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Abstract Argon and nitrogen are widely used as shielding gas in additive manufacturing. However, the high
temperature in localized melting area and the release of oxygen in the row materials can cause the difference of
oxygen content between melting zone and shielding environment. Laser-induced breakdown spectroscopy is proposed
to measure the trace oxygen content in argon and nitrogen near the melting zone. The experimental calibration
curves are obtained from laser-induced spectra of oxygen/argon or oxygen/nitrogen mixture gas with different
oxygen contents combined with the ratio of oxygen spectral line intensity to continuous background strength.
Detection limits of oxygen concentration are determined to be 31 X 10 in argon and 41 X 10" ° in nitrogen. By
analyzing the formation and decay characteristics of the plasma, we find that the electron temperature of argon
plasma is higher than that of nitrogen plasma and the decay of argon plasma is slower than that of nitrogen plasma.
Therefore, under the same experimental conditions, spectral line intensity and signal-noise ratio of argon plasma are
stronger than that of nitrogen plasma, which lead to lower detection limit of the content of oxygen in argon.
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Fig. 1 Schematic of experimental device for measuring oxygen content by laser-induced breakdown spectroscopy
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Fig. 2 Laser induced-breakdown spectra of (a) oxygen/argon and (b) oxygen/nitrogen
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Fig. 3 Laser induced-breakdown spectra of (a) oxygen/argon and (b) oxygen/nitrogen at different oxygen contents
3.2 EFRH KRR
SEM G TE AR AL 7w A R o A AU e MRS 32 AL O ORI MR R I H U R S L TN R
e 75 NP PR L P E S R B TR B I AR B T i R R e

giexp[— E,/(kT.)]
Iul 7N Z(T“Xl.) Aulhyul’ (])

X T R E AR RE R ER AT (I 2R BE . N WKL T8, Z (T o) AL AT PR AL, T o WIUR IR AL W ERIE R B 1
R B 8 H B v WERIEAR g A R BB T L E R S RERBE T b W UK 2% 8 % 8. TEWOR A5 1 A0 1)
ARG OLT S LR AR SR S R ARG R . R = BRI T At i T R B EUR SRR T A A
IR BRAE RS R ECh

16me® n.n; he . he
S“{w <6mn§/e>‘~’2LT1*2{5{1 eXp( AMJ}H’QXP( A/eTJ}’ @)

KA e Ay S50 ML RIS T RO RCR L T O TR L & O A - R BRIE B IE .G O A - Al ER
i Gaunt T e omove A 2351 G LT B AT AT OIS .l T S SR AR S0 R A g 4

N — S 1L 1 N LN, (2 LT DY Z, E, — AFE,
HL R R 3 MG B0 0 B . 25 A st T =g S exp()m
=N
B

h3 Za kTe
THRARIRIE 1, SAELET BRI [ 2 HoOW

p(E;_EU_AEij
ex e —
I, cAug, kT,

RG) =2t —g s qps 2udn L AN

I. Zo T, (  he . he Y M d—aN,’
5[1 exp[ Achj}—Q—Gexp[ /\/ech

Kb, WIEFEZ B FRBC S REZ, RTINS R E LB 3, AR, O L B 3B TE T, Sy H
BN N BRI T R AR TT R R P A L MERIE LR LE, 8 LRERE R, Ax NI 7T 500
ML, FRfEF B PRAH T LTERK I T =TO HE5RESEHREM LR = 00 KR
FHERBEMNXR(r, =1 —N, ", A0, JF L 5E w2 LS8 ou R MERITER (R
D WREZ R AR R Tk 4k 5 75 S0 R 5 22 L T A A — R L RE S R ISR
e T A5 B O M AR RS,

Vet O):777.3 nm ME R Bridl i3 2k S PR 102 257 2p° (4S9 3p & 3 A AEI R (J =3,2, DX
M REZL ) 25" 2p® (4S°) 3s PRAT I & Y 3 ZRFRIETE L BN . B T I6iEA o HER g B AR 719 3 40
LR SRR N R IR 777,417 nm M 777.539 nm BO3ELR , BRI A) il 2R 3G B 8 IS R R A A R
P25, I ELAI T i 2 005 O v 43 15 1 25 UG 1) 13 2 2 B T 5 5 G I 3 KT L IX 3 AR AR Y L RE g pE a2

1011001-4

3




H = e ot

RN A 3.67 em VAT 2,02 em L IF HERIE JLR KR 3.69 X107 s 10 IRILIX 3 %3k £k AG AR X i 5 JE
FE L 1, L, ~g tg.t g, (g I EREHMIIFEE) X 3 2k 0% £k B9 5 J 2 RN & 57 58 A 1l £k BE 7E — 58 72
BE L s i i A 51 R AR 22 . B I8 A8 25 2R 0 pR B0 B e I 9 D63 R AT 3L A L B

ro->r 2 v 1 4)
= 4( ¢ b’

