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Table 1 Chemical composition of FGH4096 alloy prepared by different processes
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Fig.1 Oxidation kinetics curves at 750 °C and 900 °C of FGH4096

alloys prepared by different processes
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Table 2 Oxidation layer thickness of FGH4096 alloy

prepared by different processes after oxidation
at 750 °C and 900 °C for 1 h and 100 h
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Fig. 2 XRD patterns of oxide film of FGH4096 alloy prepared by different processes after oxidation at 750 °C and 900 °C for different times
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Fig. 3 Oxide film surface morphology of FGH4096 alloy prepared by different processes after oxidation at different temperatures for

different times: (a—d) vacuum induction melting and (e-h) electron beam refining
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Table 3 ESD analysis results of different areas shown in Fig. 3

- B4/ %

O Ti Cr Ni Al Co w Mo Nb
1 9.66 2.87 19.04 45.96 1.56 11.50 2.79 2.86 0
2 14.32 6.98 20.65 35.01 2.04 8.38 2.41 2.71 0
3 34.10 28.63 31.26 3.24 0.51 1.47 0.78 0 0
4 23.22 5.83 45.47 12.27 1.92 6.32 1.76 0.32 0
5 28.38 9.42 47.60 3.99 3.65 1.33 0.42 0 0
6 0.85 0.32 9.52 60.94 0.38 15.32 5.15 4.00 0
7 29.26 40.97 23.00 0.89 0.15 0.43 2.10 0 0
8 21.22 2.20 48.90 3.96 0.63 22.96 0 0 0
9 33.19 36.01 14.33 8.03 0.87 3.01 0.22 0.38 0
10 29.77 31.56 21.04 5.83 1.90 7.22 0.39 0.67 0
11 24.01 15.32 32.62 7.91 0.65 18.35 0.08 0.23 0
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Fig. 4 Oxide film section morphology of FGH4096 alloy prepared by different processes after oxidation at different temperatures for

different times: (a—d) vacuum induction melting and (e-h) electron beam refining
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Fig. 5 Section morphology (a) and element surface scan results (b) of oxide film of electron beam refined FGH4096 alloy
after oxidation at 900 °C for 100 h

24



NMLEHH

MATERIALS FOR MECHANICAL ENGINEERING

R, F . BT R FGHA096 3R 6419 5 iR 8 ALAT

FHE A SR m A LI = 2454, 254 XRD %]
1, FLER A2 R i B TO, S /b1 Co(NiD Cr, O,
R, HIE DA CrO5 ok 32, N2 3875 43 A 1) 1
AR ALO;, [6] B ALO, 2 N A7 1E /D 2 BT & i 56 o
ALOSTE & & e Pl i A K, SRR CF T 1y
5, T CroO, B 1 Az 108070 6 4 AL 9 2
i, NI R AL S SR R 25 6 01, BRIR G A
fe R,

AT 750 °C, 415900 CT A ALAT W
WO 900 CR M A AT M HEAT 40 BT, L6 T
7R, FE900 “CFEAMIHI(1 h), 4 TAETLfEE S 1)
VB R W AE G 4 2R, B S o3 A 8 8RR L
IR, 53R A 4o R & AR R, AT
WRIE AR, FEARZRIIE BT 1 A A e s 4
il AR A K R ) R R Z R AR S SRR/
AR N o BRI HGH e K R 4R Y SR
JE R T4, AR S M S M B L TiO,
Fb Cr,O4 B2 55 A4 B, AER: T b 4 B B 4

Ak

(a)1h

23 SERTENREMNIEENZN

FGH4096 & 4 B AN h A7 7R 1Y TiO, . ALO, 5
#BJE Fn B ALY, Cr,0,. Co(Ni)Cr,O, 5N J& T p
REA 2 p R AR 2R K R B R
) A4 PR DR AE T n R AR AR 0 AR K R R B
SEAR /S AR LT b (G 850 TR b ™ FL T SORS
AN 25 1) FGHA096 £ 4 L1 b 19 75 i U T
A, G E /R FE R AT AR, NI ZE T n
R SRR ALO, 1 9 B HER 2 AR I
Wagner #81 | #:1 FGH4096 45 4: 78 900 “CE Akt 72
W ROILER, AN 7 s . FGHA096 & 4 i)
S T T A o A R) B, ARG A () B BOpL
HEATIERS , T H] PR R BGE LA AR AP B R
FORAS 2 3 i 15 E 18 FGH4096 45 43 h e it i
. FGHA096 & 4 it 044 T 2 7 2 B AR b st

