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Abstract: Rare-earth elements, as modifiers, exhibit high effectiveness in microalloying, inclusion modification, micro-
structural optimization, and grain refinement. To improve the comprehensive mechanical properties and service performance

i B HEE: 2025-09-28
E£TH.

fEE B 2025-12-20

E X B RBHF AT H (52464043, 52264045) ; M52
AR XA H AR AT H (2025]Q004) ; 2023 4
AERHE AA RS (NJYT23117) 3 NEE HIRK—3
2B L T ( YLXKZX-NKD-010, YLXKZX-NKD-001) ;
PN 52 1l BB 2 SRRl 55 9% L 101 (0406082229) 5
M= Em LR EN R SEGAHERE SRS
FFigc H ( NKDHX2025016)

E—1EE: B, B, 2001 4F4, LA

BIREE: (T

DOI.

L, H, 1989 4L Hg, fELARIW,

Email: ren_ lei@ imust. edu. cn

10. 7502/j. issn. 1674-3962. 202509018

of heavy rail steel for complex railway operating conditions,
U71Mn heavy rail steels with different La-Ce mixed rare-
earth contents were melted in a vacuum induction furnace.
The evolution of inclusions was characterized and analyzed
using FactSage, SEM, and automatic inclusion analysis
software. Vickers microhardness, impact resistance at room
and low temperatures, and tensile properties were also test-
ed, together with fracture morphology analysis. The results
showed that rare-earth addition transformed the inclusion
system from MnS- and silicate-dominated inclusions to ( La,
Ce ),0,S-dominated inclusions. Owing to spheroidization
modification, the inclusion morphology evolved from irregu-
lar shapes to spherical or ellipsoidal forms. The number of

inclusions within the scanned field progressively decreased,
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with the increasing of rare-earth content. As the total mixed rare-earth content increased from 0 to 0. 026%, the microhard-
ness increased from 278 to 287 and 294 HV,, the yield strength increased from 538 to 582 and 610 MPa, the tensile
strength increased from 907 to 948 and 978 MPa, and the elongation after fracture increased from 8. 00% to 11.73% and
19. 13%. The impact energies at room temperature, —20 and —40 °C reached maximum values of 7.6, 7.4, and 6.8 J, re-

spectively, with maximum increases of 52.00% , 54.17% and 112.5% compared with the steel without rare-earth addition.

The coefficient of variation of microhardness first increased and then decreased, reaching a minimum of approximately 4. 80%

at a total rare-earth content of 0.026%, indicating improved homogeneity of the microstructure and mechanical properties.

Key words ; rare-earth; inclusions; modification; U71Mn heavy rail steel; thermodynamics; MnS
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Table 1 Chemical composition of U71Mn steel (w/%)
Type Total power Voltage Frequency Rated power Rated voltage Capacity Rated temperature
7G 0.01 50 kW 380V 0 Hz 50 kW 370/250 V 0.01t 1700 C
R2 7G-0.01 HEZREPRARSEH
Table 2 Technical parameter of the ZG-0. 01 type vacuum induction furnace
No. C Si Mn S P Al (0} La Ce Fe
1# 0. 667 0.260 0.956 0. 0040 0. 006 0. 001 0. 0026 0 0
2# 0.677 0.272 1. 030 0.0032 —_ —_ 0. 0022 0. 0082 0. 0045 Bal.
3# 0. 687 0.288 1. 080 0. 0035 — — 0. 0030 0. 0160 0.0100
J TR EICRMIA, K MnS B 850w HaR G P & S5
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Fig.1 Schematic diagram of the metallographic sampling procedure BEM, Ll Re,0,8 yE, 4 FFFUINME 3c Fﬁmlﬁﬁ
5T 3#IANT I F AR AL, B I 22 7E 1600 °C iR IX
. & BB KENTH, 2 1400 CiABIRE IR, 2% 5 E hi
Pﬂ WAL T AR URH I 5 OB, FactSage 1
£ : BEE BRI B La Fl Ce RSN, MnS & Mn-Al-Si-
; I | O P < ) ] 1 O RFZYH BT BB W AR, iR - E R
15 > 15 BRI WA, S5 4 B ILTE 1600 C R IR IKE
70 mm KM g R, W] La, Ce RS R O, S
5] R, MIH0E MoS K &2 A AT
A 4ko | 3.2 ERMER, RO, HESN
5T 0,00 FIH ZEISS Sigma 300 37 A& 1 44 H 7 B A B X 4
! JAHATIE BN EE , IF 456 Be i AL 53 Hr H sl o R 11E
55.00 ' GEREW], REIRAT LR 19 S B AL T L

