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Table 1. Comparison of calculated and experimental
lattice constants and magnetic moment for a-Fe and
Fe3zC under FM or NM state.

GGA-PW91 281 281 281 211
o-Fe(FM) GGA-PBE 282 282 282 215

LDA-CAPZ 2.73 2.73 2.73  1.82

GGA-PWI1 2.75 2.75 2.75
a-Fe(NM) GGA-PBE 2.75 2.75 2.75

LDA-CAPZ 2.69 2.69 2.69

Exp 7] 2.86  2.86 2.86 2.12

GGA-PW91 5.00 6.70 4.45 22.21
FesC(FM) GGA-PBE 4.98 6.71 4.43 21.26

LDA-CAPZ 4.81 6.46 4.27 0.04

Exp [10] 5.09 6.74 452  21.36
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Fig. 1. (color online) Crystal structure diagram of a-
Fe, FezC and after introduced rare earth element (Sc,
Y, La, Ce): (a) a-Fe; (b) rare earth solution in a-Fe;
(c) Fe3C; (d) rare earths occupy 4c or 8d positon of
Fe3C (light blue ball represents Fe, the red, blue, and

pink balls are all rare earth elements).
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Table 2. Enthalpies at 0 K of a-Fe, AH(Fes3) =
H[Fes3M] — H[Fes4] and the magnetic moment on

Re, par-

M H[Fes4]/eV AH[FeszM]/eV “ar/ B
Fe —46727.51 0.00 2.21
Sc —47138.94 —411.43 —0.75
Y —46051.60 675.91 —0.63
Ce —46922.26 —194.75 —1.72
La —46720.51 7.00 —0.68

NT e TCRAE a-Fe fll Fes C 2 8] )43 id
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Fe—CH, K, MLtuRwBEA S BRI E LI
Fe LAFRTG B £ [f) Re—C 8, MM FFIEAK R I AEE.
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TR BRI dc L B (WK 3), 3ok T H
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Table 3. Partitioning enthalpies of the rare earth ele-

ments, AHp, at 0 K and magnetic moments, pps, on

Re in cementite.

AHp/eV-atom™!

par /1B
M FM NM
4c 8d 4c 8d 4c 8d
Sc —-0.56 —0.51 —0.84 —0.69 —0.24 —-0.24
Y -—1.11 -1.65 —0.34 —1.02 —0.23 -0.23
Ce —0.03 —0.73 —0.10 —1.85 —0.66 —0.70
La —0.29 —-1.63 —0.26 —1.84 —0.27 —-0.18
0.8 F = 4c-FM
o ® 8d-FM
0.4 4 4c¢-NM
7 I v 8d-NM
I 1
= o
> —04f A ¢
T p e
= —osf I °
_' v
-12}f
-1.6 | ° °
L v v
_20 1 1 1 1
Sc Y Ce La

Lot

K2 ML&EuRmsie, AH,
Fig. 2. Partitioning enthalpies of rare earth alloy ele-
ments, AH},.

F4E Mulliken A7 & 2050 #r, o] i vF & 1
N = A R A R [T 55 A R VW e T - =
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Table 4. The average overlap population of rare earth alloyed cementite and pure cementite under FM state.

(Fe, Sc) C (Fe,Y) C (Fe, La) C (Fe, Ce) C
i) FesC
4c 8d 4c 8d 4c 8d 4c 8d
Fe—C 0.27 0.31 0.30 0.26 0.27 0.38 0.41 0.36 0.37
Fe—Fe 0.11 0.15 0.14 0.11 0.16 0.26 0.44 0.25 0.27
Y—C 1.22 0.60
15 F 1Er 15F " Er
1 1
1
(Fe,Sc8d)C \ (Fe,YS)C
T 10 - : Fe.Sc)C 7 10 | S
% i (Fe,Sct) % i
2 5 2 5F
g g
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OF- -
o 2ol
8 5 o
% ] A
_10 L
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—15| 1 1 1 E 1 1
—-20 -—-15 —10 =5 0 5 10 15
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i 1 '
1
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o o
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T _10 S 10
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Fig. 3. (color online) Total density of states of the rare earth substituting 4c and 8d Fe position of cementite.
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Abstract

With the active physical and chemical properties of rare earth (RE), the segregation and solution behaviors of RE
elements in steel have still not been very clear to date. Thus, the first-principles method based on the density functional
theory is employed to address this problem. The partitioning behaviors of RE elements, including Sc, Y, Ce and La,
between a-Fe and FezC are studied by partitioning enthalpy, and the average overlap population, density of states (DOS)
of rare earth alloyed cementite are also discussed. Moreover, the ferromagnetic (FM) and non-magnetic (NM) cementite
with RE element substitutions are both considered in this work. The results show that all the RE elements in the a-Fe
and Fe3C align anti-ferromagnetic, which is in good agreement with the experimental result. The partitioned enthalpies
of these rare earth elements are all negative for the FM and NM cementite, indicating that they tend to partition and
solubilize in the cementite phase. Furthermore, the partitioned enthalpies of Y, Ce and La substituting the general
position (8d) Fe atom for FM or NM cementite are lower than those of the special position (4c), which indicates that Y,
Ce and La prefer to substitute the 8d Fe site. However, Sc partitioning 4c site of FM and NM cementite is energetically
favorable compared with the 8d site. The calculated average overlap populations of Fe—C covalent bond and Fe—Fe
metallic bond in Y-, La- and Ce-substituted cementite are all larger than that of cementite, showing that the binding
strength and the stability of RE-introduced cementite increase. In addition, compared with the 4c Fe site of cementite,
Y, La, and Ce substituting the 8d Fe site exhibits larger average overlap population, suggesting that the stability of
cementite is enhanced after the introduction of Y, La and Ce, proving again that these elements tend to replace the 8d
Fe site of cementite. By comparing the DOSs of the alloyed cementite, we find that the density of states at Fermi level
of alloyed cementite with Y, La, and Ce substitutions at 8d Fe site are smaller than those of alloyed cementite with Y,
La, and Ce substitutions at 4c Fe site, this further suggests that Y, La, and Ce partitioning at 8d Fe site result in more

stable structures, which agrees well with the analysis results of the partitioned enthalpy.
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