A—2AD) +7i
Hrf TQOREMICHE M RSN T, A RES LAy 0N ¢ FRalk 2 iy o B2 | rpo 5K R 2 i
9. RIFE R T 3 4B X R B IR E 2 FIE R O,:777.3 nm 3G A3, th T I8 48 25 28 00 12 00— 1k,
PRI I 5 2880 T ) e TR AR T s Al 4G . BT R U IS R O TR R S EAn i & & 4 () A 4
(O JR s B A AR B S i AR FR 9 O 777.3 nm B4R a8 2, B0 5 A0 R A0 26 5 WO 45 2 A9 b v
2 AUA L EE R 43 51 0.9692,0.9532, &2 43 5l R 1,946 X 107, 0.5505 X 107, 4 & & & & K A,
O:777.3 nmBELRHRE I hR K, H 5 R & m ML R AW 8, R R 7528 515 50 im 5o 8 2 e gk
S E R I Z A B 4 (b) FEL 4 (D s - 3G R B R 43512 0.9805.,0.9762, Jil T £ 15 15 2275 S i B 2 1
FEAE T AR 5 R S B B AR I BB . AT R R i 2 5 T SRR O 0R E  L
ST 28 B il 2R B AL U B T TR BEAE — AR b R S U s AT AME RIS IE . AR . T S BT R R
MARPEH &0 E R BT RAAERTE R &AW B S, 38U 7 0 € bl & i 8 E A
FE I EAER Or:777.3 nmif 4o B DL K i 38 48 5 5 5 5 I 0 B 2 LU AR AR B B IR AR R B .
A A BR 2 2 L op = 36 /K (L pop FEE IR so Ry a8 FU1F Sebnife 22, K e A il 28Rk 250) AT 15745 31 G <O
AR E S ERRMER 50 31 X 10" S (R O7:777.3 nm FELTE Z 5% 20785 5ol B 22 a7 00 & b ith 4
TR BR B s o Ry R IR A& 1 5 75 50 {5 5 M AR X AR TR 25,0 = 0.0025, K = 0.2389) Fll 41 X 10™° (¢ =
0.0066, K =0.4665) , A WL, G A A& B AR I BRAIS T & A A8 s AR BR . it Ah 72 3 () 4l il <
Lo (O,)<<10X 10" ° /N T 153 i 4546 DU BR 19 9806 355 = i 2 D6 3% v ml s M B 31 40 09 RR AR 3 2 . FL st IR g
REA - 1) 25 U S MR R M LA E , S BO T 50T 158 S5 MR P e 5 2) 4803 B BRI A5 5 9 B D sl i K, R BIUE
P T2 1) AL AR AEAE — 5 g 22 5 T A DU R 198 3+ S8 (B T 2 e T 6 19 A4 36, AT a5 00 IR v 3 5 30 M A i g
RO 114 5 S0 IO ) BT L s R PR I A 1 A 2 A B2 3 B0 S O 908 38 L R R R C <4 3 T R A AE 19 T
AR R A BE S BUm N AR TP R AR RO T 100070, T 5 B0 4R S OGS S F ok b
RE VL% 3 A 1Y T 2k

XFF 1,064 pm P B AN RP IO T G A5 B 1A A i A BIL ) S A 00 4 OOy 3 a5 Tl
RATRE & IR AN FRCR VRN RIE S5 T IRR S I EZE S H B W5 55 B TR I8 i 1k 19 3h ) 2%

Ay PN =) A e Y =} . I A (2 ekTe)-?x'Z 1
LRI B T U o 0 A B AR R O 0 R 2 R 1n(é‘Aljln{2”’"hs }
g1 e

—_

I /12 E *Eg +E1*AE1[2H N - - S/ > N —
n(ng j: e AU/ A TR TIREE SR 175 10' K, R TR 1

e L2z
A2 S BIRAES IEA 5. A T RS HC R e At 5 )= — 2] ot

MEER )/ RREEFERAEFERE LT }10" K, FIH Ar:794.8 nm Al N, :746.8 nm JiiF 52k Stark &
AR ws~2[14+1.75A (1—0.757) Jn, X 10 o™ 0] B A B E S/ @A ME S/ A AHFE TR R 75
RS4RI 1.55X 10" em P FI 1.47 X107 em P, Htw BB FREAS XCHEFRESE - VETZ
[B] B - HE 2 5 Debye KB A L IF BLZBS T8 F XYM, 76 55 5 T IRE LB Be . A5 & IR
HLA TR G BRI el R TR EL A T i R B R RO . AR R MR R 178,11 X
10" WeK "em "F1261.08X10 * WeK 'em ", AU AE B T 1A i BL T 0% 5 1 3R L RS B TR
(R AN L SRR R R R T RE R B A A B ALH SRS S TR Y L B A 0 O RN G 9 0 AN R
PR AR EE TR/ . BT LR FEF R W SE58 40T B RS E FARRE S TAREE Tk
TR (5 S 25 R — 30 O H RS E TIR M R S B B 248, AT S BUR S B TR O,:777.3 nmil
1 R B R R L 38 L RS B AR R R s R TR B 5 o R R MR L DDA G, PR R R R R

