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Abstract: Due to low laser absorption rate and high thermal conductivity, the properties of micro-structure
of aluminum alloy formed by laser melting deposition (LMD) are greatly affected by temperature field. In order to
analyze the temperature field of annular beam LMD aluminum alloy molten pool and its’ influence, optimize the
forming quality and the performance of forming parts, the Ar-supplied protective LMD technology was used, the
AlSi10Mg aluminum alloy forming experiment was carried out. The shape and change of the temperature field
of molten pool were systematically analyzed, as well as the influence mechanism of the temperature field on the
forming quality, porosity, the properties of micro-structure. The results show that the overall shape of the

temperature field of the ring beam LMD aluminum alloy molten pool is "half crescent" with the opening in the
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scanning direction. With the increase of laser power, the temperature field shape becomes more and more sharp,

and its high temperature rate, temperature gradient and average temperature also increase accordingly. The

increase of the average temperature of the temperature field can increase the laser absorption rate, coarsen the

micro-structure and reduce the micro-hardness. The temperature field affects the porosity rate of the formed part

significantly and thus changing the tensile properties. Finally, when the average temperature is 857.7 °C, the

porosity rate is reduced to 2.1%, and the tensile strength is 305.6 MPa, and the elongation rate is 5.7%, which is

52.5% higher than the casting. It provides theoretical guidance for LMD aluminum alloy temperature field and

properties of micro-structure control.
Key words: laser metal deposition;

properties of micro-structure
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Tab.1 Chemical composition of AISi10Mg alloy powder

Element Al Si Mg Fe

Ti Ni Mn Cu P

Composition

0,
(mass fraction) Bal. 9.99%

0.44% 0.43%

0.05% 0.009% 0.008 6% 0.011% 0.0085%
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Fig.5 Parameter quantitative characterization process of temperature field with typical molten pool

(a) = Pr 1100%
2000 = A z
I = Rin 55
= o
S £ 1600} =
—
5= ®
g5 150% =
5 & g
&5 1200] 3
L2 o =
RVER=1) 8
5 5 3
= Z 800} =
10 =
400 : : : : :
600 700 800 900 1000
Laser power/W
0.45
(b) —e—p
0.40 |
B
S 948.1
2 857.7
§ 0.35 |
)
5
K
0.30 | 750.7
631.8
0.25

600 700 800 900 1000
Laser power/W
6 iR RSB S WO ICRRERO T 2 L i 2
Fig.6 Curves of quantitative parameters of temperature field and laser

absorptivity with laser power

BB EEARDE, HOAT i o 45 IR 3 YR A R
A RO T HOCIR IR
32 BREBHAERTW

5545 48 920 6 BE LMD ULFLUAR [R], 3R 9E 306
LMD 5 iy 1) Tk B2 37 B 1 40 A1 AE X 457, 478 s oA L 2
o BEAR X /N, 3 G AT AR L i BT Y LMD 3
H3 . EHCF S 600 W HI 900 W Hit B BRI
LMD S JE 58 4 4 1 3 347 % L4 A7, dn i 7 B
No L 7() Hh, K by ELR S € DR TTRUSK P A
W3, 5IE 7(a) AH L, DA 900 W I B A IR T
WO A i 38 T W THIEL, (BB Y Py Ap R
Ry QAR AR Y M2 T o FHorh sl XA (1) 598
ot 7= A 4 R B L B R R . I’ 7). (d) T
A LA B D35 900 W U R B2 £ 700 °C 2645 T
12 1400 °C A4, BT R0 38 3 0 1 45475 b A2
PR AN BE AR , JUAR B R S A AL R B T,
[ J3E A8 A5 AN B0, {8 B 3 R 5 600 W AH
[, #B L A A

GIRYIE SN LS 3 N Y% NN =1
T OGO, 22 SHE— A5 A2 T4 b i )
Tt WE 8(a). (b) % I BE 5 =4t = B (I8 35 T
7R, TE 600 W I B2 37 S AT AR, i 1t IX T 22 4
/NG 1T 900 W B 57 R AN D IR 2R B 2 s i IX.

