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Abstract By means of selective analysis for round hole specimen, the influences of laser power, scanning line angle
and number of contour scans on the forming quality of overhanging round holes are investigated. The results show
that, the laser power has a significant effect on the forming quality of round holes. With the increase of laser power,
the roundness of round holes increases and the dimensional accuracy decreases. At the same time, there are many
thin and long melt pools on the overhanging surface, and part of them are fractured into spherical droplets; the
overhanging surface quality is better when the scanning line direction is parallel to the edge lines of the overhanging
surface, but there occurs a serious collapse on the top of round holes and near to the horizontal overhanging surface.
Within the setting number of scans, the increase of the number of contour scans can reduce the surface roughness of
the overhanging surfaces and optimize the surface quality.

Key words laser technique; selective laser melting; overhanging round hole; laser power; contour scan; surface
quality
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Table 1  Chemical compositions of Ti-6Al-4V powder (mass fraction, %)

Composition Al A% Fe C O N

Mo Mn Cu Sn Y Zr Ti

Value 5.5-6.75 3.5-4.5 0.14 0.007 0.13 0.007 0.002 <C0.05

<C0.05  <<0.05 <<0.05 <C0.05 <<0.05 Bal.
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Fig. 1 Morphology of Ti-6Al-4V powder

SCEG I #45 oK 15 Concept Laser 23 7] A 7= ) 7
5o M2 (14 JB AT ENAL, B4 400 WY BB % 22 41
WOt % B B K A 1070 nm, fe KO TE 5 BN
250 mm X 250 mm X 280 mm, FESLK A, AP Ik
ol o N A VA AN sl e N N A N |
99.9990) ARIE A TR BUNT 0.1,

22 XWAHE

iy 3 FLAL AR B A, 3 B 75 ) o B Y
M ASTE AR PG T 486 . FLA2 8 mm &y SLM W JE 5
FLEEA AR PR R E . Sk B 1k A8 5 K, i £ 3 g
BEBRE . FE 16 mm X 16 mmX 10 mm H/NJF
LT EAEN 8 mm AN 10 mm Y4 15 5 £ ik
FE B =4k

B—d W E R RN AT,
Concept Laser M2 BRIA 1Y 45°H £k, U2 306 )
R PLFEGT T (58 L 2 2 P O A S e, HL A T
BB 2, i g5 o 1-1.1-2.1-3 . 1-
4.1-5,

B P R R A R R T T R R (R Y
L BEE 0°,30°,45°,60°,90°5% 5 A RE 5 iR
A O LA 2 5 23 0l R 2-1.2-2.2-3.2-4.2-5) ,
AF 5% 471 185 208y o %o 7 T T 9 1 U 2 1) 52 L LR 4

0402007-2



h =] 4 ot
#2 PFEHILBHNTZSH
Table 1 Process parameters in the first group of experiments
Sample No. Power P /W Speed v /(mm * s ') Scanning strategy Hatching spacing h /pum Layer thickness ¢ /pm

1-1 120 1250 Zig zag 105 30
1-2 150 1250 Zig-zag 105 30
13 180 1250 Zig zag 105 30
1-4 210 1250 Zig-zag 105 30
15 240 1250 Zig-zag 105 30
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Fig. 2 Schematics of (a) edge line of overhanging surface and (b)(c)(d) (e)(f) laser scanning path under

different scanning line angles
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Table 3 Process parameters in the third group of experiments

Speed v / Scanning Hatching Layer thickness Scanning
Sample No. Power P /W
(mm=+s ") strategy spacing h /pm t /pm times
3-1 180 1250 Zig-zag 105 30 1
3-2 180 1250 Zig-zag 105 30 2
3-3 180 1250 Zig-zag 105 30 3
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Fig. 3 Overhanging hole specimen formed by SLLM
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Fig. 4 Overhanging round hole structure formed by SLM with laser power of 240 W and

scanning speed of 1650 mm s '. (a) Schematic; (b) internal surface morphology
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Fig. 6 Roundness of overhanging round

hole versus laser power

0.9
0.8 —o—part III

0.7F
0.6
05F
0.4}
0.3+

ollapse amount /mm

C
o
o

0.1

120 150 180 210 240
Laser power /W
Vel 7 Tl Lk T 44 B A B RO D R AR Ak
Fig. 7 Collapse amount on overhanging surface of

