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Mass Distribution of Local Shielding Gas for Laser Cladding of
Titanium Alloy in Open Environment
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Abstract Considering the serious oxidation of titanium alloy induced by laser cladding in air, a coaxial nozzle with
shielding gas is designed to protect the molten pool. A three-dimensional numerical model of the coaxial cladding
nozzle with inside-laser powder feeding is established using FLUENT software, and the influences of the inlet
number, angle, and flow rate of shielding gas on the mass fraction of argon are analyzed. The results demonstrate
that the inlet number of the shielding gas is related to the symmetry of argon distribution. The inlet angle has little
effect on the mass distribution of argon; however, increasing the flow rate of the shielding gas will greatly improve
the effective protection domain. According to the optimized parameters of the coaxial shielding gas nozzle, the laser
cladding of the Ti-6Al-4V alloy in an open environment is conducted by using argon as the shielding gas. The
surface of the molten track presents silvery white and the cladding layer is fine, indicating that the coaxial gas nozzle
can effectively protect the molten pool from oxidation.

Key words laser technique; laser cladding; inside-laser powder feeding; open environment; three-dimensional flow

field; mass distribution; numerical simulation

OCIS codes 140.3390; 220.4610; 160.3900; 350.3390

1 5 &

BRAG G BAT Lo B2 i LA KT P | TR I ok
SEOU AR BT T TR A a4 BT A
G L BRA A AL TR AR IR D 250 °C i
5,400 °C B 40, 600 °C I 4, Bk A 4 X Sk
{19 0 W R i 5 Tk E 1 T e T R L B Rl
i 2RI UG w2 A O A O

SRR SR BRARS . B, FE Ti-6Al4V & &0k
IS O B b R G AT SO A 9 0t L B 1k
I AL T e A A I s T )22 o 1) S

HAl. k& & mEotisE 2N ESs TE&
RN IEATRE X 2 N AR B A R
BErpn ARy EAR I O S T A VR VBT
ZTC4A ¥ 158K A 4 1 2E PR RE B 52 i, 45 A SRR
IR HIAE 0.10% ~0.15% i, ZTC4 7] 3515 %5 i

Wi B 2019-01-07; fEEHHI: 2019-02-10; SR BHHI: 2019-03-07
HETH. BEE AU AR (2016 YFB1100300) [ 4 A #A B} 24 54 (51675359)

* E-mail; lasershare@hotmail.com

0702007-1



th i

i ot

(9 32 PERE . A6 AF i AT R AR ST R 2 T
AL £ B A P AR PR B B BF 5 T U R
H A S OB TR TALS Bk 4 L4 % )1 244k B
ARSI L 45 SR T, A S e 3 R A i 4
LB T R EaE E TURE P R A AR
T LA 2By L A S A R R A R A B T
TR ZIR BEAETEANRG N T KB,
MG B T — R R AR A AR %
BGRB8 2 AR R R
A7 — R HLBKCE 0 1 S Bl B AE R PR
S, PN 5 B R R R S U A AR R B
ERAE Y BT T — b R 4 DT E BRI AR g AR
WL o PP S PR AP VAR I [ A0 T o e b B s 3L DX R A7
PR AR 1) W =R B HR) 1 P P 3 1 P B A T g £
SR A M LN AT LR Sl L
AELIZ I I £ A 2800 PR P 0 1 PN T L Al A
X 2% M LR A7 U 9 SO Ak o A BEAT AT

TER AT SR PR A AT O BT A7 A 25 18] 52
KR AN B Sl 26 ] 5L, 1 I B X O PR S5 K 2 W
IR AR T FEARIB D . AT RN %
Byt DR RSk et T — b R A R R
FLUENT AN T mE0E 19 = 48 <A i 7 » i i 3
BB R AR L AR SR 0 T 5 g A
J7 15 (9 A 3 WEFE T AP D RCR LA T A
JSE R AR AU ek X A AT A B 3 L AR S O
DI o T Al P B 1) 25 4 BT LR R R 5 2
B AR U TR 5 O S BR R Bk 4 AR Y
JRE LI AR 22 AT 6 18 2 Bl T R S8

