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Abstract: In order to effectively reduce the loss of oriented silicon steel and improve its electromagnetic properties, the
oriented silicon steel was scribed by the infrared nanosecond laser. The ablation morphology and surface quality of silicon
steel with typical process parameters were studied by 3D confocal microscopy, scanning electron microscopy and energy
dispersive spectroscopy. The iron loss meter was used to measure the electromagnetic properties of oriented silicon steel after
laser scribing with different parameters, such as iron loss, electromagnetic properties and dynamic hysteresis loop. The
variation behavior, law and hysteresis property of electromagnetic properties before and after scribing were compared and
analyzed. The results show that the iron loss, permeability, coercivity and residual magnetic flux density of silicon steel are
obviously improved after laser scribing. The improvement of iron loss is manifested under high magnetic induction. The
improvement of permeability is reflected in the low magnetic field intensity. The loop characteristic was optimized. When the
scanning speed is 800 mm/s and the pulse energy is 0.25 mJ, the scribe boundary is close to regular “wavy line”, and the high
surface quality of the scribe is shown. The iron loss decreases by 11.6%, and the residual magnetic flux density decreases by

12.8%. After the scribe, the relative magnetic permeability obviously increases by 5.7% to 15.16%, and the maximum is
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2.598%10". The coupling relationship between the laser frequency and the scanning speed is an important factor affecting the

shape of the notch boundary and the effect of magnetic domain refinement.

Keywords: laser processing; laser scribing; oriented silicon steel; iron loss; nanosecond laser

0 5| 5

B REAR S L 7. AR Tl A AN T i de )
BUERRERORE R F T P R L S LR AR R
i, BT A AR, ST RER H
Sk AT T Tl W REREFERTIADIFE R, ARG
HAERE, BRARHOEHIFE (B0, By 1 RN
AT B8 5 £ R 5 2 32 R TEIAIE SR BRI, 1)
REAN A B0 32 2 fR BT IR . IR TRTRAE. R TR
TLPFE 3 FAT 2 A, P SR IR T FE 2 7 g
FEAY 50% . R0 By i L ABURE (1) 3282 R 2 il
TERE, WEWETERERR K, WERERSSRH IR,
B N AR . NG 4 1| A e 52 N
2 30 3 9N B ) i X A 9 Ok AR AV S R U b
FEMIETT I, HETE R AR Z
SR, WOCZIIR L, 55 8 A IR S 1 0 Ry 0 fin 4
PAEEN HR OB 2R AR R OB A R
P IAFTA EN B PR 45, — 5 w15 %)
IR X LB R N AR T R R B v A, B
ZVJR X RE TR BE P RL RESG 0, R IR TR
FEARAS, W ZVR S S A R 1 P & W . 90° /il
WA A H R S . TE R R R, R A
WG I A T REAR I C, Hi45 180° T REWEAN{L; 53
— 5T 4 @R s, AEE 2098 X 0™ A ik
VS DALA I AT R b e S i R R S s
WK, R/ NRER I m RS, 180° ERENEAH Ak H.
90° VR BRI 2R o ek B PRARERE . s ml i fg
M E,

H A% H 2k Luchi 450 SR Q i iy ghAb
Nd: YAG Ot a8 6 fE 40 2% 1 AT HOE 2R 5
PR T 10%, FE[E Neisheisel 20 R 3 Fh
AR R Nd: YAG 306 #5 %o B i) fE A9 0517 %)
SRS, S5 RFWIIE Q BN 2R B BRI
I, SRR R, 55 10%. #E S.Ahn 5012
PEHT Nd: YAG #OtGas, 3R I Q BRI ik
i (T vE 2R 90) AT 2RI, S5 R R WA
Q BB A AP ZRAR o [ P 2R i S L1
K Q B3 Nd: YAG #OG# X Q120 5 Hit i
AN ARG ATOE 2R, FERIESEOGR T,
BRI T % 9.45%, B a9 SR HIE Q Bl Nd:

