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Evolution of Inclusion Characteristics in 51CrV4 Spring Steel
Strip During the Entire Non—Steady Casting Process
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Abstract: To improve the cleanliness of high-quality 51CrV4 spring steel strip, this study systematically investigates the
evolution characteristics of inclusions throughout the entire non-steady casting process by industrial sampling experiments,
inclusion analysis, and oxygen-nitrogen analysis. The limiting factors and improvement measures for cleanliness are pro-
posed. The results indicate that inclusions in the slab are primarily complex inclusions composed of CaO-MgO-Al,0,, CaO-
Al,0,, MgO-ALO,, and Al,O, respectively combined with precipitates (MnS, TiN, and CaS). During RH calcium wire
feeding and soft argon blowing, the molten steel experiences both reoxidation and a significant nitrogen pickup. Further-
more, severe reoxidation occurs in the tundish during the first heat, with significant fluctuations in the molten steel level in
the early casting stage, leading to noticeable gas absorption and an increase in the number of oxide and nitride inclusions.
Consequently, the number of inclusions at the head of the slab formed after casting is relatively high. Adjustments should
be made to the RH calcium wire feeding and soft argon blowing processes to reduce molten steel exposure. Ensuring the
quality of the tundish refractory material during the first heat, extending the argon blowing time before casting, controlling
molten steel level fluctuations in the early casting stage, and cutting off the slab head at 3 m from its beginning are recom-
mended.

Key Words : 51CrV4 Spring Steel; Non-Steady Casting; Inclusions; Cleanliness; Continuous Casting; Oxygen and Ni-
trogen Content
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cess of the initial casting heat
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Fig. 6 SEM images and element distribution of (a) CaS—MnS-CaO-MgO-AL0,, (b) CaO-MgO-ALO,, and (¢) TiN inclusions in
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Fig. 7 SEM images and element distribution of (a) CaS-MgO-ALO,, (b) MgO-ALO;,, (c¢) TiN inclusions in Z1 sample

O, AT LA e 2 ) RO RAEREE Hh A > 2~5 m, 1
RH R 2 K W 45 i Je 2 W1 /s, R R v
£ 0.5~2 pwm, X2 T 55 40 BES Se A 22 PERCR B
SRR A Wy B TR R BRACR B . (HAHE R
JE , 15 RH B2 5 Je A RO s X R il T A%
AU 171 7 22 B0 6 R 3 ol /99 5 T i s R 24, A K T
{797 S R /NI L L e BN N R P | P
AT BN T TOUIE i) 499 A2 S Ak 12 fof A B0 T =

B e S BT REBCR I 2 . SIS
TR K 55 TR A £ 2 S T 1A, Tk A ) 42 o) %t 2
TN R R T PR R, P A Y
K WA P BB, R 2 W 1) 25 BRABCR 22, 9 g
2~5 pm (R IR 2, K-130 1A FP e 28 W 11
KOk % BB T 524 /mm’ . BRI, VR T B A
XF R SE L B B TR B TP 0 e A B R ST R U
/o [RIEE HESE Z B0 R BLAE SR ISR 1.2



K8 KIikEEF ) (a,b)MnS-ALO,~TiN, (¢)CaO-AL0,~MgO-CaS
ey BT R S T4

, (d) MnS—-CaS—-Ca0-MgO-ALO,, (e) MnS—-CaS-Ca0-Al,0, %

Fig. 8 SEM images and element distribution of (a, b) MnS-Al,0,-TiN, (c¢) CaO-AL0,-MgO-CaS, (d) MnS-CaS-CaO-MgO-

ALO, (e) MnS—CaS—Ca0-AL0;, inclusions in K1 sample

K9 KI12iRFEH Y (a) CaS—MnS-A1,0,-MgO-TiN, (b)MnS-TiN, (¢)CaS-MnS-AL0,, (d,e) CaS-MnS-MgO-Al,0, 3¢ 44 K T &

S AT A

Fig. 9 SEM images and element distribution of (a) CaS-MnS—Al1,0,-MgO-TiN, (b) MnS-TiN, (¢) CaS-MnS-ALO, , (d, e)

CaS-MnS-MgO-Al,Oj; inclusions in K12 sample

3m BN E >2~5 pm RV BERZ WA 5
PEHEATH = S HR IR LA T R > 2~5 pm 1
ZRY BRI, 0.2~2 wm B B 2 . L
W e 2 W 4 v Ay A TE >2~5 ), B R
164~ /mm?, >5 wm e 424 JL-F- 54 .