2 BEE

2.1 REIHARPBIEERAET

O P [R) il 28 3 A8 B W S R AP 1 T, AR
AL T R B0 P L R AR o 0k U IS
HMZEBCE B BLAE L R B O R AL P b
AP . R AP =GR AL T 3R BOL R M, X R4
ST GRS B PR RE AR o 55 006 S [a) Al o 8 g 15 A
FER Ol P A I LA Ol R TR S R A A
S PRAPRGE 2 R R BE RS TR B K A4 AT A% AR 43
I8 E o A S 6 3o A AR O A ORI R 3
o RHENTRR LN Z BRI, R B G i 3
Bl 25 LA /IS0 X BE THT A e el o DT A5 B AR E Y
Lo 38 A A I L A = (8] R A I AR
BB AN 2. SR AL AR B W Sk HE AT BR <5  38
JEHE B AEATE B T LS HOT ARG LN AR

BB I B 5 ) 22 E) B 06 &R L T E AR BN A Uy ) b
JEW S J7 = T 400 CHIKEE R 6~8.5 mm, X T°[A]
il B4 TR T A 4 DX, 224 2 42 1) L A e o B 1
R T6 A m i X BT L GRS S I R AT Y B A AR RO

inlet angle

carrier gas
collimating gas

annular laser beam

Ay /shielding gas
72

P& 1 [ e s et s s s IR
Fig. 1 Schematic of coaxial cladding nozzle

TEOG P[] Al 3% by 2o 2 b, 3% Ry R 3 ~
10 gemin ' I H B R HA RAF O E R F AR5
32 BN 0 OB A B AR 7 0 A S 3
AR RS BRI R R SRR
Y B JE AR A A E B A B R X R A5
CFD BEALR ] = 458, g 5 I 25 Bk T 3l JE 1 52 4K
DI I T A A b A e ffy e 11

2 7 Ay () Al Mo 8 3t S ASE Y L [ inlet 1A
inlet 2 433 OBy SR A D FIE BT inlet
3 AT RARA T, inlet 1 Fl inlet 2 A AR ST 51K
1.5 mm 1 3 mm;inlet 3 HA N 4 mm, & A H¥3E
PGB . 7ER Y —3.5 mm WL (R
Ui VG S 2 RE A B T EEE B R 23.5 mm., fES7 HAR
80 mm. & 23.5 mm MR AE AR S 2 ], DL
JB MG H IS IS U SR . outlet 1 Ml outlet 2
390 R A5 A 1R R AP T outlet 3 0 By i )
EH O, 5% R 3 mm,

inlet 1
inlet 2 \ /

l ~—inlet 3

cylindrical flow

channel \
i outlet 1
outlet 2

2 [T Ayl W A A Y

Fig. 2 Flow channel model of coaxial cladding nozzle

outlet 3

0702007-2



th i

L

J TR AR R B B U R R
JBT B 43 A B 5 0 L R PR DR 3R A i R O (R A
OS8R XN A DB, R RA D
JLZE 1, MR RRA O SR HEA O, 53 RR
O B FRPERS 2 A DR KT 6 1L RS
Jo i AR X FRPEAR 25, HLOR ISR G5 R o BB
[F] B, 2% P B T8 0 i A H R A R AT 2,
3346, FE/INEYN A RE e A5 R P R A OE 1 it 42
TG 6 W I U A R A 1T A R D s 4 B
DALY AU T A LA R T AR e o DTG R T I Y
AR AR AL A T AR B A Bk T 45°.60°
75, BRP R R EEH 10~50 Lemin ', H it
RS S X W AT R 7 A T JF B &3
BUAS