YAG ot xt Q130 M5 Ay HL ] ik 4K #E 17T 219K T
SEGY, SRRk REE R 2.7 m), ZIR
[0 3.03 mm, ZIJR S 0.22 mm A RCR
A, BRBUTFREREA 13.12%., SCik [10, 13, 17] #F
58T Nd: YAG k=X BO6#S . CO2 0L
FEEFFOCR AT ZRBCR 5, S5 R R R A&
PGB 3 BT 35 10%, 12.5% Al
14.5%, HFeLrfotateitiRrm. nTiue
PEwm . DR LA, RO A 2R
ROR R AE

MHEIRSE R AT, SESEKMKF Nd: YAG
WOk, COx BELEBOLMILL, 7 HUn Rk 2] 1 7 1
K FH 20 R0 J Ik op 6 £F B0 B AR AR 4 19 2 ik sk
o PKPBOCZIR T2, mSHEL A4S
B AR B 2, b kop e, ZUR MR,
ZIIR 553 5] A S HON 2R ORI sE R )
TERN I RGP RESH (A, ARXTRE 38, B
Ji. WG IRI 285 EEPT SRL SR L AR R
bR, SRR R EARAS S, WORTEH
B [e] o 0 2R 1 5 A AR SRR RS 1 G P
BRI [ N AMIFSE RO 2R ACR T
T KRG TAE, WS T 858 R,
(LR HB A H 7E T 25 2 B0 B m) 4K k451 19 52 i
b, # X ZVRE G R RE MV ZE A T Wi PR RE
A8 A AT A R 5 i e P 25 TR D S iR A
=, ¥MTZSE., ZURREMIESHRE. ek
SR 3 F AN N TE IR B A TR A B i

R, SCHSR AR L #OET 30Q130 Hjn
REMEAT R Z A, PRAF G T 25
BT B ZR G e SRR AE S5, DL RO 2 L
PERERGRZ I SRBUMRIE SRR, J S ZPRIES
SR vERE R 0 £ 5 X 2R I RE R AT R R
b, MBEAL R B R BN RN R Ak 25 1 T i g Ak
FT R EA S g e, 40 20 o o) i 4 Ak
CEs N

1 REMBEGE

L1 X3
AR 30Q130 BUM m LR AR, R



%3

Wit 4. S9ENSOLRCA IR AL T AR IE R RETERE 13

oA 100 mm(%L 7)) %30 mm (1 7] )*x0.3 mm (/&
JFE) (Bt 22 YT I i), A2 sk 1 i
INo TEHFPOEE 10 mmx10 mm 5 X174
MW R, WEBW LR SRR 1 R, Hod

TR, SERE, ARLRT 200 4~8 mm. ZJRAT,
HOCHA AT AN R S KR TR, R)E1E
it XS AR R 23 0 TP . oK 2 I SRR A 3R
T, EBRFRMAB, M55, REKTEE R

Fz 1 30Q130 BN E N FER S

Table 1 Chemical composition of 30Q130 grain oriented silicon steel (W/%)
Element C Si Mn S P Al N Fe
Actual value 0.04-0.08 2.80-3.40 0.06-0.12 0.02-0.03  <0.01  0.02-0.03 0.006—0.009 96.3-97.0

10 mm

(a) Surface of sample

(b) Original grain
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Fig.1 Steel plate products of oriented silicon steel
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Fig.2 Schematic diagram of laser scribing system
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Table 2 Experimental parameters of laser scribing
Pulse Laser Scribing Scribing
Sample .
energy /  frequency / speed / spacing /
number o
mJ kHz (mm-s™) mm
1 0.25 20 200 4
2 0.25 20 400 4
3 0.25 20 600 4
4 0.25 20 800 4
5 0.25 20 1000 4
6 0.15 20 800 4
7 0.20 20 800 4
8 0.30 20 800 4
9 0.35 20 800 4
10 0.40 20 800 4
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Table 3 EDS test results of notch area (W/%)
Notch area Fe Si O Mg Other
elements
Spitting (A) 58 62 164 39 15.5
Remelted substance (B) 92.4 3 1.7 02 2.7
Margin (C) 7.5 267 29.6 4.8 314
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Table 4 Magnetic parameters of laser scribing silicon steel before and after scribing