round hole versus laser power

RS BE TR VRS /N S 2 S B A K T2 T I TR B DN 3R T
F2 L LUK B R R 2R 0K R 3=, & 8 Ca) AL 8 (o) Jr
e WEEROCHIRNIS R, B RAK)ZEZ 15K
ARAT 1 T a5 RE A A T I B RS /N A )
MEBUE IER T 258 ARSHUG K )2 b, B T
R HE AT R A0 T 975 3 e Tt 2 T RS A R R B0
(] B Bl 5 0t RS i 28 KL R R sk T PERTT
R A e /N R RE S B RS R i W 2R A B — A
Bl IF R R RIS ARG E  E 8Ce) .
(@ (OB irn. K 85 2 50 IEHIE M
Bl 7E 120 W Rl 150 W B /INBBOG T 3R il 1 RS
B AR D /1N 5 RUSE IR /N X S35 57, M OB T Fe i K
F| 210 W Al 240 W B, [BFL 55 11 #8532 1R B 1 K
RUSF A B FTUR 38 22, 7 B 5% W)k 3 T 104 B I A L
8(H . () (DFIR,
43 PHEXEBEMEERILIHERERENT MW

B9 BT 7R Sk N TR) 451 46 4% ff T 2 B L Ok
o 1 RER I ¥ 43 3 T REDRS B2 ) D 2 45 51, P LA
S5 11 8 43k 7 17 174 2 TDHLRE B B A 451406 48 32 1
Kifize g K, H R, E L & R, {8 CRD 2 i il WA
- BE b 5 B B 0 921,859 pm Al 107.47 pm 1

0402007-5



th i

i ot

side surface front surface

building
direction

200 pm

500 um

500 pm

¢

500 pm

B8 ANEBOCTIRTEERE LS [ #5
FHJEH M SEM El, (a)(b) 120 W; (o) (d) 150 W;
(e) (D) 180 W;(g)(h) 210 W;(D(j) 240 W
Fig. 8 SEM images of surface morphologies in part [l of
overhanging holes under different laser powers.
(a)(b) 120 W; (c)(d) 150 W; (e) () 180 W;
(g)(h) 210 W; () (j) 240 W

KE]T 90°HF ) 27.53 pm Al 123.46 pm. 1 265 11 35
Sy R, {E M R, {EAE 0° W e K, 43 R
37.66 pmA217.56 pm, YL A BEALE 30°~90° 7%
AP N S R DA O |- R A N N 71 B .2
18 pmMI90 pmA £,

FEAR TR BOE 200 T L IRFLERS 11 L T 38 43 14 2R 1w
Jo et A2 Ak F B BTN [ 3% 5 O67E XA XY

IR A AR . 8 10 Fros i RGEH0A 45°

PO 7R B BOCAE 3196 28 [ 38 73 3k 1 1 L )
T ik A S 10 £ v A G 0 S A6 A T TR AR AR S
JEJE R AR AR AR A &5 28 W 10 () frs . AN T
T IRy, o 11 AR oy A2 2 1w 3 22 b B A 43 4 F
TET P 300 2% 24 22 2 3 265 T A o A0 7 A 5148 T I, 3

S 2R RS T 1 IR AR U A 40T 8 IR 10 (b)) TR L i
T 1A R T S R BB ORAE AR, X
PR AER 7 A R AEAH R BOC T R AT,
S 11 4 o 1A A R 3 % et P I R 28 I3 43 1
WEFE IR o 26 90500 T f i 98006 A G A D SR R 2
Ry AR MARE, K R W 5] B e, Tt R AR
Ko R 38 Sk 7 451 4 P00 1) B o A R iy 23 1B B0
JO0 T AN URR T L T B0 DX S A R R /N T OE R A
JE OSBRI R) AR KL B 22 1 R ek i o 2 4 1 1Y
Uit o Y I A R A sty R A R A T 3 R R
H T E A2 B R AR, 25 5 th L RE i S R 3 3K
Je 8 2k A A L B AR )2 v TR BE IR T K R
3 AR URL A 2R 3 177 B3 AV 1 RS OH R 3R T o 4

ML A 0B OB O 0 AT T &
T G4 I T8 i AR AR AR h T AR R T L A 1 AR A
o T R VHT b g A AR B T L O
P R BRI R AT B AR 2 0
b f /b, R B DU b ORS BA R R . (REE AR
P O 197 = 3 T B 2 B/ N O = 1 i S U N
(1 mm) W32 S 3 T R K o B0 A T 35 TR
O FAHE e I [ L 55 111 4 43 8 T 18 19 3% 1 o o 4%
25 TER 104 B e T BB i 4. ML 5 &
TE A 34 2% 2 A EE N 30735 K 3] 90°, BT 2 (Y 445 1 B K
i B R B TR D & 2 b T ER LS 11 o B o
T Y Bt AR 22 . AE BOR 26 N1 &6 43 & 3 i A, K
PR AR B — N T R o AR B D
i £5 30°~90°F 4 £ U 55 11 345 43 B 2 1T 1) 3 1 o
ARG BB KM 25 . WL s Hral A, o
AT K 22 1 SLM. RIE AR K P B 5 L B
SR FHVAT 6k 3 1T 10 2% 2 0 4 2k i AE U KO
e 1 AR R 5 B 1 T 2 R — 5 AR O
Hii g1z,
44 BRERAHEIBNEERFLHERERENTNE