20210366-5



st Gk T2
%5 www.irla.cn % 51 %

P=600 W P=900 W

Shaded area
of nozzle

7101 soleplate

100 C

370 80
700 1400
90
360 600 1200
100
500 1000
350 110
2 L
Z 400 120 7 [ 800
3402 g
=f 300 130 = 1600
330
200 140 400
320 100 150 200
S = 310 0 .
230 220 210 200 190 180 170 160 150 120 100 80 60 40
y/um (x50) x/pum (x50)

7 WOEHF N 600 W HI 900 W HRIRESXT . (a), (b) 2D LEAMAMRIZL; (¢), (d) HORIEMAY 2D LLAMMMR AR LR 1A
Fig.7 Comparison of the temperature fields between 600 W laser power and 900 W laser power. (a), (b) 2D infrared thermogram; (c), (d) Magnifed

molten pool 2D infrared thermogram with isotherm

Sa

NNing -
700 (b) /% | 1400
600 1400 f \ 1200
500 1200 f ‘ 1 000
w1 \/ X 800
800 |
300 \_/r”' 600
600 F
200 200 | 400
100 200
120100 ¢, o 12010080
0 40 160140
(c) (d)
800 —— Vertical scanning direction 1600 r —_ Yertical scanning direction,
= Horizontal scanr%ing direction o 1400 - Horizontal scanning direction
o z
B 600 | %) 1200
g £ 1000 |
b5 o
g 400 | g 800
Q
E % 600
£ 200 + Z 400 |
2 =
5 @ 200 -
7]
0 1 1 1 1 1 ! 0 1 1 1 ! !
05 1 2 3 4 5 6 0 1 2 3 4 5 6
Distance/mm Distance/mm

8 WOLTIFR 600 W A1 900 W IREEGIXT Lo (a), (b) 3 4EIREE KB IE; (0, (d) F BURUKF- T4 77 1) AIRLEE AL fth &
Fig.8 Comparison of the temperature felds between 600 W and 900 W laser power. (a), (b) 3D temperature point cloud map; (c), (d) Temperature curves

of vertical and horizontal to the scanning direction

20210366-6



i E ok A2

% 54 www.irla.cn

MRZBK . Horb, R EZ )5 i i X < A 2o
UNEHTENTR S SR S T a1 IR 2 /S LIESR RS
9 BRE U e AR R, k2 ol T DRI A TR E
FOLR = I R B B, EOULAS SR R0y bR R = 2
mEMBE . X — FIE 8(c). (d) A EFIKF T
FAH 77 ) A S P il el T LA B EIE . o, 3
L7 Ii) FY T B 5 g 14 AR L ot e 70 DA A 5 Y
fH 2R R T R D AR A bR AN B S B, K
S5 1) ) BRLUE A 2 et AR A B MBE D . PR, T

D75 3 [ 2 0O T % 0 T 25 TR i LMD IR 4 9 NAl Ap B DLBUARE 09 A ZH 4. (a) 631.8 °C Bl P=600 W;
(b) 948.1 °C HJ P=900 W

SRR E Y S RSB TREUL, IR A
O H R EBRZGIEE . GASUETEE
WIB A, USROG MR 5 0 b il B St e, 45 3
B8 IR E BRI Al P=800 W I [ 857.7 °C
(HI% SR BE R =, T RIS G40 B 4 XA ) i L
B A5 IR BB ) o
33 BitEEGwNBHMALSEE

Bl LMD &3t A7 19 BT, 26 S UURM R I A
PEIR 26 e A= A8 Ak, o IR B A4 45 B It ) 38, 9
H P PR AL V2 BE W, AT o MR RRLEYIEAZ S5 K
KA T H e LR ErE . B, FRSHRE £ A8
A RS S B R ka3, il 9 B, A A M 631.8 °C
55948.1 °C #E R T YT AR 78 S8 il X1 G
TEHZ . Horp, K 9(a) o AL-Si e S AR A 5 15 R
AR A, RS A B A S AN o AHAD AR ZH
4111 9(b) HF I AE e Al-Si 3t 5 41 4L D A 5 3R
B, a SRR o 3 T HE R A A48
T AL-Si AU S S SRR AT, R o SR A
T Z M AR KA ], I AR R T Al
Si 0o fr BRI, JHE R RS AR A An ] 10(a) TR o