B TIO, 5 CroOy [R1 A2 5, Bl T EK L 55 1Y TH
FE, FEARPIARER S8 ou R M ANERY R, ks 5 E R
RN, IR ARG, PR TR &
WRCE, I Cr,O4 8 BRI Z . Bl SE AL )Y
FER, BRAE Cr,O, AL h P8, 7 bk ad # b, Tit
B Cr ", 2 CrO, 254 TP B BUBH B 745 0, fe itk T
TiO, B, #34# Richardson-Ellingham ™%,
TiO, FEHH A M AEAE T Cr,Os, R I TiO, & Ak B 5
INECE . B RS AR E BRI, AR AR R
NiO. CoO WA [HKEZ AL R EE , T By
Co(NDOFESNZE 5 Cr,0, 22 it & 2% B S8 A0 I A AR
Co(NDCr,O, 2R Fh A R, B A ALt B A T
HERESIE SR W, SEE 4/ At
T A RS R R KBEAIR, ALO, £ 900 “CH -
54853 AR T TiO, Fl Cr,O,, HLAR X 4801 35 Fl
R, R FAEHE T )2 ALO A L. ALO;,
AT HERELAS: T EKOCER M 1, I ALO, JZ N4
TR RETTE

<k Co(Ni)Cr,0,

(1) 100 h

6 FEFHREE FGH4096 & 7E 900 °C THELELERKTE
Fig. 6 Schematic of oxide film growth at 900 °C of electron beam refined FGH4096 alloy
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Fig.7 Schematic of atomic diffusion mechanism of FGH4096 alloy prepared by different processes before oxidation (a, d)

and after oxidation at 900 °C for different times (b—c, e—f)
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High Temperature Oxidation Behavior of FGH4096 Superalloy Prepared by
Electron Beam Refining

LI Mengxian, LI Yi, TAN Yi, CHANG Kai, LI Pengting

(Key Laboratory for Energy Beam Metallurgy and Advanced Materials Preparation of Liaoning Province, School of Materials
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Science and Engineering, Dalian University of Technology, Dalian 116024, China)

Abstract: The FGH4096 alloy with an oxygen impurity mass fraction of only 0.000 9% was prepared by
electron beam refining, and was subjected to constant temperature oxidation tests at 750 ‘C and 900 °C for 100 h. The
surface morphology, cross-section structure, and phase composition of the oxide film were investigated, and the high
temperature oxidization behavior of the alloy was analyzed and compared with that of the FGH4096 alloy with an oxygen
impurity mass fraction of 0.001 6% prepared by vacuum induction melting. The results show that compared with those
of the alloy prepared by vacuum induction melting, the increment of oxidizing mass per unit area and the thickness of
oxide film of the FGH4096 alloy prepared by electron beam refining after high temperature oxidation under the same
conditions were smaller, and the average oxidation rates at the oxidizing temperatures of 750, 900 °C were both less than
0.1 g+m ?«h} the alloy was complete oxidation resistant. After oxidation at 900 “C for 100 h, the oxide film of the
alloy consisted of TiO, and Co(Ni)Cr,O, in the outermost layer, Cr,O, in the middle layer and Al,O,in the inner layer.
Compared with those of the alloy prepared by vacuum induction melting, the oxide film of the alloy prepared by electron
beam refining was thinner with less porous and better uniformity and densification, and the alloy had lighter degree of
internal oxidation. At the initial stage of oxidation, TiO, and Cr,O, were formed on the surface of the alloy. With the
extension of oxidation time, Co(Ni)O generated in the outer layer reacted with Cr,O, to form Co(N1)Cr,O, spinel phase;
the oxide film was gradually dense, and a large amount of Al,O, was formed in the inner layer at low oxygen partial
pressure. The content of oxygen impurities in the alloy by electron beam refining was relatively low, the number of
defects was relatively few, which effectively reduced the growth rate of n-type semiconductor oxide Al,O, along the grain
boundaries, resulting in the relatively small oxide film thickness.

Key words: FGH4096 superalloy; electron beam refining; impurity element; oxidation resistance



