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Abstract: Scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy dispersive
spectroscopy (EDS) and selected area electron diffraction (SEAD) were used to characterize and analyze the
precipitated phases of high induction oriented silicon steel with low-temperature reheating under nitriding process,

and to explore the mechanism of nitride precipitation and transformation during the nitriding process. The results
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indicate that before nitriding treatment, the inherent nitrides in the steel are mainly AIN, AIN+MnS, and AIN+Cu,S,
with a size distribution of 40—150 nm. The distribution of precipitates in the entire matrix is relatively dispersed,
mainly within the grains, and the precipitation amount on boundaries is relatively small. After nitriding treatment at
750 °C and 900 C, a large number of newly precipitated nitrides appear on the surface of the nitriding strip, and the
precipitated phases are distributed at the grain boundaries and their vicinity, as well as inside the grains. With the
increase of nitriding temperature, the type and morphology of precipitates become more complex and diverse. The
main range of phase size distribution on surface chromatography decreases from 50—150 nm to 20—100 nm, and the
distribution density of precipitates below 120 nm increases from 9.449x10° particles/cm’ to 1.649x10’ particles/cm’.
The average size decreases from 90 nm to 55 nm, and the volume fraction decreases from 5.55% to 3.63%. Although
the precipitation distribution of the obtained nitrides is uneven along the thickness direction of the nitrided strip, the
distribution density and content of the precipitated phases in the central layer of the nitrided strip at 900 °C are
significantly higher, and the average size is significantly smaller, indicating that increasing the nitriding temperature
can significantly improve the uniformity of nitrogen content and nitride distribution in the thickness direction of the
nitrided strip. The nitriding temperature increases from 750 °C to 900 °C, and the type of nitride precipitation
changes from amorphous structure rich in Mn Si;N, to orthogonal crystal structure MnSiN, or (Si, Mn)N—(Si, Mn,
ADN or (Si, Al, Mn)N — (Al, Si, Mn)N or (Al, Si)N. Therefore, the influence of nitriding temperature on the
thermal stability of nitrides, the diffusion path and diffusion coefficient of nitrogen atoms is the main reason for the
changes in the type and distribution of nitrides.
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Tab.1 Precipitation location, type and morphology of nitride precipitates in steel at nitriding temperatures of 750,900 °C
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Tab.2 Proportion of precipitated phases with different size in steel at nitriding temperatures of 750, 900 °C
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Tab.3 Distribution density, average size, and volume fraction of precipitated phases in steel at nitriding temperatures of

750, 900 °C
Ropywl: A RFER : 0~120 nm

T2 4% wlBE )% Xk S, R SF Py AT T R .

(I /em?) nm gr (1 /em®) nm g
835 CHR AR Kk 0.005 5 FZE 1.917x10° 98.15 1.3535 1.401x10° 66.47 0.453 8
W 5 RIZE - 1.047x10° 119.28 109196  9.449x10° 89.53 55500
750 CC5 AL 0.023 0 1/4)Z  8.709x10° 99.70 6.3458  7.099x10° 76.23 3.024 0
- 12)Z  4.418x10° 75.12 1.8275  4.224x10° 62.92 12258
1 e RIZ - 1.940x10° 75.46 80978  1.649x10’ 54.79 3.629 4
900 Ci5 A 0.0240 1/4)2  1.209x10° 67.58 40477  1.067x10° 54.69 23390
- 127 1.070x10° 56.25 2.4815 1.050x10° 54.71 23027

2 2, 3 B AR R ZENT LA A% R 1.401x10° 4 /om’, (R BT 502 0.45%,
B R SF 248 20~150 nm @ [, 404 %6 B2 20 1.917x B EIEE SR 750, 900 °C B, 3 E A4S IR B AL
10° A~ fem?, FHI R SF 2 98 nm, MFL 402 1.35%; ARG R ST 20 A 43 A 45 B L SE 38 RH SR BL 0 4k
RSFAPARALE 120 nm LUTF MR AHRE RS2 66 nm, 22540k, HE A B AN AELE R, BARIRE



