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() Si#y ChiBE A 40200 H). & TIEE N T2
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3mm WS T. ME, RH X H 07 41Y

(D8Advance) #f 47 ¥ 40 73, R H Bt Al g 15 X
(energy dispersive spectrometer, EDS) 494 H
F 4R (scanning electron microscope, SEM, !
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Fig. 1. Crystal model for calculation: (a) NijgFegCrgNb;
(b) NijgFegCrgNbSi.
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RIR R BGHFATIE IE. TETHR 20, R I ) -1 2%
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KT 0.001 nm, W S wZET 0.05 GPa. 4ok, H
7Y (SCF) WEURRS R E } 5.0x107 eV /atom.
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Table 1.  Equilibrium lattice constant and unit cell volume of supercell model.
System Site a/nm b/nm ¢/nm a/(®) B/(°) /(%) V/nm?
NiyFesCrgNb 0.71345 0.72715 0.70223 90.000 90.000 90.000 0.3643
Ni;gFegCrgNbSi Ni Site 0.71915 0.71859 0.71627 90.000 90.000 90.000 0.3701
NiyFe;CrgNbSi Fe Site 0.73543 0.73499 0.68475 90.000 90.000 90.314 0.3702
Ni;gFegCrsNbSi Cr Site 0.70478 0.73256 0.70599 89.592 89.991 90.003 0.3645
Ni;gFegCrgSi Nb Site 6.99468 7.26214 7.01313 90.000 90.000 90.001 0.3562
2 RARMBRER . GETEGE . TR S5 4Rk
Table 2.  Total energy, defect formation energy, formation enthalpy and cohesive energy of systems.
System Site E;/eV H/(eV-atom™1) E/(eV-atom™) Eia/eV

Ni gFesCreNb - — —0.213127 —2.929875 —47447.72376

NigFesCrgNbSi Ni Site —1.339744 —0.256865 —2.915375 —46241.16350

NijgFe;CrgNbSi Fe Site —1.322440 —0.255194 —2.880194 —46754.74620

NijgFesCrsNbSi Cr Site —1.226650 —0.252200 —2.892825 —45218.05041
NiyFesCrgSi Nb Site —1.112683 —0.248639 —2.948639 —45961.73644
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Fig. 2. Density of state of systems before and after Si doping: (a) NijgFeqCrgNb; (b) NijgFesCrgNbSi.
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Fig. 3. Electron density difference of systems before and after Si doping: (a) NijgFezCrgNb; (b) NijgFesCrgNbSi.

R3O SUBIRHTR R R TAE
Table 3.  Atomic populations of systems before and after Si doping.
System Species S P d f Total Charge
Ni 0.48 0.83 8.65 0 9.96 0.031
NijgFeyCroNb Cr 2.58 6.77 4.96 0 14.32 —0.31
Fe 0.50 0.70 6.72 0 7.92 0.08
Nb 2.26 6.02 3.93 0 12.21 0.79
Ni 0.49 0.83 8.65 0 9.97 0.02
Cr 2.57 6.77 5.00 0 14.33 —0.33
NigFegCrgNbSi Fe 0.49 0.67 6.74 0 7.90 0.11
Nb 2.26 6.04 3.94 0 12.24 0.76
Si 1.21 2.61 0.00 0 3.83 0.17
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FAGI T SiBZARTE R RN R,
HRTT DL WTRA R P Ak 2 B ) 2 AR ) A S T
A3 R 3 P DL TS A0 B TR, Rl
G LN, A AR TR, R R AT R
DA A TR i) e O e S [ U i
HEARAS, X Ph S 2 1 55 R T Z (Rl AH BAE
R KT =Z R HE R 7. A TR A 4 X (B S i
(555 L IEAH I 22, e 4 a0, Si JRFIE AR
MU T Ni—Ni JRUFa] A s X, i H: S s
A A (B, Si AAE BRI B A T T
il N Fe—Nb, Fe—Cr, T H & Cr—Cr J& T
Z R SRR . L5508, SiRT IS Afif 4
Z W Fe, Nb 5 Cr Ji 7 [a] (9 HEF 138K, B0 i
PIARFRULBE 2 BERK, 1A R e HEAH DRI, X 5
3.2 TR

F 4 SiBIEHE RN
Table 4. Overlapping populations of systems before and
after Si doping.