No scribing 0.15mJ 0.20 mJ 0.25 mJ 0.30 mJ 0.35mJ

Relative permeability, ztmax 2.24x10* 2.59x10* 2.42x10* 2.39x10* 2.38x10* 2.36x10*
Residual magnetic flux density, Brmax /T 1.64 1.52 1.43 1.56 1.58
Coercivity, Hemax / (A'm™) 27.72 26.79 25.88 26.44 26.89
Iron loss, Psmax / (W-kg™) 0.91 0.83 0.80 0.85 0.83
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18 b B xR T LT IR

2019 4F

223 AR

BRAGUR VP B ) B A S B E S —,
WOGZ IR AN Ak REws 1 1 28 B YRR . AR
ok B T Z0 R RIS I I R AN I R E (P 1.6/
50) SRR, WK 8 fivR. Ml 8(a) 1%, ZIJR
XTERAGUE Y 52 e 32 2R IAE SR T, TERE
BGRE R 1.2~1.6 T I, BRBME R FRE, Fkobhg
WO 0.25 mJ I, BRHUER/D, 2974 0.803 Wikg.
K 8(b) NREIEHREE K 1.6 T Bf, ARk rhaER T
PR FEAR, FAE RGN, R PR TSses K
RN, BRI R AR 2k A T R R A S5 R A R
SUE M SCE RIRIFE . BOCZIR T2, Sk
PIFRIR R RIRZ , SRR RNER T2
SHHER G IR LE B LR, TRUCE T W 4
ERREE . K 8(b) TATE LS E . WO
20 kHz, 353 800 mm/s, FkAER 0.25 mI F
B A 2R A, BRBRR AR R Em, A
11.6%, ULHAULAT R EE . TkobRe s, AR
SHZ A SR AE, mArCTE, WA
ZHT, ZVRZ P EBELA LI HEA 2 ok i J] 48
ik, EIEY LA, 2R AR Y
TR, ZIR X ORLRE AR XN, 2R
SR TTRBAF . WOCHR SR ARG CR
g ZVRFIEAR, IR 2RI AR T 43 A ke 3=
FER, wEZIRAN A B R . B P A R
W, 90° NV mEWER I M 45 B 2E 5, fHifs 180°F
WEREAN AL AR B AN IR o X EL 2R AT, 5 A RE RG2S
AR 9 B, ATLAAE H 180° 3 g Wi 21 B
WA, ZVRAT, BEREE R R RERTE , [R]
— kLD 180° EREBE A AT HES, ZIR S,

(a) Before laser scribing

o

2 mm

0.95 —
L 0.90 = No scribing
= 0.85[*0.15m]
0.8 —‘AO‘D 0.80 [*0.20 mJ
2 075 [*-0.25 mJ
= 2 070 F+0.30m
2 06 L2 065 [-v-0.35 mJ
2 [ <060}
> rgo. 4
Zo4 70 ““—4—No scribing
g : —»—0.15mJ
= —=—0.20mJ
02 F ——0.25mJ
—4—0.30 mJ
~v—0.35m]
0 0.2 04 06 08 1.0 1.2 1.4 1.6 1.8
Magnetic flux density / T
(a) Iron loss value under different magnetic flux density
12
11 F
10 +
= T
s 8
s L
54 L
~ 5 L
4 b
s L —®—16T
2 1 1 1 1 1
0.15 0.20 0.25 0.30 0.35