1011001-5



H | o P
~ 3.5F 4.5F
® =l (a) . ®)
Z 300 3’?2_ ;
g2 5 3.0f
= 20 8 25}
215 £ 20t
210 . & 15f .
i . ¥ 1.0} ==+
= . - 0, 777.3 nm I s I
@ 0.5+ ] 0.5 Jd4c
g, R=0.9692 K R?=0.9805
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
¢(0,) /10 9(0,) /10
z2o© f@ )
L 6 L
% 5l
25 g
24 EY
>3 £3 .
22 ER
g - - 0:777.3nm €1l " . Il
5, R=0.9532 oL R=0.9762
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
9(0,) /107 ¢(0,) /103

P4 FIA o) SR/ R A B T ORI (o S0/ BRSSO ST 2 B0 B8 A ST Y S A T £k 5
FIF () U/ G R4S B T MR (D 40/ 855 B IR 0 TS 2 5 15 75 S8 8 22 LU Al N7 1 S8 A i 2%
Fig. 4 Calibration curves from oxygen spectral line intensity of (a) oxygen/argon plasma and (c) oxygen/nitrogen
plasma; calibration curves from the ratio of oxygen spectral line intensity of (b) oxygen/argon plasma and

(d) oxygen/nitrogen plasma to background intensity

) B AT T R A A A ARG T PR

4 % e

FEXT AM BREE S F dik SR SRS D B 7 SR L B TR LIBS KR AU vk AR BT AR
AP AT RAK IR 2504 3110 CF1 41X 10 °, T MG AR IR U 0A-3 /R 22 8 A B R 26 2
28 ST AR B AR TR IR 430 1.7 X 10" KR 1.1 X 10" K5 3 T8 A AR T %4k Stark
J e AR B R A A S TR RO 2 5 1.55 X 10" em P 1.47 X 10" em ™ ? 3l i 43 B 4
B VR TV R e R i A R B« O O 1 IR R T LRI B R A R SR AR B R 1 3 R R T
B8 B L AU B TR v SR BSR4 v A R L AU D S BURUUSE B TR 0 TR R 2%
1. PR, AR AR ] SE30 2 0 T o S0 55 B AR b SR 0 R 1 5 R R A M b L USRS R R, AT
A G AP SR R AT B AIE T AR R A R AR B . ST Y LIBS S AR AL O AM i AR Y
oK o SR TAE A AR, R 43 e L B R TR S A AR i 0 S B S B T BE AR AE BRI 22 OF HL
FE A N AME TR Ak 2 3bep i R e A TR OS2, mT B 3 308 S IO e 4 T 11 AR B A A8 8 B E A
DAL 38 S A 0l S B L AT S 3K 3 B AT S R R I K g . TR L, 7 S SR O b
W G AR TR A A O L B L AORE L B A R LIBS S50 SR GHOLRE & OGS (5 5 R 4 A IR B
(i) R AR 2 B[] 45 ) B S0t J 5000 b 380 o Mg | o 5 W 3 B 45 A5 Yk itk — 2D R S R MR L . G A I X TR
(14 5 2t 3 AT 3 CAn i e /D> — 3089 45 AR AT I 9 5 DA S BTG 5 o S 1Y) O R ARG 0

2 % x M

[1] Wang Huaming. Materials’ fundamental issues of laser additive manufacturing for high-performance large metallic
components[J]. Acta Aeronauticaet Astronautica Sinica, 2014, 35(10): 2690-2698.
TAEH] . Pk AR KT 4 A A O G b - T AR R R [T . AT AR, 2014, 35(10): 2690-2698.

[2] Bandyopadhyay A, Bose S. Additive manufacturing [M]. Boca Raton: CRC Press, 2016: 104.

[3] GuDD, Meiners W, Wissenbach K, et al. Laser additive manufacturing of metallic components: materials, processes
and mechanisms[J]. International Materials Reviews, 2012, 57(3): 133-164.

1011001-6



H = e ot

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

Courouau J L, Trabuc P, Laplanche G, et al. Impurities and oxygen control in lead alloys[J]. Journal of Nuclear
Materials, 2002, 301(1): 53-59.

Baltes N, Beyle F, Freiner S, et al. Trace detection of oxygen-ionic liquids in gas sensor design[J]. Talanta, 2013,
116: 474-481.