Fig.9 Microstructures of as-deposited sample under different A

(2) 631.8 <C/P=600 W (b) 948.1 °C/P=900 W

Microhardness Hv,,

8

Average grain radius/pum

120

110 r

100

90 +

80

631.8 750.7 857.7 948.1 14282

Average temperature 4,/ °C

(b)_

P=1000 W

631.8 750.7 857.7 948.1 14282
Average temperature A/ C

B 10 RREIZIE /4 B LMD BB/ IHE 505 . (a) o FAfRRIR
515 (b) AR

Fig.10 a-aluminum grain size (a) and micro-hardness (b) of LMD parts

with different P/Ay
4 S AR B AN A 10(b) iR, BUARBES Ar B9 L T
BT EH

20210366-7



i E ok A2

%54

www.irla.cn % 51 %

34 BHRESEMEERE. FLEERS HZE e

B T80 & G b RHE RUI S R K, H LMD iU
PR AR E YRR E Ar 09T IR A, 1R R S R
BB 0 A A 3G . IR 1L BR300 R R
857.7 °CP Fl 5 IR 1428.2 °C W A A 1Y W BE {4 LMD
B, o, 81 11(a) (93 BE O SR OB AR E A B
FRBAE R, RO B AR WA R TR A T3
TIRFAEEE (B 11(b)), = Ap 18 8T 8 i # R BN
TS5 B0 St B O A1l B 32 J2 T, S O 1 7%
WUIEA, fc 28 T BT AR THORLAE B2 5 RS 2 25 il
T I3 s X LA i JE 10 5K

(®)

11 A Ap DUBSIE R HEEE R . () 857.7 °C; (b) 1428.2 °C
Fig.11 As-deposited thin-wall samples with different 4 (a) 857.7 °C;
(b) 1428.2°C

WE 12 i, 844 LMD BB RE 19 FLIR R b
Ar T B TR LTk A, X2 T AR
44 LMD BUBRRE I FLIR %6 32 31 1t <Mtk Hh AR
SRR ORI . — 7T, BT
Tt Ap (9 TR A0 S B JE X SR AR e
SR HE S, TR BB 0 T AR s ], AT

REAR T ERRE R FLBR A . D3 — 5, iR TS8R
R AR LMD BUE R4, #7464 LMD sUE
TERRE B T PE SRR ROR 2 B — 7 I R, w2 e b
Ay B BRI R AL, DT A o 2 5 K 1 4%
b R R R X, A 08 AR DA B ik L 5 5K T
FEAE AL L AL A A TR PR SRS P R B R
X RET Ar E— T A FLER R LA S, I
B R 2 5 = A . BT, A 38 i i A=
857.7 °C (P=800 W) W] LI Ak BB ROR, I e 445 5|
IR 2.1% HIFLER R

12% —— 400
—s— Porosity

0% | B UTS g
{1320 2
g
6% | =
o
. {240 2
= 3% e
° 1
o [¢]
£ ol 1160 &
=
c
e 0 2
2
—6% | s

631.8 750.7 857.7 948.1 1428.2
Average temperature 4/°C

12 AN Ap GTRBUSIE B HERE (- URE AFL B A 5 e TR iR
Fig.12 Porosity and ultimate tensile strength UTS (MPa) of as-deposited

thin-wall samples with different 47

PUPL5RJE J& LMD B 4 J8 23 1 i £ 2 g
— WK 12 iR, BEE A (TR, AlSil0Mg ) LMD
BV A A BR AR5 B 5 AL R AR LA A B, 256
THE FRER S 3R i T LB A7 e 18 T 4
IR A 45 A I BIRE, e g0 o Bt vh 25 5 75 25 B
JEV BT W 3 A v, DN R 26 7 A W7 4 B4 40 0T 34 T 4
TR RHRT 2L 258, I B A AL AAAE AL 23 08 N A
TR SEPRAZ I E A . PR, AR L B RGE 5
fPERE R RO J3 8k, MAORHI S 0 4t o i
P RE 19 F B R P 2R 2 —, (AR SO 6 Y L
AH LG FFLBR 0] 5345 L5 ) AN 0 2 . IR AE A=
857.7 °C 45 B i Je A A 45 5 4 LMD BUE (- hr {4k
fiE R 305.6 MPa, fiE {3 K 5.7%, & MR & & %S
200 MPa (FH b1 15 43 [ P9 R85 ZL104) 7 fif 7k g
52.5%, BLALMY 3 AR ARE 14 R g AR il 2R an 13
FIiR o

20210366-8



s Gk A2

% 54 www.irla.cn %51 A
300 L— 1 . pre-alloyed AlSi10Mg powder [J]. Acta Materialia, 2013, 61(5):
o 1809-1819.
§ 250 ¢ [3] Zhang J, Song B, Wei Q, et al. A review of selective laser
E 200 - / melting of aluminum alloys: Processing, microstructure,
[
8 property and developing trends [J]. Journal of Materials
20150 +
g . .
5 Science & Technology, 2019, 35(2): 270-284.
§n 100 | [4] Gu D D, Zhang H M, Chen H Y, et al. Laser additive
[sa}
50 manufacturing of high-performance metallic aerospace
/ components [J]. Chinese Journal of Lasers, 2020, 47(5):
0 I I I I I I

