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Abstract: Laser welding is a high-speed laser process that couples multiple physical fields. The accurate online detec-
tion of the penetration depth of laser welding has been a critical challenge. Consequently, this study focused on the
laser welding process of TC4 titanium alloy and constructed a spectrum monitoring platform for laser-induced plasma.
The influence of laser power on plasma thermodynamic characteristics and penetration depth was analyzed. Subse-
quently, a real-time prediction method for penetration depth was proposed. The results determined a significant corre-
lation between plasma spectral data and penetration depth values. Based on this correlation, the intensity characteris-
tics of six line spectra were selected to construct a real-time prediction model of penetration depth. Using dimensional-
ity reduction technology to extract features from spectral data, another prediction model for penetration depth was
established based on the extracted features. The mean square error of the penetration depth prediction model con-
structed using spectral features after dimensionality reduction was 0.019 4, which was smaller than that of the pene-
tration depth prediction model based on the original spectral intensity features. Thus, the high-precision penetration
depth prediction model constructed in this study provides a theoretical basis for real-time feedback control of laser
welding penetration depth.
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Fig.1 Laser welding plasma spectrum monitoring platform
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Fig.2 Emission spectra of titanium alloy laser-induced plasma
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Fig.5 Comparison of time series changes in the penetra-
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Fig.6 Changes in the penetration depth, weld width, and
depth-width ratio under various laser powers
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Fig.8 Error bar plots of plasma electron temperature
and plasma electron density under different laser
powers
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Fig.9 Evolution of plasma thermodynamic characteristics under different welding modes
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penetration depth

0.9

—— FSH —e— HifE

1 /mm

0 20 40 60 80 100 120
BFEA

B 12 EFHEXEHTIERNES FLiEFEmEien
Mk EE BT 45 SR

Fig.12 Prediction results of model training test set for

plasma spectral features based on correlation per-
mutation selection

Guyon Z5PIRyHIFFE F W, 2o BLAR L 7 b %ot
A B A FIE Ay T TE T i O o A o 2 4 14
A JE v R R D (B ARG ) IR 2k

Hiz A EHAME — DA GEETHNERSH
A B I, AT LS R A IR, MG
PEST ML RE e BRI IR I —E 25, FRIE R T
P 2R B AT 5 0 SRt .

St A SCR FHAR LM B R 2 AR X S k1 T
TR FRAESRIL. XF 2068 4k e T B Bs b AT t-
SNE FEAEACHE, (HLERERRALE 4 4k 4 MEREREREL
It sSAEARLE 2 (] (57 B 53 AT , BT B Z A AR
S, BRI B 5 SRR B A A3 A AR LA BOH
R S A B 13 ARE R T A . e
JE I 4 AHERE (B o3 T DR SE R R IEA T B IR b AL
AR A SNE ST, 2 HIAHSCAEREINE 14 F7R. LIX 4
ANEFE AR NSRRI | TR AR e o 2T
FEUR TR AR BRI 2l a4 i T 45 R an 15
Frn . BRI 4E B9 R* 9 0.9052, RMSE
0.0194, MAE /y 0.014 6. A IFE 2, R FYE IS 1%L
P A R 2 (B A SCRE BE FE AN B 3, (FRN ol FH 2t iy
BRI 2R ASERUAR L, LA RERE 3R i, IR 22080/
TSI R A R4

200 200

160 130F
100 -

50
0k

FREAE2
>
[=}
FFIEL

-50 -

OF —100}

-40%- -150— L L L -250 -200

13 2 t-SNE B4 RS TR
Fig.13 Plasma spectral features after t-SNE dimensional-
ity reduction processing

r

1.0
; M_O.O?,S . e . IO.S

H 0.6
o, 0.130  -0.232
x, -0.038 o
H 0.2
% RENN 1.000
Lo
x, 0284 -0.232 0.024 [ 702
~0.4
e ... . o
X, X, X, X, JEIR

E 14 ETF t-SNE BE4ERNEE FALIERHEFERE
KHERE

Fig.14 Correlation matrix of plasma spectral features
based on t-SNE dimensionality reduction and
penetration depth