1R

Table 1  Velocity of shielding gas
Inlet Inlet Flow rate /  Velocity /
No. number angle /(°)  (Lemin ') (m*s ")
1 2 45 30 19.89
2 3 45 30 13.26
3 4 45 30 9.95
4 6 45 30 6.63
) 4 60 30 9.95
6 4 75 30 9.95
7 4 45 10 3.32
8 4 45 20 6.63
9 4 45 40 13.26
10 4 45 50 16.58

22 MBS S5HREG

=Y A RY A% K] 4y 2 #E ANSYS Workbench
18.0 *F & " iy Mesh 8 v i 47 09, R 43 7 iy
Tetrahedrons, P #% 4= i, 5 2, & Path Conforming.
X TR AP ASE A F A AL 1Y (R FE TR 3G S 4y, L RE T
A ) 3 B DL R A 2% TR I %  Inflation X A5 RE
AR 53 B T 2 AR L A AR B R SR,
TEE AR A O A AT AER
A5° 1y L R R A3 B RS S ], AR R Y A% B
2240538, PIAKF-34 Ji F o4 0.70508 AR 45 B30 4 401
14 5% 22 1 2R Sl at A 12 A R A% 6 R R OK

A TP 3 B O AR R
A H inlet 1 FHEE S A H inlet 2 095K 7 & 4 5
J9 3 Lemin "H1 10 Lemin ', 283+ 5 15 2 X% 1 59 A
FT3E B 20 1 A 28.29 mes 'l 23.58 mes ', I
2.1 T E W S B0 FL T A5 8 R 9 1 inlet 3
R SRS R R 1 iR, BB A DA 5

PIiE B O RFL B0 99.99 Y0 S, HAR TR Ay b A8
R, R O outlet 1 FA I HIE H H outlet 3
BB R J7 W0 4k, 4 % SR M9 101325 Pa, 3
M2 T outlet 2 A1 24 F 5 7 i FE AR A9 b R0, 15 B
Shy B THT 0 AR

3 RS

3.1 RERESHESRBAN

K3 RE 1S 3 4R R B E
DL RO R i SR 2 . AL 3 () R LLE L £
PRI 43R 3 AR RRAE X k. [ b 33
DX A 2% 11 )2 U DR TR [ IX . R X
IEARLE B AR L i e 8 R FE R E IS . AR
LR PR B AT O AR L BRI E R R R 2R
KRN 2. IF R B sh Ak TR
AT s S 2T S 6 AR 1 DO R O B L B
A — 5 RS S e T2 U X . 48 3t B 3T 1 )23 3
JERERR , nI s 5 AN B s PR IF . BB AR
A AT X B R e Ak ) B T 3 T R AT
B, PR A E0 s B, & 3(h) B AR A S A S
(18 5 2t 3 A AR DX S R, 45 1) T o 40 A 3K
BIo) . BRPEAR S 2 I BE A8 5 G b B S A s
A PRI IHG J2 3 DX 3858 A 250 3 TR RO 1 X
PP B e AR . AR AR A A S L e A
ZARIT B 43 BT 8 ORI ik 4 B0 3 96 V0 T
110 DX R A R A B B O A AR K
Hi'5 3 ZECT MZ WA R K EEH18.91 mm, 2
JEEE R 1.7~4.8 mm, J& 5 XA F 20 X B 7,
SIS R ROBE B R 1, [l 3 X 2 e sl sk g ] L
(28 S, (o LY TG O 30 114 s D R A T B R S0 X
B AR A B R IR
32 RPSEANOHBERRENTZMN

K4 FnE 5 3R 1t 1~4 BT X5 A 38 41
ST P e SRR A A A AR DB 0 )
B 2.3.4 F 6, MIEIH AT LIAE H BE A DA i
B AR AP A B B S BORTA RO AP K BE T 1
REGEH, G A DR 2 DI E 4 I E A
B RO 99.7997 Y AN = 99.8559% , A &L
PRI B 16.74 mm B2 18.91 mm; A H %K
W] 6 B, ROSR R R R BOH o =
99.8865 V0 o H AR Y J5T & 43 Afi X B M AR 2%, A5 A
BB /NE 17.61 mm, S0 B R FRE AR 2%
2 R AT IR b 26 0 SO A B B ST DR A K
SEELA 7 v, DT 0 15 05 B 2 B A A R AN Y