390 TR R =224 (A ZRBEAIR)

2024 4%

R 750 CHF, BAMMEZE 14 ZHE 122,80
AR SF A 2 FH 50~150 nm & #7082
20~120 nm, B K57 >150 nm FAT S AF 0 328 sk
s B H AT G 43 A5 45 B O 1.047%10° A4 /em” 74 ik
F 4.418x10° 4> fem?®, ¥ R SF B 119 nm % #7 ) &
75 nm, RSB0 10.92% FHHH E 1.83%; K43
AATE 120 nm LR A7 0 A8 (9 53 A1 %5 B Ll 9.449%
10° 4> /em” B W Ik 2 4.224%10° 4> /emt’, -39 R SF
90 nm 3% ¥ I & 63 nm, AR EH 5.55% 14 Wi )
% 1.23%. BAEIRE N 900 CH, BAMHEZE
V4 JZTE 172 2, T AR RST 20 A3 1 225
4 20~100 nm, {EHAT H R SF>120 nm A HT H AR ECR B
D AT AR A B B 1.940%10° A4 /em” 3%
IHZE 1.070x10° 4> /em?®, S35 R SF H 75 nm & #i8 &E
56 nm, R R0l 8.10% 3B Wi & 2.48%; K
S5 ARAE 120 nm LLF A7 4 AH 43 A1 %5 B AL H 1.649%
10° 4~ /em’® B8 2 1.050x10° A4~ /em?, PR B350
3.63% 1% Wi Ik & 2.30%, {H -3 RFEEARNAE, K
55nm 45

SR T, AN SRR AR — BT, BRI
750 °C 2 900 °C B, B RMIEA R Iy ) L
RACHIHT 3 AH B 53455 AN 3459, AEURA D 4% J5 B2 Ab A 114
G2 L0 ANG 7 o RN 51 S NN 7 I Sl N G o NG
B/, FHEE 750 °C, B AIRE A 900 °C BB AR
O ST AR 08 53 A 5% FE SRR A0 B0 T v, P2
ROSTB S BH/), SR B w5 8 U B AT R ek 2 A
B b B it 5 B AR EARIE T n] b oA 3 A0
32 BRIEBREAYTESHTH

FEF AR SRR HiB #90 R 4y, Bl £ 8 R/
AR, B4 H T AR AR R R ALY EE AL EE FeN,
Si;N, 5 AIN, [A]iF iy T8 = MnSiN, A9 AH G472
BAE, BORE AR R . 2 AL Si,Fe 5 NJTHR
FLAFEBF, XA H ] B8 K A A Ak 2 e g AT AT
SR AT BT AE 298~1 800 K [, Fe,N
MELLRRUE A7 TE, SiaN, n LR SRy AIN, F4 5B 1)
RACY Y AIN, 452 5 5B EE K Aar il 45 SR 4
e MTFEHSCEdE, tn Als 1P A2 oo
B AE AR v (05 B2 AR TR T R, RT3t
SBATME LAAT B A SIS 25 T SLN, 58 245748 R AIN
4D S A TR B o L T ST o L5 G ) 4 SR T A
Tk Al 2535 WAL 2R, RAF A ALY SigN, T 1R 7% 4
k1 AIN (17 BE 2R 900~950 °C, [R1E 3k 75 0 &4k h
(Si, Mn)N Ayt E M58 T Si,N,, (255 T AIN,

X5 Bt B B 3h 122 4 Bl B R AL B Y

F1 019 R h S R L (B AR RUR T
W3 1 SR B A B AR S B A Y
B G, 2 iR E R, R Y R B
P LAY BRI A A BN 5 A 45 1 &R Y
R RST), fAERRGEOR,  A BO T /R B0
TR FLAR A . R I RLEE X R HOE AR KR, TR
JEE AR B o T OO R LU AR BOROE g /IMS £,
R e G VI R o (SN P Dl = L NG R R VAT
FERE I, 9B B, Y ok R i X
B ES AR L T R SR T Y B R B AT
5 HeA T w] A A ERE R, FLTEEE AR T 700~
1000 C Ju [FI B}, NRITCEAE o AHT Y # R (D)
Wi K Dy >De >>Day >Ds; Dy o R C 5 N JT
M Si 5 Mn JCER YR BOH ZE XU

