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Table 1 Process parameters of laser material reduction

manufacturing

Parameter Value
Laser power 1200-2000
P/W
Scanning speed
-1
v/(mm-s") 610
Current density 5
j/(A+mm ?)
Magnetic flux density B
B/mT 0-1200
Gas pressure 08

p /MPa

high speed video camera

magnetic pole \

spatters-collecting
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Fig. 1 Schematic of direct molding V-groove by laser material

reduction driven by electromagnetic composite field

ST SRR R, SR VHX-5000 %I 48 5 1% = 4 1%
BEAABIARE I =4 A . R T T E R T )
T, {6l P EEARE AL 0 4 AR R, 3 R S Ak K s
4 AEE 10 s, R 5 2R I Axio Tmager2 1l Zeiss Y 2%
TR 0 BT SRR I R T A . R 1) ALK R
HBE T EI R L SR 0 VK-X 1000 2 JE 4R 900 -5 384 % 52 1 s
PO T, TN T O A RLRE B . AR R R R L
T 2280, N T H AR BRI BE  V RURE  JF AR 4 K
FrRifE GB/T 1804—20004 — M 72> 25 AR 2 22 By 2 1k Fn
FE ROSF A28 22 )T REA VORDRE AR [ I e I R
PRUE GB/T 1031—2009¢7 dt JLATH R B (GPS) %
AT 45 44 6 SR v 3 TR KRS B 2 50 8 B D) i O vk
2 LA

3 SLIEIRE

3.1 HEMEAHENIMIVEENRR

TEFOET R 1800 W I H #5324 6 mm /s
B2 F R A TG RE 2 B 3 B SO A SRR Y = 4
JEETE S 1] 2 T o DA SO S A A7 B 5 mm
A FF U ARG FE BB B 10 mm . o RE 1 = 4
BEERTLVE 1) JCH G A Y Bh s, D X s =
Y50 R E A5 AR B, 1M AE j=5 A/mm’ il B=1200 mT
M) HL RGO A S IR T, SO Wb DX 35 1 A T S R
VI, HURETE JC W AR 5 2) AT X 8 B R
F, L S AR e R B 4o 2. 58 mm A4, 96 mm,
TG 2 A ) 1 e R IR BE (R N T 92.25% 5
3) P ZH S bR 2 BR R R 43 i) 32, 15 mm’ Al
97.76 mm’, Jifi i B G A 0, MERE R BRAR R i T
204. 1% o XAEP MMM BEE A e 01t 2 2% e
2% 77 W)UK, 1] 2 BT 4 I A T AN S8 T A
I B W AR AZ B R U RELEY it R Az B U R
KO HE A T mE s, HER B, MET
TCIAS 25 77 3K 3 (1) S50 21, o b 32 30 SR R 7 4R =
A B A B DRI 2 B R R A R B R 1 A A KT
JEE N

ik — 2L 5V R JEC R B b i i FE BR R AL 1R
TBUJRC FR A0 B A AR B b v SRR 6 AT A b o[BI 3R AE
WL J 1800 W IO H 3 B R 6 mm /s R 2%
58 R 1200 mT 00 N A3 8 A9 AE Lom e 5. A
B AT AR o s 7 B A R 5 B /N 4 R
SN Sl R B (BN =i g S 2l NG A A v L
293677 pm 5, FAE LA L A AR, XV LR
I R SR AE AT R, S R R N R R R
R G AR VB BT e R K BT 4 3
A B, BRI 46 B B RRE B B LSS I BE . TER IR BY
B (K2 5197 pm) &5 05, V58 e 38 ke AR TF 1R
ARV ARG E B B TR RO IR S R Ot e L AR
KR 3571 pm W25 SR B . X R ZE T DA
AR A S 4R B B, SEARTE O B9 48 5 R R IR THE