System Bond Population ~ Length/nm

Fe—Ni 0.06 0.360847

Cr—Fe —0.07 0.350106

Cr—Ni —0.03 0.359244

Ni—Ni —0.03 0.375966

NijgFesCrgNb Fe—Nb —0.10 0.434654
Ni—Nb —0.13 0.364001

Cr—Nb —0.46 0.340342

Cr—Cr —0.16 0.419928

Fe—Fe —0.07 0.427230

Fe—Ni 0.06 0.363710

Cr—Fe —0.12 0.351112

Cr—Ni —0.04 0.363071

Ni—Ni 0.03 0.373913

Ni, FeyCroNbSi Fe—Nb —0.13 0.434897
Ni—Nb —0.13 0.356309

Cr—Nb —0.40 0.338983

Cr—Cr —0.33 0.422106

Fe—Fe —0.06 0.418588

Ni—Si 0.02 0.386153

3.6 SiBEMNEHRTFREIN I8 S&RE
RMAREREIHF N

Kl 4 1B 2s e 4r 48 2% Si gt & i s IN 718
BEWIZER X FLATH (X-ray diffraction, XRD)
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Kl 4 SiB44HT)E IN 718 IRJ2 19 XRD &3
Fig. 4. XRD patterns of IN 718 alloy before and after Si
doping.
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T S5 4 A A 44 B 43 50 00 A i e A1, 32X . g 13 B
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gELREF—30 RIE 5 AT I A Si ARl
1% IN 718 A& IRIZ M A1Z & A dHEtR 1) 255l
— AN A Rl B T A4k d ok AE R . N EDS

5 WA SYTE BTSRRI AR

Table 5. Measured and converted equilibrium lattice constant and unit cell volume.

Measurement results

Converted results

System

a/nm b/nm ¢/nm V/nm? a/nm

af/C) B/ VO)

b/nm ¢/nm V/nm?

IN 718 0.36028  0.36021  0.35848  0.0465 0.72056
2Si-IN 718 0.35970  0.35960  0.36114  0.0467 0.71940

0.72042  0.71696  0.3721  90.000  90.000  90.000
0.71920  0.72228  0.3737  90.000  90.000  90.000
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A 5

Si BT S & & MO A S
Fig. 5. Microstructure of alloy before and after Si doping: (a) IN 718; (b) 2Si-IN 718.

(a) IN 718; (b) 2Si-IN 718

* 6 SiBENFEEGEREEDS 4% (R FHME)
Table 6. EDS results (atomic percent) of coating before and after Si doping.
Coating Area Ni Fe Cr Nb Mo Ti Al Si
IN 7 Matrix 40.85 38.46 17.42 0.53 1.14 — 1.28 0.32
18
Second phase 36.08 28.42 14.33 6.89 2.89 1.46 0.56 9.33
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Abstract

Inconel 718 (IN 718) is the most widely used nickel-based high-temperature alloy today. It is widely
adopted in important fields such as aerospace, energy and chemicals, and is also one of the few high-
temperature alloys, of which some can be fabricated by using additive manufacturing. There is a lack of
research on the effect of Si on the structure and properties of IN 718 alloy on a microscopic scale. In this paper,
the effect of Si doping on the 77 phase in IN 718 alloy is investigated by first-principles calculations through
using the CASTEP package. The lattice constants, total energy, defect formation energy, formation enthalpy,
cohesive energy, density of states, and electron density difference of the v phase are calculated before and after
Si doping, and population analysis is performed. The calculation of the lattice constant reveals that the doping
of Si atoms expands the cell volume of the 7 phase supercell, which contributes to a certain solution
strengthening effect, and is conducive to the improvement of the hardness of the alloy. The energy and
electronic structure calculations show that the Si atoms prefer to occupy the Ni atomic positions in the ¥ phase.
The number of valence electrons between the atoms, the distribution of the charge density, and the strength of
the bonds between the atoms also change with Si doping, thus modifying the interaction of the atoms within
the 7 phase, reducing the stability of the 7 phase, and favouring the precipitation of the second phase. Besides,
uniform and dense IN 718 coatings with low-coat Si doping are successfully fabricated by using plasma cladding.
The experimental results demonstrate that Si doping has no significant effect on the type of matrix structure of
IN 718 coatings, but causes a slight expansion of the lattice of the alloy, which is consistent with the calculation
result. The addition of Si can result in a transformation of the alloy coating from columnar crystal to equiaxed
crystal, refining the grain size of the alloy, while reducing the volume fraction of the ¥ phase and increasing the
volume fraction of the second phase. Moreover, the addition of Si exacerbates the segregation of Nb and Cr

elements in the IN 718 coatings.
Keywords: Inconel 718, first principles, ¥ phase, Si doping
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