K HH NH; X B bR i1 798 A AL BEET, 7638 A4
P BE R, NHy DA il 5 % 26 23k, Az i M /U
T, W N g A Al R T, B AR
FERARET (750 C), N Jgi -3 ik i S0 B i 2 s
HOETE A BT S Si & A R, AR R
YUIR Si;N,, SR J5 ml SN 8L, B T3 AT ), 76
N R DR A/ NHUIR SN, M T 8 N JC R AE
FERE N AN A B AR THE R 900 C, N
JE - i N 5 R RO B 1) 2 R S /N, BT
MR TE S 5 S 3 5 78 S 08 20 A5 3 5 1
W, WA R B BRESE PE L B TR B, AT
A ALY B 4% Si,N,—(Si, Mn)N 5 MnSiN,—7% Al
() (Si, Mn)N—(AL, Si, Mn)N %75 . iy T35 & ] 45
B2, B AN R F IG5 8, At B Ak
B AR T M IR AAEAE T A AN S R4, BB
R E (B W T, A A TR BE Ty ) A i 3
S B G E . H2, BECT EIR ALY kLS

F B 73 B DR B SN, A A5 S0 2 Sy o 2 1 I
AT5AT 5 B
4 it

FESL I EA AR P F LR AR A B A L
2o AR HiB Y, A5 B AT 5 750, 900 °C i
B AEA B W B AT AR BT AT R, T
R B (G HiB S &AL AT AT R AL, 15
T FEL5 8

1) B ALY, B b i B S 2
STy He RELN Z 5 Y e 5 0y B, 2RI AIN,
AIN+MnS 5 AIN+Cu,S by 35 H7 th A5 40 A B TR,
B Y A T R B T R 6 N N = 4



o 4 1]

i 5=, A B GG RE R, s R ek B SR AR T A B R ) 391

7E 20~150 nm JE Bl . 120 nm L F B HAH A S 3 R
SH45 66 nm, S0 %A 1.401x10° A em?, (R FR3 4L
9 0.45%,

2) 4 750, 900 C B A AL )F, B E WK IZ G
PR 34 55 A0 T i R LB 5 ks N, (RS
RIRIEH 750 °C TR & 900 °C, MBS i Ao &
B, TR B 3R )2 87t AH ROSE 43 A0 i 32 22 5 [ R 50~
150 nm J& & 20~100 nm. 120 nm 2L T H7 H A 19 43
1525 BE 1 9.449%10° 4> em’ 9 & 1.649x10° 4 /em?, F-
PR SFH 90 nm 38 % 55 nm, AR FA B0 5.55% I
% 3.63%.

3) BAIEIE H 750 °C TFE = 900 °C B, 3RS
RACH UT BB BARE BE Ty ) 53 A AN 15, A N R
B Ab AR GO AT AL S TR AR 22 00 /0N, (BT HE
F2HWIR . 900 °C B E M O JZ BT H A B 4 A %
JE S RBUM B T, P RO R RN, 4
U AT KR k8 A R S A A AR R
J7 ) A AR Sk

4) BRIBEH 750 C F+EZE 900 C, ALY
A RS L B Mn B9 SiN,—1F 38 SR 45 #y
i MnSiN, 5 (Si, Mn)N—(Si, Mn, ADN 5 (Si, Al,
Mn)N—(Al, Si, Mn)N 5%, (Al, SON #Ef746 748 . B A
T R AR e . RUR TP R S5
R F 1 AL RN A 5 o0 A kA AR A
FEF I, S5 M 45 )28 R B SN, JF iR e AR
i AIN [1JEEE R 900~950 °C.o

S 3k

(1] B DR E 11 2 58 42 [ 7= Ak At 5 =1 100 T
DR e e T i R AR 4R TR [ v B 1) ek A
AR [N]. th R4, 2020-01-01(03).

[2] FNSCRE, SR, AR 2RV, A5 AR e SRR ) i 9 i
Ja 5 T2 AR R Uk R[], B JE AL B 2024,
49(2):40—44.

[31 PhL2Emk, £ 5, UR], 55w i R ) R A9 A 7 BOR 5 T
IR Sk R R ). Ak, 2013, 48(3):1-8.

[4] RS, da/NE, XS K, A5 o RO ] ok A T BUIR
LRI P ERR 4, 2019, 29(1):1-7.

[5] TAKAHASHI N, HARASE J. Recent development of
technology of grain oriented silicon steel[J]. Materials
Science Forum, 1996, 204/206:143—154.

[6] TAKAHASHI N, SUGA Y, KOBAYASHI H. Recent
developments in grain-oriented silicon steel[J]. Journal of
Magnetism and Magnetic Materials, 1996, 160:98—101.

[7] KUBOTA T, FUJIKURA M, USHIGAMI Y. Recent
progress and future trend on grain-oriented silicon steel[J].

Journal of Magnetism and Magnetic Materials, 2000,

215/216:69-73.

