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Abstract: Electron beam smelting (EBS) technology was used to refine an FGH4097 master alloy, and the migration
behavior of nonmetallic inclusions during the melting process was analysed. The results show that the electron beam
smelting method can cause low density (<8.30 g/cm®) nonmetallic inclusions such as ALO;, SiO, and Ce,O; in the
FGH4097 alloy to float and remain in the final solidification zone. The floating behaviour of inclusions is mainly related to
their size and density; the larger the size and the smaller the density are, the faster the upsizing speed of the inclusions.
According to the calculation results, the experimental process can effectively float low-density inclusions with sizes greater
than 6.5 pm. The liquid flow generated by the Marangoni effect on the surface of the melt can drive the floating inclusions
toward the center of the melt pool and aggregate to form flat inclusions. When the O content of the master alloy is slightly
greater than 4x10%%, the area of inclusion on the ingot is not greater than 10 mm?, and when there are shrinkage holes in
the master alloy, the area of inclusion increases sharply to more than 100 mm?.
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Tab.1 Composition of FGH4097 alloy
(mass fraction/%)

Element Cr w Mo Al Ti
Nominal 8.00~10.00 4.80~5.90 3.50~4.20 4.85~5.25 1.60~2.00
Element Nb Hf Zr Ce Ni
Nominal 2.40~2.80 0.10~0.40 0.010~0.015 0.005~0.010  Bal.

F 2FGH4097 BEEE€MERTEEERIAERE
Tab.2 Contents of impurity elements and defects in the
FGH4097 master alloy

Alloy No.  w(0)/10™% w(N)/10"% w(S)/10"% Defects
1# 2.8 8.1 1.8
2# 3.6 10.7 1.5
3# 4.4 9.3 23
4# 5.0 9.9 2.4
S# 3.8 8.9 2.7 shrinkage cavity
6# 16.3 14.7 1.7 shrinkage cavity

T 3# 54 1/2 240 H 15 mmx15 mmxS5 mm
A AE % H 108.8 mm? 11 FH N 11 e 24 W R 25 K 8K
w1 T ASPEX Kl , 25 S 4ank 3 iz~ , Al HIFGH4097

E 1 VIM #i % FGH4097 #RE S . (a) £ ;(b) Jo4i FLATE ; (c) A 4 FL A
Fig.1 Morphology of FGH4097 bars prepared by VIM: (a) surface; (b) cross section without shrinkage hole; (c) cross section with
shrinkage hole
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Tab.3 Type and quantity density of inclusions in alloy 3#

Inclusion ALO; MgO Si0, MgO-ALO; AlLO:- SiO,

Quantity
) 0.47 0 0.71 0.06 0.19
density/mm™
Inclusion CaO Ce,0; HfO TiN
uantit
Q ) Y 0.04 0.14 0.36 0
density/mm?
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Tab.4 Area of inclusions on the surface of the EB ingots
Ingot 1# 2# 3# 4# S# 6#

Inclusion area/mm? 5.15 5.67 11558 182.63
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Fig.2 Morphology of electron beam button ingots: (a) 1#; (b) 2#; (c) 3#; (d) 4#; (e) S#; (f) 6#
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3 SRR T 3# 58RI RAWIEIN : (a, b) 37 15(c, d) 37 2
Fig.3 Morphology of inclusions on the surface of ingot 3# observed by metallurgical microscope: (a, b) field 1; (c, d) field 2

4 WO R E RS T EB $ER I IS YIE A (a, b) 3# EB %2 ;(c, d) 5# EB 4
Fig.4 Morphology of inclusions on the surface of EB ingots observed by confocal laser microscope: (a, b) ingot 3#; (c, d) ingot 5#
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Fig.5 Morphology and EDS mapping results of inclusions on EB ingot 3#: (a) field a; (b) field b; (c) field ¢
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Fig.6 Size distribution of Al-rich oxides on the surface of EB
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€ 7 EB ¢RI 2444 FIB BURE /R & 8« (a) TUREAZ 1 5 (b) IXFEIRUH 5 (o) Il RRTE A1
Fig.7 Schematic diagram of FIB sampling of inclusions on the surface of the EB ingot: (a) sampling location; (b) removal of the
specimen; (c) morphology of the specimen
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Fig.8 TEM image and EDS mapping
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Fig.9 Diagram of the EPMA test: (a) test position 1'#; (b) test position 2'#
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Tab.5 Miedema parameters of the main elements in the FGH4097 master alloy"”

Element
Parameter
Ni Co Cr W Al Mo Nb Ti
Molar fraction/mol. % 55.16 16.01 9.85 1.71 10.90 231 155 2.11
v fom? 3.50 3.50 3.70 4.50 4.60 4.40 4.90 4.80
() /() 175 175 1.73 1.81 1.39 1.77 1.62 1.47
A% 5.20 5.10 4.65 4.80 420 4.65 4.00 3.65

rip/V? 1.0 1.0 1.0 1.0 1.9 1.0 1.0 1.0
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Tab.6 Parameters of saturated vapor pressure for the
elements of the FGH4097 master alloy™

Element A B Cx1000 D Range/K
Ni -225 00 -0.96 - 15.72 298~1728
Ni -224 00 -2.01 - 19.07 1728~3 193
Co -222 09 - -0.223 12.93 298~1 768
Cr -206 80 -1.31 - 16.68 298~2 180
w -440 00  +0.50 - 10.88 298~3 683
Al -163 80 -1.00 - 14.44 933~2723
Mo -347 00 -0.24 -0.15 13.78 298~2 893
Nb -376 50  +0.715 -0.166 8.94 298~2 750
Ti -244 00 -0.91 - 13.18 1155~1933

10 FGH4097 & 4 E 2L R fI 2813k
Fig.10 The saturated vapor pressure of the main elements in the
FGH4097 master alloy
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Fig.11 Activity coefficient of a solute in an mﬁmte dilute solution and acthlty interaction parameters of the main elements in the
FGH4097 master alloy: (a) y i=Co, W, Cr, Mo; (b)y i= Al, Nb, Ti; (c) .c: Ni-Cr-X
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Fig.12 Activity coefficient and activity of the main elements in the FGH4097 master alloy: (a) activity coefficient; (b) activity
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Fig.13 Evaporation rate of the main elements in FGH4097
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Fig.16 Floating velocity and critical size of floating inclusions: (a) floating velocity of inclusions; (b) critical size of floating inclusions
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Fig.17 Tendency of surface tension as a function of temperature: (a) different contents of oxygen and sulfur; (b) alloy 3#
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Fig.18 Surface tension distribution of alloy 3#
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Fig.19 Schematic diagram of the Marangoni flow on the surface of the molten pool: (a) melt pool; (b) distribution of temperature;
(c) distribution of surface tension; (d) direction of fluid flow
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Fig.20 Relationship between the inclusion area and the O
content of the FGH4097 master alloy
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