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The As—Cast Microstructure and Solidification Segregation
Behavior of GH5188 Alloy Produced by
VIM+ESR Dual Melting Process
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Abstract: GH5188 is a solid solution strengthened cobalt-based superalloy, which is widely used in hot components such
as front vortex board of aeroengines and guide blades of gas turbines. The use of VIM+ESR duplex melting process is ben-
eficial for improving its high-temperature mechanical properties. I The microstructure evolution and solidification segrega-
tion characteristics from the edge to the center of GH5188 alloy ingot produced by VIM+ESR duplex melting process have
been investigated through thermodynamic calculations, differential thermal analysis, and SEM-EDS detection so as to pro-
vide theoretical guidance for the subsequent homogenization treatment design of ingot. The results showed that the ingot
consisted of fine grain region and coarse columnar grain region, with the fine grain region located within a range of (0-2. 9+
0.76) mm from the surface. The grain size and dendrite arm spacing first significantly increased and then slightly in-
creased from the edge to center of the ingot. Primary M,C, (M,C+M,,C,) carbides, and ternary eutectic (M,C+M,C.+vy)
were precipitated in the interdendritic region and along the grain boundaries. Moreover, clusters like secondary carbides
M,,C, were precipitated around the primary carbides. From the edge to center of the ingot, the average size and number of
primary carbides gradually increase. Cr and W are positive segregation elements, while Co and Ni are negative segregation
elements. The solidification segregation degree increases obviously from the edge to center of the ingot. During the solidifi-
cation process, Cr and W were continuously accumulated in the liquid, which led to the precipitation of primary carbides
and ternary eutectic in the remaining liquids. The solidification and precipitation sequence of GH5188 alloy is assumed as
follows: <y dendrites, primary M,C, primary (M,C+M,,C,), ternary eutectic (M,C+M,,C,+y) and secondary M,,C,.
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Table 1 Chemical composition of GH5188 alloy ingot prepared by VIM+ESR dual melting %o
Cr Ni w Co La Mn C Si
22.31 22.01 14.51 39.50 0.04 0.80 0.09 0.40
Fe Cu B Pb S P Bi Ag

0.24 0.01 0.003 0.001
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The relationship between the mass fraction of equilibrium precipitates in GH5188 alloy and the temperature : (a) overall view
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Fig. 6 SEM images showing microstructures from the edge to the center of GH5188 alloy ingot prepared by VIM+ESR dual melting
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Fig. 7 EDS maps showing the element distributions in the interdendritic region at the center of GH5188 alloy ingot prepared by VIM+
ESR dual melting process: (a)M,C, (b) (M,C+M,,C,) and(c)eutectic (M,C+M,,C,+y)
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Table 4 EDS point analysis results at different locations
of the precipitates in Fig. 7 %
&5 ST A C Cr Co Ni W
1 19.95 48.15 8.37 2.59 20.93
El7(b) 17.55 12.97 12.01 4.57 52.89

2

3 11.28 32.51 24.07 18.00 14.14
4 9.52 19.19 36.28 20.82 14.19
5 10.74 21.67 33.65 20.21 14.43

B 7(c)
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Fig. 8 DTA cooling curve of the GH5188 alloy prepared by

VIM+ESR dual melting process
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Table 5 Concentrations of the main alloying elements in
dendrite cores and interdendritic regions from the edge to
center of GH5188 alloy ingot prepared by VIM+ESR dual
melting process %
IE < 112242 DB
TCE R M GRBT BGR Bl GRBT BUR B by
T T G TR G [T
Cr 2235 24.03 1.08 22.13 24.61 1.11 21.61 2449 1.13
Co 3947 3799 096 39.85 37.40 0.94 40.10 37.39 0.93
Ni  23.01 2247 098 22.81 22.01 0.96 23.19 21.87 0.94
W 15.18 15.54 1.02 15.21 1598 1.05 15.14 16.27 1.07

1.20
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A Ni =
tof W =
./ v
# 1.05 v
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Fig. 9 Segregation coefficients of the main alloying elements
from the edge to the center of GH5188 alloy ingot prepared by
VIM+ESR dual melting process
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Fig. 10 Schematic of the solidification and phase transition

process in GH5188 alloy ingot prepared by the VIM+ESR dual

melting process

1E VIM+ESR XU 75 Bk GHS188 & 4 45 4t Y it
[ 2o A, 0 % I v ) S B I R A R A )
PN 58 B IE ], 5 0% 0 P B R 78 43, 0T A BT R
FERRGT BEAR 17T 55 B O 8 1) 2 0 BE AR, 5 B P
SYECE TRy R B S R AT R . A, B EE
S A2 d S O 1 A X3, A B 22 Cr R W A5 IE A ATT VS
Jo D g HE B B0 R T AR A T X S R
U DX 3531l T R B

P BE I SR AL TR v ) R IR K T A
R PIHIT R Y H, NITTHE & y A S R A% R I
iy B TCIE T KK XRBMEEL%EE
SR YRR OB A B B e e, — T I, B
S8 PR L T BB B K SR sk A 9 (R K IR T T 7
A 8] 5 55— T T, 45 B 350 ) Qi A 2 B L 2%
B AR XA Cr W R AL I T &
R R IR R AR T R S
(R TR0 200 S, B EE 10 2% 2200 3 00 A= ik
A (%) RS RS B 2 8 o