WE 12(b) B R T He i 4 i f e 22 P 5 2
JEE B LA o e SR it M 35 T LF RS e S 3 B e
V) R e 2, EEEIEHLN MnS il ALO,,
MnS 224 5 280, M LF LB gs i 8 vk s, i T
i e 1o XoF e 2% 0 I W, S A 1 B %



M PR A  ARRR AR T 51CrV4 SN A T AR S A W R ML -7

K10 W12k H119 (a) CaS-Ca0-MgO-Al,0,, (b)CaS—-ALO,, (¢)MnS-TiN, (d) CaS-MgO-AL,0,~TiN J& 24 ¥ S TT R /- Afi i 44
Fig. 10 SEM images and element distribution of (a) CaS—-CaO-MgO-ALO,, (b) CaS-Al,0,, (c¢) MnS-TiN, (d) CaS-MgO-ALO,-

TiN inclusions in W12 sample

Bl IER P RAGH R0 ELA  (a) CaS-MnS-MgO-ALO;, (b)CaS—AL O, & 4 B 7t £ 43 A7 i 49
Fig. 11 SEM images and element distribution of (a) CaS—MnS-MgO-AL0,, and (b) CaS—ALO; inclusions in the rolled material

corresponding to the normal heat and casting slab

85 AN /mm2FEAIK % 29 N /mm®. 5 itb (58 ZUAH B AR
F KA 1 MgO-ALO, 2R i A7 & =4 Je /bt i i 4
(TiN Fl CaS) FERf 2 i . RH RSBk A5, e 2 2
B K, MgO-ALO, 2R i A1 Je it %2, -

AT B R T A I, AT T A RIS J i A P i 2
R 2 RH B 25 J5 , MnS e 28 W) i) B0t B B 1S %
OV S AR, AR Al A1 e 2 W) D CaS it 1
22, W B R B TR TR AR R T U K IR



"8 5 R W

E

50 (a) 142-059924 | [;sf:m . ((',) [ 142-059934 I ';‘:ql:::' 70 -(6)
AN]SR Sl IS B R i i >5pm wh T
Tl ! LF | RH ! aul LF RH | 2o
e S T I sty I B A Zsof
cuil C N e (R
\2: ! fLst- : Eliﬂ =T
&l 25 ~
5 : a ;‘:‘ wf i H b 1
=00 st I 0
= I5F | ML & i =t g

i1 i Hor b gw L :

st I st i | |
[ L oL i 00 1

MO/ (Pemm')

K12

Fig. 12 Size distribution and number density of different types of inclusions during the whole process of the (a, b) initial casting
heat, (c, d) normal heat, and (e, f) final heat

b JFEERT, B ERIR AR Je Ze i 2 X 5T %
It AR A5 T LT A Al O o B R B i
A7, Ta) A AN KU T I8 B AR, e e A BRAUR 22
flide Ze e 2 . RN TR IIK 130 i Je 44
Y BCE IA 2 1054 /mm?, B ALY e 2R Y BoR 3ok,
H UL ARY) 0 T8 A% 0 5 AT s W B e 3 2
R E b AR AR K sh B TR, Je AW
IR BT R . FESK BRI LR 1,23 m [ 5
Z R BRI D, A T = AR Sk e e M
R 2, HRELM I e i i . AR
w1 e ) 1) BREE % B AR AE 40 N /mm? B Bl . R UL
AL AR BB N I A B R S TR T
WEN12 () Frm R IEH e e 42 RN oy
Ao AT LA I, FEW 3 3k 15 B LR A B i v e
ZeW i R EE T AE >2~5 pm. TEJGEER T4,
Je Ze i RF AR 0.5~2 umo FE— 2510, 6T IE
Jpr A YRR e S ) B B R R AT T LB, anfEl 12
(d) BT, FE MR SRLanl 3k 115 B LF RS 0 Ak s 45 s 19
e Ze g e 22 R 82 A fmm?, 3% U5 W48 5 Tt
MR B a5 5, AT R A i . — T, i LR
T ) I B I 0 O 1 T, LF AR 1 3l s 1 e 2%
W 8D . 55— 5, BR T LIRS SR 0
YEFI A S B RG22 BT MnS J2 244y ) 3

