9
H30°CAAC 13 500, 56.10%  30.63% 219
+two-stage aging
1170°C/4h/AC 5.50% 56.67% 37.83% 31.2

+two-stage aging
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Fig.11 EBSD analysis under different solution heat treatment: (a)grain
orientation distribution(1130°C), (b) > CSL grain boundary
distribution(1130°C), (c)grain orientation distribution(1170°C), (d)
> CSL grain boundary distribution(1170°C)
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Fig.12 EBSD analysis under different annealing solution and
two-stage aging heat treatment: (a)grain orientation
distribution(1130°C), (b) Y CSL grain boundary distribution(1130°C),
(c)grain orientation distribution(1170°C), (d) >.CSL grain boundary
distribution(1170°C)
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Fig.13 EDS mapping images of grain boundary in the

1130°C-solutioned and two-stage aged sample
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Fig.14 Morphorlogy and SAED patterns of precipitates at grain
boundary under different heat treatment:(a) solutioned at 1130°C, (b)
anealing solution at 1130°C and two-stage aging,(c) SAED patterns of
u phase
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Fig.15 Morphorlogy and SAED patterns of precipitates at grain
boundary after anealing solution at 1130°C and two-stage aging:(a)
morphorlogy of precipitates, (b) SAED patterns of primary v,
(c)SAED patterns of M23Cs
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Effects of Microstructure Characteristics on Impact toughness of GH4151 alloy

Tang Chao >3, Liu Jie 2, Luo Junpeng®, Zhang Maicang’, Xie Xingfei>* , Zhang Ji'3
(1. Central Iron and Steel Research Institute Co., Ltd., Beijing 100081, China)
(2. Sichuan Gaona Forging Co., Ltd., Deyang 618000, China)
(3. Beijing CISRI-Gaona Material & Technology Co., Ltd., Beijing 100081, China)
(4. AECC South Industry Co., Ltd., Zhuzhou 412002, China)
(5. University of Science and Technology Beijing, Beiing 100083, China)

Abstract: Seiries oscilloscope impact tests were conducted for GH4151 alloy under different heat treatment parameters, then microstructure
characteristics and grain boundary properties were investigated by using phase diegram calculation, precipitates and EBSD analysis by SEM and
detailed phase structure determined by TEM, the relationship between microstructure evolution and impact toughness of GH4151 alloy was
systematically studied. The results show that the percentage of primary y’ phase gets lower with the inceasing of annealing solution temperature,
while the average grain size gets greater. The JMat Pro results depict that for GH4151 alloy there exists a certain amount of p phase, a type of TCP
phase, at the grain boundary, besides the secondary carbides of M23Cs. Oscilloscope impact tests show that the crack initiation energy including
elastic deformation enegy and plastic deformation energy and the propagation enegy for annealing solutioned specimens were all greater than that
of annealing aged ones, resulting the good resistance of crack initiation and propagation and good property of inpact toughness. and the impact
toughness gets lower when the specimens were annealing aged due to the smaller crack initiation energy and propagation enegy. Further
microstructure analysis by TEM shows that the tested impact toughness values were increased with the increase of average grain size and had little
relationship with the properties of grain boundary. The main reasons that the sharp decrease of impact toughness for annealing aged specimens
were the finer grain size and M23Cs carbides and p phase precipitate at the grain boundary.
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