W) A B AL B MG (M C+M,,C,) FT (M,C+M,,Co+



- 56 - Y5 IREN

547 5

v) =03t i & VIM+ESR WA #: GH5188 4 4 4%
B ) R ERATT A, T BRI AR B R T i Y
22 BE P 5140 b 38 T2 O 32 0 il R T B X 6 Al Ak
W, DLk T 50 B v ok B b B AR RUOT 2. 5
A BEEE T 2 20 H0 0 AR R T AL BUIR R —
FE 2 O T T 20 2 rp @ L2 i, LA Tt
HLVEREYS 511 .
4 £ig

i L A5 VIM+ESR BUEE T 275 B GH5188 &
G T T 2 20T 1) AL 3 A RN S [ (BT R AE 75
HUTF 4L

1) 5 58 0y W A 2R v B WA MGC LR A=
(MC+M,,C,) « (M C+M,,Cty) = 0 3 5 F A bk —
UERALY) M,,C 4L AT

2) N5 10 % 2 0, dlobL RS L — UL ]
PR A it ) B 2 SR R MR 34 K /NI R, 0 A

S 0k

[1] Klein L, Shen Y, Killian M S, et al. Effect of B and Cr on the high
temperature oxidation behaviour of novel y/y’ -strengthened co-
base superalloys [J]. Corrosion Science, 2011, 53 (9) : 2713-
2720.

(2] sRABHT, THPRHE, SRR, &5 . B AR BE iR B B a3 BT
WIFEHERELT ], WIE AR R, 2024, 43(3): 230-237.

(3] IE g, Mhadl. bEEREG S 404E (1], &)@, 1997, 33
(1): 1-8.

(4] WA ZE, Fhossl . i B 4 10145 1956-2006(M ] dbat:
164 Toll ik, 2006 26.

[5] Kurt P. Rohrbach. iAW ERSEE]. FHMETZ,
2005, 35(1): 61-62.

(6] Spaltas . & il & & MR- N -m i & 4 6 RS TR N
[M]. demt: B2k, 2010.

(7] s . i G bk - LR I ER e (M. deat. B4
th AL, 2008: 124.

(8] XMk, MR AL, %8, % . FGHOS M AR 4 &l & 4 i i
W R REE O S )], AT m b RS TR, 2009, 38(7)
1179-1183.

[9] Zhang H'Y, Zhang S H, Cheng M. Effect of 3 phase on the tensile
deformation behavior of gh4169 alloy at high temperature[J]. Acta
Metallurgica Sinica, 2013, 49(4): 483.

[10] & ®i. 8 BB 2.5 R T A% FGHI6 & & s Y

)], P ENR4,2023,33(3):62-67.

[11] Van Den Avyle J A, Brooks J A, Powell A C. Reducing defects
in remelting processes for high-performance alloys [J]. JOM,
1998, 50(3): 22-25.

[12] sRAbIT, 88 0k, 3k3Cx, 55 B miR A & b MOt s
AT ] 4 F2%AR, 2019, 55(9): 1095-1114.

M C (M C+M,,C) B £k 9 B9 R~ RN 85 e 5 A5 AH )
Ak

3) G T T AR BE [E 41 253, GH5188
B 4 W BE & FAR SN R : L= L4y —L+y+M,C —
L+ v +MC+ (M,C+M,,C;) — v +M,C+ (M,C+M,,C,) +
(M,C+M,,C,+ v) — v +M,C+ (M,C+M,,C,) + (M,C+
M,;Co+y) +IRBRALH M,,C,

4)Cr W N IEfRBTICE , Co Ni A f w2
Horp Cr AT o ™8, W MC I £ 2B ot
2,10 Cr & M,,Co 1 FEIE OTER , Co Al W A9 i -5
F R BIE . NBEBE T 4% 2058, JC R W
BT AR B2 2R W38 O, 3 B T ) AR B AR ) RS g i
FRIE AR 1R o

5) T X U 1A R GHS 188 4 4 W5 5 1l 7 Jin i
BEZRYTE I Z BB T2, HE—Fr B
(AL BE AR T 1 240 °C, Dk = oot i (M C+
M, Co+y) AL, B 15558 & ARG

(3] B, AL 5, A0 8L, 4. il Ta e & S s A gUE
HRIWFFEIERE (1], FRBEAR, 2011, 17(3): 1-4+31.

[14] BmME, SEZBE, K. A& S0 ES JE GH188 &5 4 4
ZURPERERYSZI [T ], BOERIFSE SBEA 4k, 1986(2): 25-31.
[15] Wi, RESE, KE =2 BI7ERS B8 & 4 GHI18S TP Iy 1E

LeoyBel) ] v R ol 1986, 4(4) : 45-52.

[16] 50k, MMM, FER. 85 &R G 4 GHI88 il b 2
B R ICE Mg dh S R N5 L] ek T2 4, 1999, 11
(3): 30-33.