Pluse energy / mJ

(b) Iron loss reduction rate under different pulse energy at 1.6 T

8BRS HRAR AR A

Fig.8 Iron loss value and reduction rate of iron loss

T W ) PR 0 ) B 90, 180° i s LA 45
I —BE 5t kg £ E R 5 2R AR AT
3B KN B AR SRR 7 1) B B IR, 52
F ARG . T el P B RS O B R, i 1 ik o
RE = A R IR AN 1, AR A g, R n)
V& REWE I FE A0 K, (AR REWE 1S B AL KRR 1Y

2 mm

(b) After laser scribing

K9 ZIRHTE REESE

Fig.9 Magnetic domain structure before and after laser scribing



LERE:!]

WRoRTE, 55 ARbIO G i e e R R SRR E S R e 19

il ; ERkehREt ey, 2R 2 A K AL
i, )WY, A, RAAEBRRE, R TR
AL, SR T W AN AR B S A R b R A
TR E R, SFHEREVEREEIL.

3 & 8

(1) SHoEE N 20 kHz, FHHHHEE A 800 mmys,
kupfER R 0.25 mI B, =FHHBARCREAE, Ot
XFECE REAR A be il DU Al YA, RIS
ERME, R CIRY . EIEY) B LR A5t
Fage /b, ZVRI RS AL PTRE”, BT U HEA
RSS20 RV RER AT -

(2) PO S5 R R A X R X 2R
IR RA B, AF L FIEREA AR
I F143A75 , 1AL 180° FREWSANILFEBE AU R IR] s Bk
PhRE I E Y [ R R . B 1) P A R ) K K
FREE, A 800 mm/s, FkMAER K 0.15 mJ
BF, ARG R R, 2900 15.16%.

(3) ZPK )5, shASHGa ZARAS , AR IESEL
AL, X T A R AR 7 A R T FLAVE
BN, 5100 A R AR A R T 2R A
MR WRERE TR K, 13 180° FWERE L2
FERE, PRI ER, FRIRZ 11.6%.

S

[1] BER HWEE, B, 5. BOCRYRXH LN BRI
W SE AL S ()] DhfiERT L, 2016, 2(47): 160-170.
YANGFY,GULY, MA G, et al. Effect of laser scribing on
core loss and magnetic domain of grain-oriented silicon
steel[J]. Functional Materials, 2016, 2(47): 160-170 (in
Chinese).

[2] J&Z, WBRH, e, 5. PCVD il # Fe-6.5%Si ik
T ZBFE]. RIEEAR, 2013, 42(3): 88-90.

ZHOU L, PAN Y J, XU C, et al. Study on Fe-6.5%Si Steel
Slice Prepared by PCVD[J]. Surface Technology, 2013,
42(3): 88-90 (in Chinese).

[3] M, £50, I, 5. BT 20 Tl PR A4 20k

JEYERERE R[], FREHAR, 2017, 46(5): 196-201.
AN K, WANG L, CUI S, et al. Influence of curing process
on performance of eco-friendly non-oriented silicon steel in-
sulating coating[J]. Surface Technology, 2017, 46(5): 196-
201 (in Chinese).

(4] M55, RE D). BUm RO 2R G HE ARBESE[D]. #idL:
ferpRlE K24, 2011: 18-22.

LIU Y, ZHU G L. Research on key technology of laser scor-

[51]

(6]

[7]

[8]

[9]

[10]

(1]

(12]

[13]

[14]

ing of oriented silicon steel[D]. Hubei: Huazhong University
of Science and Technology, 2011: 18-22 (in Chinese).

TR, S8R, R, S5 TEE FeSi A 42 X B i G4 G
PERERYSZIRI[T]. SRTTHR, 2014, 43(3): 48-53.

ZHANG L, WU J, ZHU J, et al. Influence of high-silicon
FeSi alloy coatings on the magnetic properties of the com-
mon grain-oriented silicon steel[J]. Surface Technology,
2014, 43(3): 48-53 (in Chinese).