P11 7 Sk [52L pA 2 1T AS [) X 3k 2 TR A 2 il
BRI AR R 0T LA L LSS TR o &
A0 5 fc b R, YI(EZ R 11 pm, HJLEAZ 58 B
U sZm . SIS e IH B d 25, R R, HM
R — YR B 29.47 pom YN B EE BR A =)
21.51 pm, ARARECIR A 2796, Rl 50 B0 A3 R B0 14
R 55 TR 43 2 THDRURE JE2 (AT /D il

BIFLES | 3oy 2% 1m0 32 B0 45 B L N FB IR Bl 3%
THT » 2% A 1) 12t 5 Y [ — B30, 78 0 T2 IX 50 26 1
BF 3t SRR o o B — DR S 3 4 5 T AR
E M R o RO U Sk e s R e %o L 3 T U A S e AN

0402007-6



h = b4 )t
240
g 40f (@ —=—part II g 290 | () —=—part II
=3 . o part I1I < )\ o part III
" 351 &2 200
)]
2 g 180¢
£ 30 £ 160}
® g 120}
8 . % f
£ 20 S £ 100} .
m L
2 15 80t

0 30 45 60 90
Scanning line angle /(°)

0 30 45 60 90
Scanning line angle /(°)

K9 SLM BE B fL&mR AR, () R.;(b) R,
Fig. 9 Overhanging surface roughness of round holes formed by SLM. (a) R,; (b) R,

DN

| ESESENESENEONA I me e

K10 Cad T 81 L2 T AR 40 BOL Bk 5
(b) 2 3 B AL 57 11 A48 7 0 3 i Bk 5
Co) B2l (5 AL T BT 7 2 5]
Fig. 10 (a) Laser scanning trajectory in part III of
overhanging hole; (b) laser scanning trajectory in part II
of overhanging hole; (c¢) schematic of forming

of overhanging round hole side

Ko 2 P8 23 I L A 3 T i J 2, e BRI B 457
PR ST UE 2 T BRI R 5 R R B R AR
PS5 2R TR M5 s o 0 3 25 ol 2% IX sl 5 38
F% 2 T 5t T A 23 %8 R TR0 20 7 A s e . 5 O
3 2 B M T U R s 3 e O e T T 4% 22 U A
Fil IS o 6 T o AR S A R A AL O B I L B AR T %
DX Il 2 TR RS B2 . B AL 11 T30 20 A 3 3 T S
NP 12 Fros s n] R B (5 LS TS o0 o e 3% T K
W DAk /N ROST o oA BORE L8 6 41 4 Uk 00 & e 3R
TSR A BR . e 48 B 3 — AR F TR R R
RNZIE R o Rl M | B = N S T
12Ca) . YABER A0 OB KRB 3 I, MOk R

Y]
(S

—=—part |
—— part Il

\+\mﬁlll

C—

[\~ <]
[ S
T T

Surface roughness R, /um
[\]
(=]

15}
o =
5 . . .

1 2 3

Number of contour scans

11 S0 BT R B SLM R B L N 3% 1
AN [A] X35 1) 52
Fig. 11 Effect of number of contour scans on different

areas of inner surface of overhanging

round hole formed by SLM

WS /N 2 I I o A e 32 T 2 550 22 31l i/
Bl 12Ce) . 3 i W HE B =0 448 BE 08 $i2 mp (Bl L 25 11 38 2>
o 2 1A Y O i

5 4 1w

AR A RE 322 25 1% Al 10 58 3 5] L 245 4 S Bk 5 %
BT T WOCII A AL A E DL S RS B A Rk
X =AN TS BN B £L A8 7 35 20 O oA 4 5 0
HELLT 458,

D WOGD A% SLM R [ L 8 2 1 57 i 1 52
Wi Sk 5 Bt O Iy R 4 K o T [ L I {4
R el T AL T 38 B A O OB RGBT R 306
PIES DN BFSE RinFst e s NTTRNE 31 S TR
ERAE BERAR AR T I R By AR R G 2, 7™ EE R T
o 2 1A Y O i

2) 9 ARAT L 1 8O8 . SLMBUR B KT B
3 [ A ELR AT T 8 1 1 0 2 R A AR T AE
S 7K - A 3 TG I LR T S B R A S N —E
JE R BOC TR B8 AL