2 firfif (a) i (b) AR

Fig.2 Tensile (a) and impact (b) specimens size
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Fig. 3 Prediction results of inclusion precipitation in U71Mn steel without and with rare-earth addition: (a) precipitation sequence of steel

#1, (b) precipitation sequence of steel #2, (c¢) precipitation sequence of steel #3
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Fig. 4 Typical inclusions in U71Mn steel #1 without rare-earth addition; (a, b) MnS inclusions, (¢, d) Mn-Al-Si-O inclusions, (e, f)

Al, 05 inclusions, (g) MnS-Mn-Al-Si-O composite inclusion, (h) Al,05-Mn-Al-Si-O composite inclusion
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Fig. 6 Typical (La,Ce),0,S inclusions in U71Mn steel #3 modified with mixed rare earths



%510 1

WA 155 La-Ce BIRIEIRICIE U71Mn S B4 8) B R BI AL IFIY

1101

TEBANE TR S M E RG], RE I R H £
AW, AT R, e i TR AT RTIRE] | [S].
[OTatfL A, Br i R GOKGAZ L, 2 R LA 4 /)l
Wi i - SRR R, MBS pm L EEE
10 wm AYSRAEWORL, Bt % 5 S i T, 4w s
FREEMC, W2 X000 T 2 PR RE ™ A SR T R

K7 iR SEC A RENRR

Fig. 7 Agglomeration of inclusions caused by excessive rare-earth addition
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Fig. 9 Hardness change of U71Mn steel without and with rare-earth addition: (a) Vickers hardness measurement; (b) hardness

dispersion at sampling points
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Fig. 10 Impact energy of U71Mn steel under different temperature

conditions
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Fig. 11  Impact fracture morphology of U71Mn steel at room temperature: (a) Steel #1, (b) Steel #2, (c) Steel #3
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Table 4 Ductile-to-brittle transition behavior of U71Mn steel

- Fracture Ductile-brittle
Temperature/ °C . .
morphology transition region
20 Fiber content=90% Upper-shelf region
- . Ductile-to-brittl
-20 Fibrous area ratio=50% uctile-to brittle
transition zone

-40 Crystalline area ratio=90% Lower-shelf region

3.3.3 A £ La-Ce & U71Mn 4R+ 1 4t 49 %@
HERFER IR A 75 )5 /9 U71Mn 55U AE S ) 3
TSR SREAT N, X 3 AL SR N EAT T A
o g1 £ 2201 1 B R A AZ ) B W A A AR
SN S L S N @R U A T R 1 2 S

1200

I — 1 |[a]
1000 |- — 2
i — 3
o 800|
g i
2600 |
[0}
8 i
175]
400 |-
200 -
0 . . ! .
0 1 2 3 4

Strain/%

Strength/MPa

R TARNAE & MToENE, K 12a BAVRLLE 0 EERR

WA 12a iR, FE/NWARIX ( TRRNAE £<0.6%) N,
3 SRR 1 -R AR 2R JLF e R A, B0 R AF
MR, R B T 37 (G 5 AR R B B, iR
MEA e A, EIEG AR T ol S ek A, B N AR i — 2
Hehn, g B E AW B R, X AR JE IRAT
PR s py Be gl o) . SRR T IR s 0 i 2 AR
BRIt EEE T %, MR ARG, 78R
TR B, B EAT RSN, AN IR S5 50 A9 22 8] 1 7 2% i)
N 22 S B, S IR G A 240 3#EN R 1K
SIS i T AR R IR 1 1#, AkLl N a2 ih 2 Ay i
6, PORLABIBCRIR R, FJS BT S48 800 0 B, B
Tz g, AR R A R AW,