0702007-3



H

i b

L, X F AT EE R 3 M4 L5, &AW
A R B ALK TR, 0 o 4 A AT R AF A
PRt A SR B 430 17.93 mm F118.91 mm,
A2 77 1) 1 A BE 43 ) 4 8.965 mm Al 9.455 mm.,

(@)

free jet zone

laminar region

above the substrate recircnlation.

Mass fraction
of argon /%

R T A O7 1) b S J7 B oR R IXOR R
(8.5 mm) . 15 B 1 FsF i A% X 42 vt B J) L Ok DX R A7
RAFr PRI

®) effective

protection length
Mass fraction
of argon /%
96
190
85
80
75
70
65
60
55
50
45

3 BUREBESEMaE . (O FET BR8P L R (b) HE A 3 1 PR 4P A (Y 5 2 3 7

Fig.

3 Contours of mass fraction of argon. (a) Streamline chart of shielding gas based on contour of mass fraction;

(b) mass distribution of shielding gas above substrate

100.0
X
S 996}
$
E 99.2+
o
g
= 98.8r
] N
& THEEE inlet number nis 2 '\
n 984} i/ —— inletnumbernis3 '\,
% ————— inlet number nis4 \“,
= ¥ -~ inlet numbernis6 \
98.0 1i . L L il
-9 -6 -3 0 3 6 9

Distance from the center line /mm

B4 PR S B T 43 S0 R )
Fig. 4 Effects of shielding gas inlet numbers on

mass fraction of argon

g 195
g

S 2 3 4 5 6
Number of gas inlets
5 PRIVARMA D Bl XA R B 1 R
Fig. 5 Effects of shielding gas inlet numbers on

effective protection length

Ve B 4, A EE 4300 45°,60°,
75° BIRTEA T BN S R 0 A S A R K
AR . AT ST A B, A T A R o S o o 0 A A
BRI BE A 82 W B2 /N AH SN f R D 750, R
UL B X B 1k A A 7 2 o AR R UL T A5 1 T ) = PR

MG NN A E A B R, S AR S T
S o R T S B T A o RS MR AR AR A
EAL. MATMAEN 45°F 60° 8, K 2 A RAFm
XERRE. AR KB 5 18091 mm
18.85 mm ., BEX 6 b A fei ¥ DX R A7 A A OR3P
33 RPSEREWEN

iy N b N R TR Wi a1 11 = G U
MEAFE/NT 40 Lemin ', 45 S 54> B0OR0
AR B 38 23 Bl A SOV T S 1 R T A
K YRR 10 Lemin I, 5 K09 & S0 &
GYECR 93.7191 % 5 /INT 96 X6, U A7 AE A R A 3
TR AR SR 20 Lemin "3 E 40 Lemin !
B e e AR R A B N T 0.45 %6 A R
BT 47.85% s AR 8 KT 40 Lemin "B,
TR 2 B W RS Y R R RACTT  4 BOR
A RO AR BE B B 0 R AR R TE A IS Y
T L PN B B A0 7 b L R S TR s 3 X T A R 4 Y
P MRS HAE K SR T A 2 T 1) 3K 4 it B 3 1Y)
AR 5 R Ko AT A5 0t 14 A7 A o A T
WA 45 78 o o . 4R TR F AE 30~40 Lemin 'yl [l
DU, AT A5 3 18.91~21.44 mm AYAH ZURY K JE ¢
B AR S5 9.455 mm A1 10.72 mm, A
B 35 G b PR AP 0 L R v R DX s 2 AU R O &
50 Lemin™ ', AR YK B N £ 22.23 mm,