30 M N 8 B 41 40 U B RE 8 AT R0 R SLM P

0402007-7



T

12 KRB CR R SLMORIBBIALA I I 5-60 2 HE 5. () 15 (b) 23(0) 3

Fig. 12 Surface morphologies of part [l and part [l of overhanging round hole formed by SLM. (a) 1; (b) 2; (¢) 3
(5] L A2 3 AT A9 2% 11 U i, A6 IR B I BGE LY
B0 A B R  EARICR I

ZWPFEEE Ry SLM Y Bl a5 fE fit 1 2

2%, FEMIERE L R E A OGES R T EZ S8
XA A5 F A 25 5 S R HL A L LRSS AL i 2 5

iR

(1]

(2]

(3]

(4]

(5]

(6]

7]

2 % X #

Liu] H, Zhu H H, Hu Z H, et al. Control of
elevated edges in selective laser melting[J]. Chinese
Journal of Lasers, 2017, 44(12): 1202007.

XM, RIFLL, BIBRME, 5. WL XIE L RUE L
e MR Mo LT]. PO, 2017, 44(12):
1202007.

Craeghs T. A monitoring system for on-line control
of selective laser melting[D]. Belgium: Catholic
University of Leuven, 2012.
R, Clisters S,

Optimization of scan strategies in selective laser

Mertens Kempen K, et al.
melting of aluminum parts with downfacing areas[J].
Journal of Manufacturing Science & Engineering,
2014, 136(6): 061012.

Clijsters S, Craeghs T, Kruth J. A priori process
parameter adjustment for SLM process optimization
[M]. New York: Taylor & Francis Group, 2012:
553-560.

Kempen K. Dimensional accuracy of internal channels
in SLM produced parts[C]. ASPE Spring Topical
meeting, 2014.

Pakkanen J, Calignano F, Trevisan F, et al. Study
of internal channel surface roughnesses manufactured
by selective laser melting in aluminum and titanium
alloys [J]. Metallurgical and Materials Transactions
A, 2016, 47(8): 3837-3844.

Thomas D. The development of design rules for
Cardiff:

selective laser melting[D]. University of

(8]

(9]

[10]

[11]

[12]

[13]

0402007-8

Wales, 2009.
Liu T T, Zhang C D, Liao W H, et al. Experimental
analysis of pool in overhang

behavior structure

fabricated by selective laser melting[J]. Chinese
Journal of Lasers, 2016, 43(12): 1202004 .

X, KA, BESCH, S RO K Y &
L5 B AT S e A A L. b O, 2016,
43(12): 1202004.

Yang X W, Yang Y Q, Liu Y, et al.

dimensional accuracy of typical geometric features

Study on

manufactured by selective laser melting[J]. Chinese
Journal of Lasers, 2015, 42(3): 0303004.

MlESC, Mok, X, . G XA fb Al 28 R
JUAT ¢ AE R A BE BF 58 ()], v {30, 2015,
42(3): 0303004 .

Wang D, Mai S Z, Xiao D M, et al. Surface quality
of the curved overhanging structure manufactured
from 316-L by SLM[J]. The
International Journal of Advanced Manufacturing
Technology, 2016, 86(1/2/3/4): 781-792.

Yang Y Q, Lu ] B, Wang D, et al. A study of 3161

stainless steel non-horizontal overhanging surface in

stainless  steel

selective laser melting[J]. Materials Science and
Technology, 2011, 19(6): 94-99.

Mg, Adbek, i, 4F. 3161 AN E X Ot
(R | B N = S TR I B I = = O B
2011, 19(6): 94-99.

Mai S Z, Yang Y Q, Wang D. Study on surface
morphology and roughness variation of NiCr alloy
laser

2015,

curved surface manufactured by selective
melting[J]. Chinese
42(12): 1203004.
WP, Bk, L. BOLHE KE R A NiCr &
G 0 T K TR AR BORURS B AR AR AL AT S [0 P D
Y, 2015, 42(12): 1203004.

Rombouts M, Froyen L,

Journal of Lasers,

Gusarov A V,
measurement of

powders[J].

et al.
Photopyroelectric thermal

conductivity of metallic Journal of



th i

ot

Applied Physics, 2005, 97(2): 024905.

Zhang K, Liu T T, Zhang C D, et al. Study on
deformation behavior in selective laser melting based
on the analysis of the melt pool data[J]. Chinese
Journal of Lasers, 2015, 42(9): 0903007.

TPl RNEERE, SRR, L TR M RCHE 4 BT I

0402007-9

6k AL UE it A2 B AT e WF R (0] b
Y, 2015, 42(9): 0903007.

Cloots M, Zumofen L, Spierings A B, et al.
Approaches to minimize overhang angles of SLM
parts[J]. Rapid Prototyping Journal, 2017, 23(2):
362-369.