[8] KUMANO T, HARATANI T, FUJII N. Effect of nitriding
on grain oriented silicon steel bearing aluminum[J]. ISIJ
International, 2005, 45(1):95-100.

[9] XIA Z S, KANG Y L, WANG Q L. Developments in the
production of grain-oriented electrical steel[J]. Journal of
Magnetism and Magnetic Materials, 2008, 320(23):
229-3233.

[10] 4R, X1 7. A H 3 T8 TDk ] 4 Bk £k 499 W AT 5 i
JE[T]. AL BE, 2023, 38(4):1-7.

[11] USHIGAMI Y, KUROSAWA F, MASUI H, et al
Precipitation behaviors of injected nitride inhibitors during
secondary recrystallization annealing in grain oriented

steel[J]. Forum, 1996,
204/206:593—598.

[12] fi7i83f. B TN M. Jbat: 1R 6 Tolk Hh At 1997.

[13] LIAO C C, HOU C K. Effect of nitriding time on secondary
recrystallization behaviors and magnetic properties of grain-

silicon Materials  Science

oriented electrical steel[J]. Journal of Magnetism and
Magnetic Materials, 2010, 322(4):434—442.

[14] S A8RE, 2222, 80T, 55 5 A 700 0645 12 o) B 1) Ak 4
A 0 ) ) B A R D], B R BIE 5 2 4, 2011, 23(12):
45-48.

[15] S A0NE, B F°, 257, 45 I M 1o] fi 9 o a2 2K 400 i 551
HIEAG[T]. MR AL B2 4], 2011, 32(11):84-87.

[16] R EIE, & T, 2272, 55 Jm il 700 5 ) ik 800 7 3 400 1)
T[], BB T AR, 2012(7):55-58.

[177LEE C S, HAN C H, WOO J S. Method for
manufacturing high magnetic flux density grain
oriented electrical steel based on low temperature slab
heating method: USA 6451128[P]. 2002—09-17.

[18] WOO J S, HAN C H, CHA S Y. Evolution of nitride
precipitates during batch annealing of grain oriented
electrical steel[J]. CAMP-ISIJ, 2001, 14(3):591.

[19] FORTUNATI S, CICALE S, ABBRUZZESE G, et al.
Process for the treatment of grain oriented silicon
steel: WO 98/28453[P]. 1998-07-02.

[20] IRAFZ, BEA L S P ICE A SN 2SR EYICH
2 B B P R D*(AL SiB LU FeD E LY D 2T
EZNLDF—AT A b &R BT 5 8-
ZDNI]. Bk & 81, 1955, 41(10):10—18.

[21] WRIEDT H A. Solubility product of alumunum nitride in
3 percent silicon iron[J]. Metallurgical Transactions, 1980,
11A:1731.

[22] 5% F A%, PR, £, 55 A2 E b BEOR M), JE st
ez Tl i bk, 2006.

[23] 457Kk T A BLBL S LRl IM]. 6T S HE B R AL,
2006.

[24] ZEUE . AR BORE TR A S8 AR M. bt 16 4 Tl i
#t, 2006.

[25] MEHRER H. Diffusion in Solid Metals and Alloys[M].
Springer Berlin Heidelberg, 1990.

RIEHE: AF


https://doi.org/10.4028/www.scientific.net/MSF.204-206.143
https://doi.org/10.4028/www.scientific.net/MSF.204-206.143
https://doi.org/10.1016/0304-8853(96)00126-6
https://doi.org/10.1016/0304-8853(96)00126-6
https://doi.org/10.1016/S0304-8853(00)00069-X
https://doi.org/10.2355/isijinternational.45.95
https://doi.org/10.2355/isijinternational.45.95
https://doi.org/10.4028/www.scientific.net/MSF.204-206.593
https://doi.org/10.1016/j.jmmm.2009.09.072
https://doi.org/10.1016/j.jmmm.2009.09.072
https://doi.org/10.3969/j.issn.1001-4381.2012.07.012

	1 实验材料与方法
	1.1 实验材料与制备
	1.2 分析表征方法

	2 实验结果
	2.1 渗氮前钢中氮化物
	2.2 750 ℃渗氮后钢中氮化物
	2.3 900 ℃渗氮后钢中氮化物

	3 分析与讨论
	3.1 渗氮温度对氮化物析出行为的影响
	3.2 渗氮过程氮化物析出与转变机制

	4 结论
	参考文献