1602102-2



£ 50% £ 16 H1/2023 £ 8 A /HEHN¢

Depth /1
@ 258

7=0 A - mm™ B=0 mT

V goone=32.15 mm® —

1.84
1.47
1.10
0.73
0.36
0

®) Depth /mm
7=5 A - mm™, B=1200 mT
=97.76 mm’ 4.25
3.54

2.83
2.12
1.41
0.70
0

Vgroove

B2 VHEE R =B (a) j=0 A-mm *, B=0mT; (b) j/=5A-mm °, B=1200mT
Fig. 2 Three-dimensional shape of V-groove. (a) j/=0 A*mm~*, B=0mT; (b)j=5 A mm~°, B=1200 mT
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Fig. 4 Metallographic diagrams of cross section of V-groove.
(@) j =0 A-mm *, B=0 mT; (b) j=5 A~mm *, B=
1200 mT

1602102-3



2505 £ 16 H1/2023 £ 8 H/HEH*¢

IS 3 S s A R RS AR, TR RS R D A LR R AR
JETTE R E SR T 161 32 28 W% 18 2% 71
B SR Bl 0 TR A ) HE R, A i IR
RFF 1A T, FE — 25 0 T L AU O TRORE A Il
A A B A A AU N, o T ) A A R B B — A 8
FEARAS R AL & A O R BREE D7 e AN 2 R R R
B ) 5 b D 328 T A0S | B 8 R 1Y) VOB R LE G BB
G @ e F T 5K ) A T 2 8 o L Y [
OE .
3.2 ITZ2HXVEBERENEN

5 Mt j=5 A-mm " H g, HEOETh RN
1800 W 4 1 i}y 6 mm /s B}, AS [) i J&% 7 5 i 1 45
NV IR RTE S . A ST 5 ATy TR VRS 4 5
HEATRAE, 4350 : 1)V B FE A 985, DL W R
2)V BURE QRRE B, LUBE T F- 349 w8y BE AR SR AE 3 3) V Y
FE R BE , LAJRS 38 380 TOUAT 1) o B H 3R 5 4) 'V BURE 1Y) £f)
B, LA BE ] 22 [B] 1 & F A o 5 5) V RUE G ER 1 8] 90
AR AR RN . IR L W G S A B 1
TN AR4E 24 B=0 mT i, LA 5820 2644 pm; i in B
W3 fn, bR 58 AE 400,800, 1200 mT 385 F 43 51 A
2703.2691.2816 pm, 1 FT7E B=0 T ¥ 5L T Frfin Y
PR 8 A 1, LS R R B T REL R 32 R AN 38 50, R T AL RS
IS0 L, {E400.800,1200 m T ¥85 F AN T.i) V Al
T ) B MRS B2 S, 40 oM 23. 34,22, 61.,22. 04 pm, K&
B @254k . 7E 0.400.800.1200 mT ¥ EE R T.AY V 4

Y.
W=2703 um |5, =23.34 ym
H=2596 pm

R=658 um /"