0 1% 2% 3% 4% 5% 6% 7%

Engineering strain ¢

& 13 45 Ar S 857.7 °C UUBURFE MR IERE

Fig.13 Tensile properties of as-deposited samples with molten pool A

of 857.7 °C
4 &

(D)AISi10Mg #7454 LMD % 1t 15, & 37 4 7 24 3,
JE Ar, WEHIREE Pr IR R Ryyr #OBEE BOLT R M
TR R R BT, BAR R IEASEE R . HIEIR
LMD I8 58 G 4 B BE IR 28 201 B 1) 348 7 1
PR, RS ARG K TR . B2
FHIBE 5 7 S50 B Ar AT A S8R = 8RS RHEO G T
W
(2) i E AR BE ) Ar 5 1 LA AN L B
W . 8055 BUE BB, BRARSOE T i, 7F 41=857.7 °C
(P=800 W) It} A] £ 5 LMD i JE AlSilOMg 434 4 .
B Ap B3R, BB R R R 2 ke ok, i fchit i
W/
(3) H5 1tb Tk FE 37 35 S R (9 FL B R 5 g Ak
e, B & A 09T, FLBR S/ 5 3 K, B o B2
WIBEZ SEFE TR, LT 4,=857.7 °C (P=800 W)
AR E 2.1% LR A, 153 305.6 MPa M4 5
JE, SEMIEEN 5.7%, & 1 52.5%. X IR AR
L LMD &4 e SRR IE 7RI .

S 3k

[1]  Wul, Wang X Q, Wang W, et al. Microstructure and strength of
selectively laser melted AlSilOMg [J]. Acta Materialia, 2016,
117:311-320.

[2] Thijs L, Kempen K, Kruth J P, et al. Fine-structured aluminium

products with controllable texture by selective laser melting of

[10]

[11]

[12]

[14]

20210366-9

0500002. (in Chinese)

Dang Y X, Qi W J, Lu L L. Research status and development
trend of numerical simulation of laser cladding technology [J].
Hot Working Technology, 2016, 45(6): 23-27. (in Chinese)

Liu H, Yu G, He X, et al. Three-dimensional numerical
simulation of transient temperature field and coating geometry in
powder feeding laser cladding [J]. Chinese Journal of Lasers,
2013, 40(12): 1203007. (in Chinese)

Sun J. Process researchandnumericalsinnulation oflaser cladding
fabrication technology feeding by side[D]. Guangzhou: South
China University of Technology, 2012: 45-79. (in Chinese)
Tseng W C, Aoh J N. Simulation study on laser cladding on
preplaced powder layer with a tailored laser heat source [J].
Optics & Laser Technology, 2013, 48: 141-152.

Zhang J P, Shi S H, Jiang W W, et al. Simulation analysis of
temperature field and process optimization of laser cladding
based on internal wire feeding of three beams [J]. Chinese
Journal of Lasers, 2019, 46(10): 1002004. (in Chinese)

Li L Q, Wang J D, Wu C C, et al. Temperature field of molten
pool and microstructure property in laser melting depositions of
Ti6Al4V [J]. Chinese Journal of Lasers, 2017, 44(3): 0302009.
(in Chinese)

Yu F T. Microstructure and performance of AlSilOMg alloy
prepared by laser melting deposition [D]. Harbin: Harbin
Institute of Technology, 2019: 42-55. (in Chinese)

Wen P, Li Z X, Zhang S, et al. Investigation on porosity,
microstructures and performances of 6A01-T5 aluminum alloy
joint by oscillating fiber laser CMT hybrid welding [J]. Chinese
Journal of Lasers, 2020, 47(8): 0802003. (in Chinese)

Chu F H, Zhang X, Huang W J, et al. A review: The formation
mechanism and effect on mechanical properties of defects of
aluminum alloy by selective laser melting[J/OL]. Materials
Reports: 1-26. [2021-04-10]. http://kns.cnki.net/kems/detail/50.
1078.TB.20200902.1631.002.html. (in Chinese)