- 1304 - KHAR AR (A AR5 TR LERVE I PR VR
0 S —— Bl [2] Huang Y M,Hou S S,Xu S F,et al. EMD-PNN based
. 08 1t 2, 3 1 p e welding defects detection using laser-induced plasma
r‘\i ’7 I T TMF i 314 1514 N electrical ~ signals[J]. Journal of Manufacturing
& 07 N [ ; " ‘ y ‘]l 400 Processes, 2019, 45: 642-651.
g T8 ‘ 28 ‘r g [3] Gong J F,Peng G C,Li L Q,et al. Effect of plasma
0.6 0 2'0 4'0 6'0 8'0 1(')0 12'0 plume produced by vacuum laser welding on energy
A transmission [J]. Optics & Laser Technology, 2021, 136
B15 BT SNE BAENSET RS ENED G LT | o |
o ST B [4] Cai W,Wang J Z,Jiang P, et al. Application of sensing
Iz JIN 26 . e 1 .
Fig.15 Prediction results of model training test set for techmqu.es and artllﬁc1al mFelh.gence-ba.s?id meth.ods to la-
spectral features based on t-SNE dimensionality ser welding real-time monitoring: A critical review of re-
: cent literature[J]. Journal of Manufacturing Systems,
reduction
2020,57:1-18.
3 & B [5] Wu D,Zhang P L,Yu Z S,et al. Progress and per-
=Tk spectives of in-situ optical monitoring in laser beam
i s e welding : Sensing, characterization and modeling[J].
(1) MAFFICIH T kG OIS & Journal of Manufacturing Processes, 2022, 75:767-791.
TR 2R AT T ST, R 6 25 Ti 1 i 1 [6] Huang Y M,Xu S, Yang L J, et al. Defect detection dur-
2% V1 3R IR EAAR] T AR R LT Y ing laser welding using electrical signals and high-speed
A 450 ﬁ?ﬁ%_’% a MK H, I T, T2 i ph;)tograzpéllyg[J;.7 1J O;Qaio(;f Materials Processing Tech-
y 5 nology, s : = .
AR Vel ST 32 ~ S Ve 2K
2L, HOLTIHAE 800 ~ 1300 W HT BB TOE IR [7] LuoY,ZhuL,HanJT,etal Study on the acoustic emis-
FER, P FIREZ R 7516.1 K %K% 7708.3K 4R sion effect of plasma plume in pulsed laser welding[J].
JGI/NE) 74389 K, S HL T2 )E H 1.94x10"7 em™ Mechanical Systems and Signal Processing,2019,124.
HRF 2.26x10" em”, SRIG/NE 1.78x10" em”. 715-723.
(2) ﬁ*ﬁ?kﬂ?‘gﬁ%ﬁ R %%%&F%chf%?ﬁﬁﬁ{gi% [8] Xiao X F, Liu X B N Cheng M P, et al. Towards moni-
toring laser welding process via a coaxial pyrometer[J].
2% Bl AR A4 =] NI=! NZTAN % -
VPR AL, WIS R R T RO R 890 Journal of Materials Processing Technology,2020,277:
1300W 510 FAOFAIR . Ti 1 506.47 nm ()6 1% 58 116409.
B BEEFOCIIRAIE R, SRR S B R 224k [9] Qiu W C,Yang L J,Zhao S B,et al. A study on plasma
B, IR 0.65mm B K E 3.14mm, Ti | plume fluctuation characteristic during A304 stainless
506.47 nm FIGIGTEEH 4860 MEKF| 8363. 1LA), steel lz;)elr 8w3e ;dlrggm' fournal of Manufacturing Proc-
esses, ,33:1-9.
S§ H = w1y Z % 259 > 7
£ 1100 W AR BBGGE S EUT , AR R4 [10] Mrna L, Sarbort M, Rerucha S, et al. Autocorrelation
5RAE. analysis of plasma plume light emissions in deep penetra-
(3) W3R T &8 ARG IE R 28 TR 1 AR tion laser welding of steel[J]. Journal of Laser Applica-
Sk, AR S T TGS R A AR A5 tions, 2017,29.1) :01200. | |
(9 s R R 22 I 2% TS A . U K 395.97 nm . [11] LiS X,Jiang P,Gao Y,et al. A penetration depth moni-
- toring method for Al-Cu laser lap welding based on spec-
0 A1 ;- EEN
396.20 nm , 399.18 nm , 415.90 nm X N (1 st S A1 tral signals[J]. Journal of Materials Processing Technol-
YEIREIA O R ESTE 0.8390 LA I, # T AR 22 R 2% ogy,2023,317: 117972.
R R2 K 0.746 3, RMSE 4 0.0303. % t-SNE 7 [12] Kramida A, Ralchenko Y, Reader J. Nist atomic spec-
VEH 2068 4ERARE] 4 4ECHER AR RUA TR G R G tra database [EB/OL]. https://www.nist.gov/pml/atomic-
FECBUIN, I S W AP BRI I e dastse, 2l
" - 5 * [13] Li J,Zhang Y,Liu W,et al. Prediction of penetration
PENRA BRI, R” 1 0.7463 Mm% 0.9052, based on plasma plume and spectrum characteristics in
RMSE i 0.0303 [#IKE] 0.0194, MAE [ 0.023 8 [% laser welding[J]. Journal of Manufacturing Processes,
{551 0.014 6. BB RO HER LS. 202275 593-604.
[14] Griem H R. Plasma Spectroscopy[M]. New York :
Sk McGraw-Hill, 1964.
[1] Auwal S T,Ramesh S, Yusof F,et al. A review on laser [15] Guyon I M, Elisseeff A. An introduction to variable and

beam welding of titanium alloys[J]. The International
Journal of Advanced Manufacturing Technology, 2018,
97(1/2/3/4) : 1071-1098.

feature selection[J]. Journal of Machine Learning Re-
search,2003,3:1157-1182.
(FTiEmiE. W F)