B=400 mT

A e —————
© S,=22.61 um

B=800 mT

1000 pm

P BB 4359 12242596 ,3017 3423 pm, il 25 1 2%
5uf 5 KRN, VTR AR G S 1) U 4 B B R e . AE0 T
BTN T i VRS B T2 RO B, TE ik DL A B
HEHIE A 5 7 400.800,1200 mT B85 T fin T H Ay vV 51U
T RE T 22 8] /Y 2 43 00 Dl 39. 537,38, 687,37 727,
VR W RE T 22 (] ) e ff E ARG RN 5 Y 5 T
FEAR . 760 T EREE i T H A VBSR4 i E Sl R
S H O A 5 9K, JE 325 DA K AR R A HE S5 4 400,800
1200 mT R85 R A0 T H BV RURE %) JEe 3508 5% B A 4 10 )
9 B IO, B2 A2 43 91k 658,375,305 pwm, JiE #4589
A58 I 2 R R T R ) 8 T R TR/ o R A [ SR
N7 5 BE R 0 T VR T SR ] X RO
D7E R A5 T 0w 2 8] m g8 25 71, 0n
BT A R A % VR R B H O RE S R B
T K 2) TE R — BOC T R R, VR
R THT E I T2 8 X SO (8 W i 3 A AN AR L BRI VA
E Ffy FEE It e 1 5 AR A AS B I8 5 3 ) 0 JR N 58 E ) 3
SE I TV R JEG A R B R M S RS 3R 3 A A AR
A in s, VR R B H R 2 RGN SR R 160 i S
K5 4) VIR f BE A R AR A (H VR BE A B TR
JIT LAV 750 R I 3 [ I 4% Bl 5 o SR 7 5 B (%) 189 i i
AR N 5 5) MRS B s T ER R R R ]
2NN b R N 207 N [ 5 e N
TR BEAS TR, B VAR B 1 5 B W FE 2700 pm /2
HEdh.

S,=22.04 um

W=2691 pum |~

H=3017 um

A=38.68°

R=375 um /

RIULUTUEN 2 1200 mT

5 ISR XV EUEIE SR52m . (a) B=0mT; (b) B=400 mT; (c¢) B=800 mT; (d) B=1200 mT
Fig. 5 Effect of magnetic field intensity on V-groove morphology. (a) B=0 mT; (b) B=400 mT; (¢) B=800 mT;
(d) B=1200 mT

Ry E— A5 T 5 S T B S VR RS S A 2R R
JE A 52, % P 5 BT AR i R R 2R B R AT Gt A5 R
mE 6 RTR . fEXHIERE S TN T.0 VIR
R E Y R R 764 pm, 1 H 5 2 E R4
4T SR N 9 B AY R 400 m T B, RS 30 R 45 J2 114 JE B Ok
WA 268 pm, I HHEE & IR EE I T 64. 92%,
A 2R R 5T 5 2 R RN 5 B 3K #1200 mT
BF, &5 6 & 5(d) mT L& B, 76 AR A% 6 T 300 T AR
F R B 2 A R RN 42 pm, B0 HL
BAEGWEEREE T 94.50% . @i RIS A

Pl 5 AT AT 24 1 8% 0 5 BE AN 400 mT 35 2K % 1200 mT
I, VRS ¥ )2 5 B B O/, L TG R
JEET B JE R S 250 5 25 OV 5 O 1200 mT i, V
TR UG 0 o 22 VR B AN Sy JC i IV 5 BE IR 5. 5004,
XF FER BB B o e R O B HLRE A B 5
A IBAR2E T T U KBl e e 1) L HE R , BE 2 R SRV ot JEE
SN, I AC 2L T HE R 1 — 8 i A b 4 HE U L N e B
TV IR R 0 E A 2 B0 R )

W WOL R A XV RURE 1 2 e, 7E O Zh
FEN 2000 W B Z& 1B SO BOCH 13, A 1T

1602102-4



£ 50% £ 16 H1/2023 £ 8 A /HEHN¢

Thickness of V-groove bottom
remelting layer /um

0 400 800 1200
Magnetic flux density /mT

P16 RIS EE X V R I A 2 R L A 52 . (a) B=0mT;
(b) B=400 mT; (¢) B=800 mT; (d) B=1200 mT
Fig. 6 Influence of magnetic field intensity on thickness of V-
groove bottom remelting layer. (a) B=0 mT; (b) B=
400 mT; (¢) B=800 mT; (d) B=1200 mT
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Abstract