T L

TR (a,b)  IEH Y (e, d) FIRY (e, 0) A2 RE IR/ FIAN R 2R e 2 ) 1) Bk 7 2

WD, fERHK B R, e B £ . fF
SR 7E RH PRS2 AN AWK SR 25 R, J& 4= 38 i B
AR T 344N mm? A1 51N mm?. H TiN Je 42
Pyt B B 5, 30O R TR A SR R R AU B,
Ab, AR 1 G, 2R 0 A RS R TR 3 e A4
WECR AR 2 X 5 R IR ISP n g5 R —
o e R e A W R D D RRIEA AN AR
— E RS B R (314 mm?) FELH

WE 12 (e) FE7R 0y B b 4 i B e 22 9 K/ oy
Mo H LI By FIE R b, JeZe Wi/, RoF
AREFLE0.5~2 wmo AIE 1206 FiR Ry By 2 i iR
Je B B R R A . W LUK B, B T E LE RS B
HEl , MnS Je 220 B BOR , Hodx T v Je 28 P i 5L
TR, X AT AR 5 IS 4 A B K iR T R A
Ko RH R MnS Je W8 /0 | Je 22 W it L LR
A R RH B S P i e dr o i 2s Jm e 2
B2 2 21 4N /mm?, BELR 5 e Je Wy B U £
R T ARK W U TN Je 24 80t 1
% TEGEHEAM, bl A rh B /K i B e D | Je Ak
Wy R B S8 I 1K 2 45 A4 /mm?, A e I
FTINJe ) . I BAEB R ANFALE e 20
BRBEE T Ish(10~381/mm?) . {EFERFE
R, A A RS R TR AL Je A2 i 23X &t 4K



M PR A  ARRR AR T 51CrV4 SN A T AR S A W R ML * 9

T URE [ o R R VRO A 1 e B WA A — R Y LR

1124, 3% 5 SCRRFRAE Y 45 S — 30 .

2.3 FRERBEFHETEREZTHERS
HIRTT

FEFFGEN R, N RH 35 B IR 2 E A &
WIS I 2 RIE G R ek
AN W S A . ALF 2216 % RH, w(S ]
20X 10°54 748 22 31x10°, 556 1w S]IKF 31x10°,
ARG B = o XTI, LF A8 46 2 RH h MnS 1
CaSIe QW 2 . W45 fn  ERORE 7
e Ze R N, R A R e s £ R HE
XA R A R AR . B R A e 22
B FETE B AT B, X R ) 5 Sk S e 2%
YRR Z .

FEIEF R A, N RH 0 B 45 50 4 S AR fb 5%
N G I SR T, 3R O e R L [ A T
KANBEN S o MLFZE{EZ RH,w[S]H 12x10°%%
A 21x10°, R w [ S 1iE F] 20x10°, #&E AR & i
FEHlE S . LFAS{L 2 RH o MnS FIE540 R £8 e 224
o WS S5 R RS 4 AR IR Ty
e ZL W BCRHE IN, TIN Je A 16 £ | e W78 X F
RS o R B 4 AN K R TR 1] AR
S, R IPRENE T LT, Je A R PR R AT

TE W o N RH Hi ol B4R SRR, A
SRR E /N, IWLF Z RH, wl[S] i 7x10° 8 n &
9.5x10°, IR 10 ST N E 10x10°, FEAARRR & 45
AU o ARG IF DR IE 5 bk, B e 24 B
B ARAE RH ARG T3 B ) 4 e 2 5 i 1
T, TiN 28 24 22 | [R)Ff 28 WA AR 3 3 2 v & A
K=

5 £ Xk

(1] Wk, BV, BS54, & VRN B 51Cev4 B
AR o b Kok e e L], YLVE IR 4, 2018, 38(2): 12-
16+20.