] 12b Sy 3 20 52 5050 1 Jef R sik B FnpT b i . %t b
SCBAR KRB, RIS L0 1#0JE AR SR B N 538 MPa,
ISR 00 24 3#89 i il 2 7+ 2 582 Fi1 610 MPa,
AT 1#50 5 BT+ T 8. 18% 5 13.38%, KA +
() 1#NHTRISREE N 907 MPa, TR IIR AR 110 24, 3#
SEEGANTHLR B T ZE 948 1 978 MPa, AHEL T 1#58 43 7
AT 4.52%5 7.83%., 45K, EHRINEEH L La
H1 Ce J&7, S04 Jee ik B -5 B it 52 #6045 3] I 8 1 2
Ft, HHBEER O R AZ AR, JE IR S P
MR THBCR TN 3, X2 i “ A2 4k 5« e he e
JoT7 2 A e FE (Bl i it R . —J71H , La-Ce 7E -1 5
WEA, 1R, RETEEER, 4R s R
FMRARRE, LR IR = T A A0 T 8 88 vo e 0
RG22 BN, 59—, KRSE RN %
Je a2 £ TR B, A/NERIRFR i A 35 4y
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$ET;, 3 ALSII0 0 S A B S pu bR R A,
PSR R nEE
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Fig. 12 Tensile properties of U71Mn steel: (a) tensile stress-strain curves, (b) yield strength and tensile strength
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Table 5 Post-fracture elongation of the tested steel after tensile

fracture
No Original Post-fracture Fracture
length/mm length/mm elongation/ %
1# 30 32.40 8.00
24 30 33.52 11.73
3# 30 35.74 19.13

F6 SEIGRBLMETEAEE
Table 6 Reduction of area of the tested steel after tensile fracture

Original Fracture Reducti
No. cross-sectional cross-sectional fe‘( Ll(’l;(();
area/mm?’ area/mm” of areas 7o
1# 19. 625 18. 1618 7.56
2# 19. 625 17. 1199 12.76
3# 19. 625 16.0379 18.28

SRR B AR R 30 mm,  ARASINHG £
TARPH I BE N 32,40 mm, W5 ZE(H A 8.00%; #¥IN
TRA 09 280 3HAPL S B 33,52 1 35. 74 mm, W
JEIEARARI N 11. 73%F0 19. 13%, AHIL T 1#50 53 942
551 3. 73% M 11, 13% ., 552 56 Az A 1R i s 8 1 A2
19. 625 mm*, A TRNNFR 6 L8957 A U 11 250 45 Ak 1 B Ay
18. 1618 mm®, Wil 4E K 7. 56% ; ¥ TR A £ 11
2HFIT 34 52 6 0 1 DRI 1 3 45 A T AR 43 S Dk 171199 il
16.0379 mm’, WA K510 12. 76% 1 18.28% ,
LEF 1#8 53048+ T 5. 2% F01 10. 2%,

4% #®

(1) La-Ce I8 & LERBX S E T 0, S R
A (La,Ce),0,S, A EEE RTINS OB ZAZC, el
FHARFR R “MnS |, B A fEIRE: 57 #7200 “ W + ik
YES”, LY E B E TR, R4k 55
Bk,

(2) MR AWM LR ECN 2T 0.0127% B, #1713
FRULTR LA N BB AN 0 2R AN £,
A SR T EZ 0.026% )5, Je42 LI/ NERIR

(La,Ce),0,S ¥, MnS 5 ALO, ¥ril B 52 F) 44,
s = 2 S 1 IR 75 e AN K R = S Ak i 3 e e -
REL MK R RIEK, e m R,

(3) 1248 Fn AE 52 5630 1Bl PN Bt s = 5 2 326 348 17 B3 [)
PEFE, WLREE R | AR | B B R KT S A R 8
SR T sph T E R SA0GE N BER S, Wik
T RGP B R O AR S RLAN AL S e e ek
O 118 LT A FH R AT, S 2L o0 RUSE L I 3555 7 4 vh o3
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