4 Sy dek

e A BB A LA ST, MR PR E A
Mg A 3 8 4 A TR 45°~60° K . S H A

IS
s 5

0702007-4



i b

1.00 F AR T
Ro098f N
g096f
2094 //

50921/ N

g 0.90 F ‘,/‘/s/}ﬂeldiné

§ 822 _’.”’ ‘ / ﬂowafate\\‘\\

gosaf /omimn
g / -==-30L-min™!
Toep | auE

-5 -10 -5 0 5 10 15 20
Distance from the center line /mm

B 6 PR S 0 A AT FE A
Fig. 6 Effect of flow rate of shielding gas on

effective protection domain

BAFR R ROR . HOEBRA D8 40 A H
45 I PR AP SERAE TF BOR B T #E AT OIS B KA
G50y, WOERE R IPG A RH YLS-2000-TR S
RO R HDE N R OB AWk, R 5k R
MRS Ti-6 ALLAV & 4 808 A HE B LIRS
¥ @A OB Y R 1000 W, 1 4 BB R
4mmes ', EEEN — 3.5 mm, LK EN
4 gemin ' EPFE N 10~40 Lemin ', E 7
R ER B S T A5 3 R S IE 2 Y R U B
ST LLE W SRR N 30 Le min 1A
40 Lemin "B, SRS KA IEE)Z R A
o, SICERCI3 AR Lo, 1 4 2 3% T S e i Obse.
MR R RN 20 Lemin "B EE B K ERMA
b, ZmERME A, AP AW EH /DR
10 Lemin "I, 06 8 2 A A0 ™ 8, I B A DL &
W DChl, SR BT 4 R — 3

< grery o

RPN I )

B e

Pt SRS
B it 0 o

=
=2
ey iy
S
~
=

B7 0 ARG R Ti6 A4V 5 G 32 i 5h
WM., Ca) 20 L » min'; (b) 40 L« min';
(¢) 30 Lemin ';(d) 10 Lemin '
Fig. 7 Exterior of single cladding layers of Ti-6Al-4V
alloy under different flow rates of shielding gas.
(a) 20 L+ min'; (b) 40 L « min';
(¢) 30 Lemin '; (d) 10 Lemin '

AR BT A B S A R 1 BT 7 () Hp X Y
T ESHG AT RAIREL T MBS B MO IE 3 15 4%

S TR 8 Ca) oK VT L B 1] 5 4 (5 GE)D L FE K
RN 3300, W LLE Y, )2 R TR B A A
. 18 8(b) Jy 3 B b A FE 4L (7 2D, = BR
THEN 0.4 mm, 0] LA Hy L8 BT D0 BE R 3% 1 4 R
BT A . SRR T LR AT ZaE R R L R
PR R R R R B R A ROR

AN

8 Ti6AI-4V LB R Z M BUB B3R .
(D Z IR (D) FEZ )R
Fig. 8 Morphologies of multi-track-overlapped cladding

layers of Ti-6Al-4V alloy. (a) Multi-track and
single layer; (b) single-track and multilayer

ARG G MO RSB D IS E B
Tia] L B A 48 I8 7 1) LA AN () B BRI 00 L T LG
A7 L TR IR R B X LA I R 2 . X
TR A R X L B e X3 LS A RO
KRR 7. X T4 J7 [ o G 2k 21 0 3 A 3R R
(10 B A T e B A T 400 CC YRR IR
AR B AT,

A3 BT GRS AR SR L e R 7 PR R
O 40 Lemin 'Y BIE M 2 UEITHEE . B9 &
T8 2 T ARG W) X1 S0 36 25 5L I A5 3 I i) X
AU 2.93 mm, 8 /N T B A b T AR <
AR P (2144 mm) o B8 W A5 370 037 BB 6% X 0%
B E AR ) EAT R R R A, B 10 &SR A A
A1 3 ASCR BB 4 48 )b — ) T R (] ) A
Pt 2k, eh 10T 0 FRUE AT T A R A R K TRt
KRG 5 B T 400 CRY X R HLRT O KSR £ . 4R E
10 H il 2 45 30 09 TR 65 B R ) DL R A R
(4 mmes™ "), TR BIE S T3 e T DX K R Dy
8.2 mm, i 40 Lemin 'S0 ¥4 0 b B 5%
KN 10.72 mm, K UL o] DL L IZ S 50T R
SCREAE 7 1) RO B 5 ] R O R