R, ROORE. MR RE A 7 TR G BT N R S
[J]. 455K, 2013, 34(5): 20-24.

DONG A F, ZHANG W K. Analysis on process and techno-
logy of grain oriented silicon steel and development trend[J].
Special Steel, 2013, 34(5): 20-24 (in Chinese).

PLER, NI, WiaL, 5. mRRUR E A P AR 5 T2
BRVRIF S 1 S R AN, 44K, 2013, 48(3): 1-8.

QIU S T, FU B, XIANG L, et al. Recent research trends and
developments of production process and technology for high
magnetic induction grain-oriented silicon steel[J]. Iron and
Steel, 2013, 48(3): 1-8 (in Chinese).

FUKAWA K, YAMAMOTO T. Domain structures and
stress distributions duo to ball-point scratching in 3% Si-Fe
single crystals with orientation near (110)[001][J]. IEEE
Transaction on Magnetics, 1982, 18(4): 963-969.

R, S, WOCR) R AR I AL N B SR IFSE[D].
TEBH: ARALR2#, 2011: 1-4.

QIN L B, WU D. Study on the technology of laser irradi-
ation for decreasing the core loss of grain oriented silicon
steel[D]. Shenyang: Northeastern University, 2011: 1-4 (in
Chinese).

LUCHI T, YAMAGUCHI S, LCHIYAMA T. Laser pro-
cessing for reducing core loss of grain oriented silicon
steel[J]. Journal of Applied Physics, 1982, 53(3): 2410-2412.
NEISHEISEL G L, SCHONEN J W. Laser treatment of elec-
trical steel[P]. US: Patent, 4456812, 1984.

AHN S, KIM D W, KIM H S, et al. Investigation of core loss
characteristics of 3% SiFe using the laser scribing method[J].
Physica Status Solidib-basic Research, 2004, 241(7): 1641-
1644.

AR, AT, WA, A U IO 2R T2 S50
16 R AISCIEER AT (). S JmIIRERSEL, 2015, 22(1): 11-16.
LIHJ, YANG P, JIANG Q W, et al. Optimization of laser
scribing parameters and the analysis of underlying mechan-
ism in a grain-oriented silicon steel[J]. Metallic Functional
Materials, 2015, 22(1): 11-16 (in Chinese).

ARG, AT, AR, A U RO 2R A 52 1
SN B 2R EANE ST (], ORHRAR B2, 2015, 36(3):
182-188.

LIHJ, YANG P, JIANG Q W, et al. Effect of laser scribing


http://dx.doi.org/10.3969/j.issn.1003-8620.2013.05.006
http://dx.doi.org/10.3969/j.issn.1003-8620.2013.05.006
http://dx.doi.org/10.3969/j.issn.1672-9587.2013.03.001
http://dx.doi.org/10.3969/j.issn.1672-9587.2013.03.001
http://dx.doi.org/10.3969/j.issn.1672-9587.2013.03.001
http://dx.doi.org/10.1109/TMAG.1982.1061948
http://dx.doi.org/10.1109/TMAG.1982.1061948
http://dx.doi.org/10.1063/1.330828
http://dx.doi.org/10.1002/pssb.200304512
http://dx.doi.org/10.3969/j.issn.1003-8620.2013.05.006
http://dx.doi.org/10.3969/j.issn.1003-8620.2013.05.006
http://dx.doi.org/10.3969/j.issn.1672-9587.2013.03.001
http://dx.doi.org/10.3969/j.issn.1672-9587.2013.03.001
http://dx.doi.org/10.3969/j.issn.1672-9587.2013.03.001
http://dx.doi.org/10.1109/TMAG.1982.1061948
http://dx.doi.org/10.1109/TMAG.1982.1061948
http://dx.doi.org/10.1063/1.330828
http://dx.doi.org/10.1002/pssb.200304512