(2] EiE¥, k& B, 20K, 5. 120 t LF RS PRIk R0 585K 558i-
CrA 22y rsem [ ], FEERIK, 2022, 43(1): 34-38.

(3] wlEds, mess, & &, . e S5SiCr BEFE 4 il
I 55 W R A ok e A W DR SR (D). MBI SR 2% 41, 2018, 30
(12): 977-982.

(4] 2, F WG, XI5, 5. RhoR S Je e W s 16 4 4
ARIUR B Ge bR B[] ]. #ilHAR, 2024, 45(6): 514-522.
[S]VE W, BR W, BF ¥, 5. ANFEREH T2 GCrls iR # h
e Z W BORE 55 R AT R [T]. FREEAR, 2025, 46(6) :

154-164.

3 i

=A

AL XT S1CrV4 BRI R Y OEE S R A
AR RGO AT T SRS AT TEAR S A AR AR AR e
BE R R e A 1 A R R A LA, FR
TR T BRI

1) WSR3 M 3l 1T S LF RS R A 33l 114 I Z W 8
MnS M MnS-ALO, & G J 224 , ALO, R B E ™),
MnS 75 BURE o 8 e [ AT E o LF fh i 25 o s e 2%
V%72 S MgO-ALO, 5 #7 it 4 (MnS . TiN 1 CaS) &
B I F) , MgO-ALO, kI S04 5 it A4 AH ELAE
FIT=8 o DAL R o ol 25 e ), e 20 W 56 A8 Ry
Ca0-Mg0-Al0, . Ca0-ALO, . MgO-ALO, Fl AL,0, 43 %
EjH7 1) (MnS  TiN Fl CaS) & A e 2424, CaO M
T S AT RH ORGSR 5 0 BT A B 3815 R 5 IR AL
M Ak e 22 W () Tl S A A AR AL, FESE AL )
NG Y CaS BRI 2 |, Ry 5 IR TE B [ 2o
PR

2) RH M5 2 N Wk G o 72 v 3 7K 34 % A= i
RLTWREARIG . NN Ca i b ] T2 4k,
16 LFAE R 25 A5 R Ca R B 25 J5 N Si-Ca & 42,
W BB M Ca £k AR HE . LAk, A 4L 18 4% RH 4K
WAL S R R IR A, DA IE S ROT i T AR B
K .

3) TE AR R A B 5 I I D vk v v ) A7 AE
UCERAL , H B8 B4 T A A9 7K R THT % s 3K, 7K TR <
B, 3 AR AR AR AR e A B £
PRAE T BE I e ] 40 i A JoT o, S8 K 58 B4 iy K Gt P
(i) , 8 S T 4 o e B A R T D 8 o

4) FF R IS T I A B v, R R A
YK FRIE K 3 m Ab R VIR

[6] sk rid, Z=dele, T 3. Kb ARS8 Je W i AR G IE b AF 5T
(D) ——AERa s De i v 1Y K IBURE Je 2 [ e 28 W BB A% Kok
iE 8l ABEF L] ], Mk, 2013, 48(11): 1-10.

[7] #og, # i, 2208, & RS E SRS ES
W e Ze A (1], BRAR, 2021, 37(5): 67-75.

[8] MMeAR, Aart, XA, . TF B0 Fa 25 45 W0 3 1 T o
IYMELT]. BBLEk, 2017, 38(3): 111-117+139.

(9] BkARAS . JEFa 2045 X5 DCO6 4 Fh 37k ¥ 1 B 5% i 23 A (0. 3%
B, 2017, 42(4): 21-25.

[10] 2 i, X8 i, T, 5. RS Ber i Ay e Tk 4 B
B[], %5, 2023(1): 74-81.

[11] BRkim, FEE, £ M, &, EHERS 430 REMEHTRK
Byt [T]. hERG 4, 2024, 34(4): 118-126.