Objective  Although milling and planing are used in traditional machining of V-grooves, tool wear and passivation affect the
machining efficiency and quality. Laser subtractive forming technology exhibits the characteristics of no tool wear, high processing
efficiency, and flexible forming, and uses a high-power laser beam as a heat source to realize non-contact processing. Nevertheless,
there are some limitations in traditional laser subtractive forming technology. For example, laser drilling and laser ablation
technologies generally use a pulsed laser, whose aperture size is of a micron level. As a result, the processing efficiency is
considerably reduced when the processing amount is large. Furthermore, it is difficult for traditional laser subtractive forming
technology to process millimeter-deep V-grooves at one time. In this paper, a new method of laser subtractive forming of V-grooves
is proposed. The Lorentz force is generated inside the molten pool by applying an electromagnetic composite field to drive the melt
discharge and achieve the purpose of V-groove machining. Based on a certain machining accuracy, this method can process V-grooves
with different angles and depths. Moreover, this method can avoid the problem of tool wear in traditional machining, and its material
removal efficiency is much higher compared to traditional laser material removal technology. Therefore, this technology is expected
to become a new high-efficiency and high-quality material subtractive forming method.

Methods 316L stainless steel i1s employed as the substrate in the present study. First, a 2 kW semiconductor laser is used to
irradiate the surface of the substrate, and the Lorentz force formed by the steady electric and magnetic fields drives the melt to
overflow upwards. Simultaneously, a gas nozzle is applied at the tail of the molten pool to separate the metal melt from the substrate.
The spatters are collected by a device to ensure that the V-groove forming is safe for operation environment. Second, the three-
dimensional profile of the V-groove is captured by VHX-5000 three-dimensional microscope and the groove’s wall surface is analyzed
by VK-X 1000 shape-measuring instrument to calculate the roughness of processed area. Furthermore, the influence of the magnetic
induction intensity on the thickness of the remelting layer in the processed area is analyzed. The influence of laser parameters and
electromagnetic field parameters on the morphology of the V-groove is evaluated. Finally, the flow behavior of the molten pool is

observed using a high-speed camera, and the mechanism of the Lorentz force in the machining of the V-groove is discussed.

Results and Discussions A high-quality and efficient V-groove processing method is established through comparative experiments
(Fig. 2), which verifies the feasibility of the new laser subtractive forming technology. Owing to the increase in the Lorentz force, the
melt is accelerated to overflow upward, resulting in an increase in the depth of the V-groove and decrease in the remelted layer
thickness (Fig. 5, Fig. 6). Owing to the change in the heat input, a V-groove with an angle of 34.82-65. 20" and depth of 1719~
5667 pm is prepared (Fig. 8). It is found that the material removal efficiency increases with an increase in the laser power, and the
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material removal efficiency is 67. 58 mm®/s at a laser power of 2000 W (Fig. 9). The target V-groove is processed, and according to
the national standard, the angle tolerance level is precision [ and the depth linear tolerance level is medium m (Fig. 10). The videos
captured by the high-speed camera show that the applied Lorentz force causes the melt to overflow (Fig. 12), and the material removal

efficiency 1s significantly increased.

Conclusions In V-groove forming with electromagnetic composite field, the Lorentz force drives the melt to flow upward under
different laser heat inputs, a V-groove with an angle of 34.82°-65.20" and a depth of 1719-5667 pm is obtained on the basis of
ensuring a certain machining accuracy. The increase in the Lorentz force further promotes the overflow of the molten pool, and the
metal melt adhering to the side wall is reduced; the thickness of the remelting layer at the bottom of the V-groove is 42 um. Based on
the video captured by the high-speed camera, the material removal efficiency is found to increase significantly when the
electromagnetic composite field is applied, and the center forms obvious pits and grooves. Moreover, the material removal efficiency
is mainly related to the laser power and reaches 67. 58 mm®/s at laser power of 2000 W. A molten pool is formed by irradiating the
substrate with a laser heat source. When an electromagnetic compound field is applied, the Lorentz force causes the melt to overcome
the surface tension and gravity, flow upward, and eventually escape from the substrate with multiple spatters, completing the

processing of the V-groove in the area to be processed.

Key words laser technique; laser subtractive forming; electromagnetic composite field; V-groove morphology; directional Lorentz
forces
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