20 b B xR T LT IR 2019 4

and post-annealing on insulation layer of grain-oriented silic- laser scribing part I experimental work[J]. Journal of Materi-
on steel[J]. Transaction of Materials and Heat Treatment, als Processing Technology, 2001, 112(8): 199-204.
2015, 36(3): 182-188 (in Chinese). [18] Z=F-A:, Wi, KHL, 5. PCVD REVRJZ XS H T84T 1Y
[15] HUANG Y, MING WUYI, LI M Z. Parameter optimization )], TP E L TR, 1997(3): 11-12.
of Nd: Yag laser scribing process on core loss of grain-ori- LIPS, GAO Y, CHEN D K. Et al Effect of PCVD silicon
ented magnetic silicon steels[J]. International Journal of Ad- coating on magnetic properties of electrical steel[J]. China
vanced Manufacturing Technology, 2014, 70: 1-9. Surface Engineering, 1997(3): 11-12 (in Chinese).
[16] HUANG Y, LIU Y, ZHU G L. Investigation of laser scrib- [19] TADEUSZK, #7%, JAROS A F, 45 4K Sk e R 4R L
ing technics for reducing core loss of grain-oriented silicon PEEHRIFGE[I]. T TR, 2004(5): 1-4.
steels[J]. Key Engineering Materials, 2011, 455(4): 141-145. TADEUSZ K, LIANG X B, JAROS A F, et al. Research on
[17] PONNALURI S V, CHERUKURI R, MOLIAN P A. Core nanocrystalline Fe-Co based soft magnetic materials[J].
loss reduction in grain-oriented silicon steels by excimer China Surface Engineering, 2004(5): 1-4 (in Chinese).

o KT+
2019 FEANREEFEMRSEEEIF RSB EMM R RGP ARARESE T MEBFF

NTREPIRZ (TR, WEE ) RTRRF SRR TAE, BRI X AR AR, AR
THERBRL K Bs B BOR B RIY , 5 S om R g B iy 2 S8 RE ), i b I i 55 B P 2
42019 BN EEE R RS I BB 5 OR 27 T 2019 4F 12 H 7—9 HTERIIRAM VD 5t B B85 B B 1k A
T, RN U, AR ST R BT BT o MU 2 O DL “IE 2 [ R Bl B ) ORI IR
KAJET AT, B IS E R etts, EEAIERAORL, TR TR s SR BRI IR B, R A
RSB EAR . TR)Z SR BIEOAR | AU AR, Se Bt s S e s bR, BT I S Bl
PR, Al R A2 " A E B, UL ARSI R RS . KRB, LR mRr @, BEAOCTEIRTE
G, FEARRLZS U, PORISUE, R EOE SR BBt A B RIE RS RS, IR A ER
o WG b A SO EUE H 0 2019 4F 10 A 31 H, BACEESROAN 5 22 38 85 fifi v [ ot 55 By 47 1)

( http://www.ecorr.org ) .

@SR R


http://dx.doi.org/10.1007/s00170-013-5236-y
http://dx.doi.org/10.1007/s00170-013-5236-y
http://dx.doi.org/10.1007/s00170-013-5236-y
http://dx.doi.org/10.3321/j.issn:1007-9289.2004.05.001
http://dx.doi.org/10.3321/j.issn:1007-9289.2004.05.001
http://dx.doi.org/10.1007/s00170-013-5236-y
http://dx.doi.org/10.1007/s00170-013-5236-y
http://dx.doi.org/10.1007/s00170-013-5236-y
http://dx.doi.org/10.1007/s00170-013-5236-y
http://dx.doi.org/10.1007/s00170-013-5236-y
http://dx.doi.org/10.1007/s00170-013-5236-y
http://dx.doi.org/10.3321/j.issn:1007-9289.2004.05.001
http://dx.doi.org/10.3321/j.issn:1007-9289.2004.05.001
http://dx.doi.org/10.3321/j.issn:1007-9289.2004.05.001
http://dx.doi.org/10.3321/j.issn:1007-9289.2004.05.001