LiuT, Zhao Y Q, Zhou X D, et al. Effect of energy ratio

coefficient on pore during aluminum alloy laser-mig hybrid


https://doi.org/10.3788/CJL202047.0500002
https://doi.org/10.3788/CJL201340.1203007
https://doi.org/10.3788/CJL201946.1002004
https://doi.org/10.3788/CJL201946.1002004
https://doi.org/10.3788/CJL201744.0302009
https://doi.org/10.3788/CJL202047.0802003
https://doi.org/10.3788/CJL202047.0802003
http://kns.cnki.net/kcms/detail/50.1078.TB.20200902.1631.002.html
http://kns.cnki.net/kcms/detail/50.1078.TB.20200902.1631.002.html
https://doi.org/10.3788/CJL202047.0500002
https://doi.org/10.3788/CJL201340.1203007
https://doi.org/10.3788/CJL201946.1002004
https://doi.org/10.3788/CJL201946.1002004
https://doi.org/10.3788/CJL201744.0302009
https://doi.org/10.3788/CJL202047.0802003
https://doi.org/10.3788/CJL202047.0802003
http://kns.cnki.net/kcms/detail/50.1078.TB.20200902.1631.002.html
http://kns.cnki.net/kcms/detail/50.1078.TB.20200902.1631.002.html

® 5

ISk A2

29 www.irla.cn

[15]

[16]

[17]

(18]

welding [J]. Chinese Journal of Lasers, 2020, 47(11): 1102004.
(in Chinese)

LiL Q, Wang X, Qul Y, et al. Effects of porosity on mechanical
properties of laser metal deposited AlSilOMg alloy [J]. China
Surface Engineering, 2019, 32(3): 109-114. (in Chinese)

Li L, Qu J, Wang X. Formability and mechanical property of
laser metal deposited AlSi10Mg alloy [J]. Surface Technology,
2019, 48(6): 332-337. (in Chinese)

Biro E, Zhou Y, Weckman D C, et al. The effects of Ni and
Au/Ni platings on laser welding of thin sheets [J]. Journal of
Laser Applications, 2001, 13(3): 96-104.

Shi S H, Fu G Y, Wang A J, et al. Laser processing forming and
manufacturing intra-light powder feeding process and optical
powder feeding nozzle: China, 200610116413.1 [P]. 2016-12-
01. (in Chinese)

[19]

[20]

(21]

[22]

(23]

2021036610

Zhang R, Shi T, Shi S H, et al. Closed-loop control of laser
engineered net shaping of unequal-height parts [J]. Chinese
Journal of Lasers, 2018, 45(3): 0302005. (in Chinese)

Wan L, Shi S H, Xia Z X, et al. Laser preheating/fluid cooling
assisted lasermetal deposition of AlISilOMg [J]. Infrared and
Laser Engineering, 2021, 50(7): 20200365. (in Chinese)

Huang Y L, Yang F H, Liang G Y, et al. Using in-situ technique
to determine laser absorptivity of Al-alloys [J]. Chinese Journal
of Lasers, 2003, 30(5): 449-453. (in Chinese)

Wan L, Shi S, Xia Z, et al. Directed energy deposition of
CNTs/AlSil0OMg  nanocomposites: ~ Powder  preparation,
temperature field, forming, and properties [J]. Optics and Laser
Technology, 2021, 139(1): 106984.

Cao F G, HuJ M, Liu Y, et al. Laser Processing [M]. Beijing:

Chemical Industry Press, 2015: 4. (in Chinese)


https://doi.org/10.3788/CJL202047.1102004
https://doi.org/10.2351/1.1356420
https://doi.org/10.2351/1.1356420
https://doi.org/10.3788/CJL201845.0302005
https://doi.org/10.3788/CJL201845.0302005
https://doi.org/10.3788/IRLA20200365
https://doi.org/10.3788/IRLA20200365
https://doi.org/10.3788/CJL202047.1102004
https://doi.org/10.2351/1.1356420
https://doi.org/10.2351/1.1356420
https://doi.org/10.3788/CJL201845.0302005
https://doi.org/10.3788/CJL201845.0302005
https://doi.org/10.3788/IRLA20200365
https://doi.org/10.3788/IRLA20200365
https://doi.org/10.3788/CJL202047.1102004
https://doi.org/10.2351/1.1356420
https://doi.org/10.2351/1.1356420
https://doi.org/10.3788/CJL201845.0302005
https://doi.org/10.3788/CJL201845.0302005
https://doi.org/10.3788/IRLA20200365
https://doi.org/10.3788/IRLA20200365

	0 引　言
	1 实验设备、材料
	1.1 送气保护式LMD实验平台
	1.2 实验材料

	2 实验方法
	2.1 实时温度场监测及数据分析
	2.2 激光吸收率检测方法
	2.3 试样处理表征方法与LMD实验

	3 结果与讨论
	3.1 熔池温度场量化表征及对吸收率影响
	3.2 温度场特征及变化
	3.3 熔池温度场影响显微组织与硬度
	3.4 熔池温度场影响成形质量、孔隙率与力学性能

	4 结　论