Baleizao C, Nagl S, Schiaferling M, et al. Dual fluorescence sensor for trace oxygen and temperature with unmatched
range and sensitivity[J]. Analytical Chemistry, 2008, 80(16): 6449-6457.

Zhou X, Yu ], Wang L,et al. Sensitive detection of oxygen using a diffused integrating cavity as a gas absorption cell
[J]. Sensors and Actuators B, 2017, 241: 1076-1081.

Zhou Sheng, Han Yanling. Li Bincheng. Trace moisture measurement with 5. 2 pm quantum cascade laser based
continuous-wave cavity ring-down spectroscopy[J]. Spectroscopy and Spectral Analysis, 2016, 36(12): 3848-3852.
FAME, whHe3s, UK. 5.2 pm i GUBBOL AR G IR = B OB IS BOR B KRR [T] . 6% 5 6% 4 ., 2016
36(12): 3848-3852.

Yan Hengfeng. Key techniques research on SLM 3D printing equipment for dental application[D]. Beijing: Beijing
University of Technology, 2016.

ZEWE . FRREOGLE XA L 3D FTEN SR s R BF T (D). db s Jbat Tl R4, 2016.

Read N, Wang W, Essa K, et al. Selective laser melting of AlSil0Mg alloy: process optimisation and mechanical
properties development[]J]. Materials & Design, 2015, 65: 417-424.

Niu H J, Chang I T H. Selective laser sintering of gas atomized M2 high speed steel powder[]J]. Journal of Materials
Science, 2000, 35(1): 31-38.

Zhang B C, Dembinski L., Coddet C. The study of the laser parameters and environment variables effect on mechanical
properties of high compact parts elaborated by selective laser melting 3161 powder [J]. Materials Science and
Engineering, 2013, 584: 21-31.

Schlenka J, Hildebrand L, Moros J, et al. Adaptive approach for variable noise suppression on laser-induced
breakdown spectroscopy responses using stationary wavelet transform[J]. Analytical Chimica Acta, 2012, 754: 8-19.
Zhang B, Sun L X, Yu H B, et al. A method for improving wavelet threshold denoising in laser-induced breakdown
spectroscopy[J]. Spectrochimica Acta Part B, 2015, 107: 32-44.

Yu Yang, Zhao Nanjing, Wang Yin, et al. Research on the characteristics of lead contained in lead slime by laser-
induced breakdown spectroscopy[J]. Chinese J Lasers, 2014, 41(7): 0715001.

RV, MR, T8, % S8 RTEMEOCESE R R 1] hEEOG, 2014, 41¢7): 0715001.
Bastiaans G J, Mangold R A. The calculation of electron density and temperature in Ar spectroscopic plasmas from
continuum and line spectra[J]. Spectrochimica Acta Part B, 1985, 40(7): 885-892.

Moon H Y, Smith B W, Omenetto N. Temporal behavior of line-to-continuum ratios and ion fractions as a means of
assessing thermodynamic equilibrium in laser-induced breakdown spectroscopy[J]. Chemical Physics, 2012, 398: 221-
227.

Zhang B, Yu H B, Sun L X, ez al. A method for resolving overlapped peaks in laser-induced breakdown spectroscopy
(LIBS) [J]. Applied Spectroscopy, 2013, 67(9): 1087-1097

Kramida A, Ralchenko Y, Reader J, et al. Atomic spectra database (ver. 5.3)[Z/OL]. [2017-04-25]. http://
physics. nist. gov/asd.

Gold K, Loening K L, McNaught A D, et al. Compendium of chemical terminology: TUPAC recommendations[ M] .
Oxford: Blackwell Scientific Publicaitons, 1987.

Yalcin S, Crosley D R, Smith G P, et al. Influence of ambient conditions on the laser air spark[J]. Applied Physics B,
1999, 68(1): 121-130.

Sun Yanna, Man Baoyuan, Gao Xun, et al. Time evolution characteristics of Zn plasma spectra induced by femtosecond
laser[J]. Chinese J Lasers, 2016, 43(1): 0115002.

INHEI, WhEoT, W, . KENBMOLE S Zo S F R R SO0 ek R (T B EOG, 2016, 43 (1)
0115002.

Griem H R. Spectral line broadening by plasmas[M]. New York: Academic Press, 1974: 350.

Harilal S'S, Bindhu C V, Nampoori V P N, ez al. Influence of ambient gas on the temperature and density of laser
produced carbon plasma[J]. Applied Physics Letters, 1998, 72(2): 167-169.

Iida Y. Effects of atmosphere on laser vaporization and excitation processes of solid samples[J]. Spectrochimica Acta
Part B, 1990, 45(12): 1353-1367.

Rumsby P T, Paul ] W M. Temperature and density of an expanding laser produced plasma[J]. Plasma Physics, 1974,
16: 247-260.

1011001-7