K ON836 48 A 4+ B A & K 9 iR 8k & 4
BATE A2 A B R S5 5 0,163 %0 . AR
E ZAn#E GB/T 3620.1—2016"% , TC4 k& 4 10
FOLEREDEAKRT 0.2% . AL, KA S #2

0702007-5



2.93 mm

&9 BRLIE g B )2 00 B AR TR A0
Fig. 9 Cross-section morphology of single-track

cladding layer

2400

Temperature /C
— — [\
® D = S
(=) (=) (=1 (=]
S & & 3

400 |
0 05 1.0 1.5 2.0 25 3.0 35 4.0
Time /s

P10 148 D5 i) b — o A3 AR ke 2k

Fig. 10 Curve of temperature variation at one

point in scanning direction

[ Al P 3 = 9 9 B S  BE )R P R AT A
& 2 A

5 %% 1w

Bt 7 — A E] Ok <L R FLUENT K
PR B TP 0B B9 A B0 A R R A O
XoF LT A A A 5 L A5 R 258 Bl (R R
UNIEEA& 5 IIS TR NOF a6 0 & E SR I E/ARS
JEE RS AR 22 i A 1R 2 (0 AR A S5 A ) A 6
PR 22 5 A A B X A 0t 4 A1 1) 5 e A7) 5 34
AR 23 R M B2 = A AR P L A S
T 2SHCR R T8 A amiEs )2, vl Tt
F ) il (R 4P <R B R A B SR AR RO .

L [F AR RS T R IR R AR
XFBUEEREHEAT RGT. F — IR O s
BEOURRSIE 2585 it — 2D o A RE O A A L M e S T
CBHMKR,

2 % X w

[1] LiJ F, Wei Z Y, Lu B H. Research progress on
technology of selective laser melting of titanium and
alloys [J]. Laser &

titanium Optoelectronics

(2]

[3]

(5]

(6]

7]

(8]

(9]

0702007-6

Progress, 2018, 55(1): 011402.
R, BLIESE, SERE. SR RERE S EOLE XA
RO R AR ], WOt 5t 73R, 2018,
55(1): 011402.

Liu X, Zhao X J, Gong S L, et al. Influence of
hydrogen on microstructure of TA15 titanium alloy
[J]. The Chinese Journal of Nonferrous Metals,
2010, 20(S1): 178-182.

XBT, BFEIE, JUAKR], 45, 206 TALS $k& & Ml
AR T, T EA G EEM, 2010, 20(S1):
178-182.

Zou S. Study on gas shielding technology for titanium
alloys laser welding[D]. Harbin: Harbin Institute of
Technology, 2016: 56-75.

ARUM . BRE WO IR R SRR PHORTESE D] . #a /R
B MR T Ak R, 2016 56-75.

Arcella F G, Froes F H.

aerospace components

Producing titanium
from powder using laser
forming[J]. JOM, 2000, 52(5): 28-30.

Wang H M, Zhang L Y, Li A, et al. Progress on
laser melting deposition processing and manufacturing
of advanced aeronautical metallic structural materials
and coatings[J]. Heat Treatment of Metals, 2008,
33(1): 82-85.

ERY], KB, B, F.OSHERRN S 48 4
BE B R U 2 O AL DDA % 5 RUE B 5 i R
[J]. & m#AbFE, 2008, 33(1): 82-85.

Gong X Y, Liu MK, LiY, et al. Research on repair
of TCI11 titanium alloy components by laser melting
deposition process [J]. Chinese Journal of Lasers,
2012, 39(2): 0203005.