(7] EJR, SKABSE, fF BT, 4F. GHIS8 &4 MM ZURIY 2
T 2] TR TR 22441, 2011, 30(6) : 12-16.

[18] £ 4, 51 JF, 3N, 4. LasCE X GH5188 & G414k
RERYRZIRATIELT ). FHNEER , 2022, 28(3): 14-17.

(19T I, /NN, FEFAE, 4. La & 45X GH5188 4 G ik [ i
T MBS UL ], S m A EL, 2024, 49(2): 71-76.

[20] #HEL, 5k f, JEPNAT, 5. GHS188 4 G BRI il 72 5 A5 5
BEWEEBFTELT ). MERILEK , 2023, 44(3): 131-137+164.

[21] HEEEsk, I, 280E . 29546 T 20 GH5188 43 44141
i PERERE )], S JE AL, 2023, 48(2): 150-157.

[227] Sankara Rao K B, Castelli M G, Allen G P, et al. A critical as-
sessment of the mechanistic aspects in HAYNES 188 during low-
cycle fatigue in the range 25 °C to 1 000 ‘C[J]. Metallurgical and
Materials Transactions A, 1997, 28(2): 347-361.

[23] Guo Z, Saunders N, Miodownik A P, et al. Modelling of materi-
als properties and behaviour critical to casting simulation[J]. Ma-
terials Science and Engineering: A, 2005, 413: 465-469.

[24] Saunders N, Guo UK Z, Li X, et al. Using JMatPro to model ma-
terials properties and behavior[J]. JOM, 2003, 55(12): 60-65.

[25] @A, FEREH, Whibwh, % . GH5188 &l & 4 2 ZVRFAIE B



1M JH B4 VIM+ESR WG GHS 188 4 4 i85 245 2040 Kt B AT 4T

« 57 -

BRI T R SN A [T]. WA B RS TR, 2017, 46
(10): 2922-2928.

[26] BedEfe . SRLA UMY = AR RIM 2 5 5 e RAEMFFE (D). b
AU JERRHEOR Y, 2017.

(27] B, w2esR, W A2E , 45 . OUAREA 56 o 4 4 oo = 4
ROFRISRAELT]. RIS M (A AREMD L 2001, 24(4)
5-7+30.

(28] BRBARK . L HR 0 BE 3h 20 B 37 B oML 2L e [D ). Tk
M= ZRIER, 2010.

[20] TSR I &% Wh A, 55 . A i T 00 5 T ol R 1) (i A A
[J]. —F4A,2023,(4):7-11.

[30] Liang G F, AliY, You G Q, et al. Effect of cooling rate on grain
refinement of cast aluminium alloys [J]. Materialia, 2018, 3:
113-121.

[31] Umemoto M, Hai Guo Z, Tamura I. Effect of cooling rate on grain
size of ferrite in a carbon steel[J ]. Materials Science and Technol-
ogy, 1987, 3(4): 249-255.

[32] Easton M A, StJohn D H. Improved prediction of the grain size of
aluminum alloys that includes the effect of cooling rate[J]. Mate-
rials Science and Engineering: A, 2008, 486(1-2): 8-13.

[33] ShaoJ Y, Yu G, He X L, et al. Grain size evolution under differ-

[l

ent cooling rate in laser additive manufacturing of superalloy [J ].
Optics & Laser Technology, 2019, 119: 105662.

[34] #E8Ir, WA . RSP BiM]. 207, Jbat: PU Tk
Hi ikt 2007: 56.

[35] BADUE . GmBEmE (M. Jbat: Ga Tk Hip:, 1985.

[36] REF T3 . & EEME 2 (M) Jbat: HLA Tk i bR 4,
1983: 35.

[37] Tonks M R, Zhang Y F, Bai X M, et al. Demonstrating the tem-
perature gradient impact on grain growth in UO, using the phase
field method [J]. Materials Research Letters, 2014, 2 (1) :
23-28.

[38] Zollner D. Impact of a strong temperature gradient on grain growth
in films [J]. Modelling and Simulation in Materials Science and
Engineering, 2022, 30(2): 025010.

[39] Fisher D J. Fundamentals of solidification [M]. Laubisrutistr:
Trans Tech Publications Ltd, 1986:85.

[40] Jackson K A. Kinetic processes: crystal growth, diffusion, and
phase transitions in materials [M]. Weinheim: Wiley-VCH,
2005.

[41] Xiang X M, Jiang H, Dong J X, et al. Thoughts on high perfor-
mance superalloy design and microstructural characteristics of a
newly designed ni-cr-co-w superalloy applied above 850 °C[J].
Materials Science Forum, 2019, 944 . 13-24.

[42] Gong L, Chen B, Zhang L, et al. Effect of cooling rate on micro-
structure, microsegregation and mechanical properties of cast Ni-
based superalloy K417G[J]. Journal of Materials Science & Tech-
nology, 2018, 34(5): 811-820.

[43] LiM, Coakley J, Isheim D, et al. Influence of the initial cooling
rate from <y’ supersolvus temperatures on microstructure and
phase compositions in a nickel superalloy [J]. Journal of Alloys

and Compounds, 2018, 732: 765-776.