BB, N, ZA, % TCLL kA & F M4
S VIR L WE5T [J]. b EBOE, 2012, 39(2):
0203005.

Zhou Q J, Yan Z Y, Han X, et al. Microstructure
and mechanical properties of laser melting deposited
TC11 titanium alloys[J]. Chinese Journal of Lasers,
2018, 45(11): 1102005.

FIPRZE, 4R, whi0, 4. WOBK TR TCLL &k
BaNAN S I eae U], b E¥OL, 2018, 45
(11): 1102005.

Liu HY, Zhao J, Xie H S, et al. Effect of gas
elements on mechanical properties of ZTC4 cast
titanium alloy [J]. Foundry, 2012, 61 (9): 1006-
1008, 1014.

XZET, BE, #ieg, % RRITEN ZTC4 HiE
A& kR (J]. %, 2012, 61(9):
1006-1008, 1014.

Yang G, Feng Z G, Qin L Y, et al. Effects of
oxygen content in the argon shielding gas on

microstructure and mechanical properties of laser



h 5| 74 ot
deposition manufactured TA15 titanium alloy [J]. [14] ShiSH, FuGY, Wang A ], et al. In-light powder
Rare Metal Materials and Engineering, 2017, 46(6): feeding process and in-light powder feeding nozzle
1650-1655. manufactured by laser processing: CN200610116413.
o, WiEE, 2w, L BUB RS0 1[P]. 2008-03-26.
VLR TALS SkG GHA K I F e Zm (1], A, R, LA, OO TR B G
&M TR, 2017, 46(6): 1650-1655. P B 25 506 36 B TSk - CN200610116413. 1

[10] Feng Z G. Study on partial protection of laser [P]. 2008-03-26.
deposition manufacturing TA15 titanium alloy in inert [15] Dong C H, Yao J H, Hu X D, et al. Three
gas[D]. Shenyang: Shenyang Aerospace University, dimensional numerical simulation of coaxial powder
2017: 18-22. feeding flow with carrying gas[J]. Chinese Journal of
AR E L WOBUIR TALS kA 4 18 v R R 3 4 4 Lasers, 2010, 37(1): 261-265.

D] . TR SRHATE AR K5, 2017 18-22. R, Whdtte, BImese, SF. WG B AR

[11] Cao N. The study on working head for titanium laser ER =R S EE L] PR, 2010,
welding [ D J]. Beijing: Beijing University of 37(1): 261-265.

Technology, 2006: 27-39. [16] Pinkerton A J. Advances in the modeling of laser
W, AR A SO TAESL MR (D). dbat: db st direct metal deposition [ J]. Journal of Laser
Lol K22, 2006: 27-39. Applications, 2015, 27(S1): S15001.

[12] Zhang D Y, Zhao H, Gao Z P, et al. A direct [17] Ham HS, Oh D S, Cho S M. Measurement of arc
manufacturing method of rapid prototyping titanium pressure and shield gas pressure effect on surface of
alloy part in air: CN201410147260.1[P]. 2014-04- molten pool in TIG welding [J]. Science and
30. Technology of Welding and Joining, 2012, 17 (7):
KA, BE, RN, & R e S 594-600.

KA 4 F g BB . CN201410147260. 1 [18] National Technical Committee on Nonferrous Metals
[P]. 2014-04-30. of  Standardization  Administration of  China.
[13] Zhao H. Numerical simulation and optimization of Designation and composition of titanium and titanium

shield gas flow field for titanium alloy parts laser
rapid forming [ D]. Beijing: Beijing University of
Technology, 2014: 1-15.

ER I i B R N e e Db U L R U AR W TR 7
B R SR D] . dbat: Jb st Tl k2%, 2014: 1-
15.

0702007-7

alloys: GB/T 3620.1—2016[S]. Beijing: Standards
Press of China, 2016.
SEAOERIFEAE AT . KAKES MY
Ak A4y . GB/T 3620.1—2016[S]. dbni: HH
b v RRAL, 2016.



