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ABSTRACT

Recently, metal additive manufacturing (AM) is being investigated as a new manufacturing technology. In
metal AM, powder bed fusion (PBF) is a promising technology that can be used to manufacture small and
complex metallic components by selectively fusing each powder layer using an energy source such as laser or
an electron beam. PBF includes selective laser melting (SLM) and electron beam melting (EBM). SLM uses high
power-density laser to melt and fuse metal powders. EBM is similar to SLM but melts metals using an electron
beam. When these processes are applied, the mechanical properties and microstructures change due to the many
parameters involved. Therefore, this study is conducted to investigate the effects of the parameters on the
mechanical properties and microstructures such that the processes can be performed more economically and
efficiently.

Keywords : Metal Additive Manufacturing( 252 S5HM =), Powder Bed Fusion(=%Z 2~Z), Selective Laser
Melting(ME4 & 2{|0|X &&), Electron Beam Melting( A E3H)
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Fig. 1 Concept of SLM process. (i) High-power
laser melts selective areas of the powder
bed. (ii) Process is repeats for successive
layers. (iii) Loose powder removed and

finished part revealed”

J

5 A 34 Y F Atk Aotk A,
B e AUAE A8
23 @7 $84 el B EAZL I

}i ol

2.2 Electron beam melting
EBM2 SIM A3 =9 fFAit 12y
EBM 3742 SIM &4 8 74A] Ao} v &
A2 oA Al 22 dAE Hola %‘?ﬂ@}i
o AHgETh 29T HEE 1o fAEH,
2 g8 5 99y wEE dAsty] 9 o}

ol

2
3%k o ¥ ¥4 parameter’} ELIHTE F
HHs= SIM FA R oH7] o
of AgtH ANET AME-HTE Zn, Mg, Pb, Bi &
e Zag JlsAdo] glod
Zo] FU. EBM 34 Ui =g
Y w2 v go] En x3 T
Zoltt, ey, VHRY o & =7
Utk @, BFL f‘7l =
7 %91 A7|Rt} Zolof gtk EBM 3A
%ﬂ 21Z7dEf ol A Ol—rOVJE}. e}
Al3 g__]u}z% oz wx|ET Bc_f:;l_’
EBM 34 porosny*Ea— HAHA] Fe=r

of
[0
o
)
&2

BN

o £ 4
o 2 o
&
o

39

o &k XN L fd oX to % Hu (0
o

w2

= N
rr

o\ﬂ]

O_t.,—'

<l

KX
g

X
1z
oy
Lo

3. Selective Laser Melting

3.1 Build orientation
EEE OSS A5 $F S, Fig 29 2ol &
21(90°), 4H(0°), 45°2 A=A FF e
2t A% kel izl sAe & AA- (Fig. 2(b)ol
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Table 1 Summary mechanical properties determined for specimens herein®!
Specimen Yield strength(Mpa) Ultimate tensile strength(Mpa) Elongation(%o)
vertical 520 620 75
Horizontal 577 688 65
45° 536 660 62
Wrought 331 641 70

:Lawr 7h&E 316L0 tig HF AP A= (UTS)
= %, 45° % &‘ TR} HF 620~688 MPa
Yol A FAEE. BE 316L ZEIQE AT ARE
62% ©)de] ANEZ T2 AAS HIoH SIM
o HF ek AA AH Fgre] WAL Ut

Fig. 33 #o] Z+ 316L ZH|QlE]~7d FHo| Tj
sl 27 8o YEhgtom 3 (-160.6 + 47.8
MPa)@ 44 (-112.5 + 32.5 MPa) ¥E-S =39
o] uERgTE ubHol 45° (183.7 + 59 MPa)XEEo
el 1 2R 3= o] JEhstith

SEM £4jellA 33k o]w Aol A Fig. 4ol 4]
Ehd AT Zo] 316L 2EIQIE 27 T A=

ol wet YA Fejet 27)7F EEit. FEE
(Fig. 4(b)olA= 71 &78o17F Yehdy, 3%
a) b)

‘ @ Build orientation

Vertical (90°)

Fig. 2 (a) Build orientations studied for selective
laser melted 316L
produced: vertical (90°), horizontal (0°) and
45° relative to build substrate. The red
arrows  highlight the cross-sections utilised
for microstructure

testing  for

Horizontal (0°)

tensile  specimen

characterisation  and

polarisation each  tensile

specimen. (b) Points gauged to obtain the
average residual stress value for each build

orientation specimen®

(Fig. 4(a))¥ 45°FE (Fig. 4(c)olAE o] 2o 478
o]7} Uehdt) Fig 49} Zo] ZE TEA AM
o] dukzEl Al gl ot

drix oz o] Thagde 71EH 316L 2HUE
27 74 f&de EAEA 0‘“4 7+a9 316L
SEM %97#<4 (Fig. 4d)olA A=d AL AL o
Aol dutro g HEAEE %ﬁ} 37 (MnS
g-E2o|t},

SIM 316L H|1gl2=7d 83 7 71a-Fo o
3w ATz 9A% EBSD (Fig. 5)°] Yeht ok
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Fig. 3 Residual stress measured for the selective laser
melted 3161 specimens in their as-built state as

a function build orientation™"
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Fig. 4 Secondary electron micrographs for the 316L

stainless steel samples. (a) vertical orientation,
(b) horizontal orientation, © 45° orientation"

Fig. S Electron backscatter diffraction with unique
grain colour images for the 316L stainless
steel samples. (a) vertical orientation, (b)
horizontal orientation, (c) 45° orientation,
and, (d) wrought 316L™"
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Fig. 6 Schematic diagram of scanning strategies
@S1;  (b)S2;  (¢)S3;  (D)S4;  (¢)S5;
(f)building direction'!

3.2 Scanning strategy

SIM &4 5 #& 27 9 (island scanning
strategy)< SLM A& FF oA H{ FHo] v
ofX 1 7|AA EAo] Holdt AR duA Uth
SLM Az FEo| As tid AT 2 & A
Zta} &19) F o] =70 o] dEE &) 3 5
Mol 27 EE vERTh

Table 29} o] TE SI, S2, S3, S42 2000 #m
x 2000 um F719] ALY d®Hoeln T S5oll&
tZbd Aoz 2000 4mel §7F sEelt) S1, S2,

S39] QI FY 2= WFE ALH F Abeld
o2 331 ZhE(0°, 90°, 47°)2 B33tk s49] Q1F
o 2 BFE A Qlol e YA 7
T Atole] e AA W e wel 13-
o

Number Scanning pattern Scanning direction Rotation angle
S1 Rectangle parallel 0°
S2 Rectangle parallel 90°
S3 Rectangle parallel 47°
S4 Rectangle Alternating 0°
S5 Hexagon Inside to out 0°
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Fig. 8 Average vickers hardness under different

scanning strategies'”!

Fig. 9 Cross-section morphology at 800x magnification
@)S1; (b)S2; (c)S3™

Building direction

10 Microstructure morphology at 2000x
magnification (a) S1; (b) S2; (¢) S3; (d) S4;
(e) S5
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Fig. 11 EBSD mapping indicating grain morphology
and orientation of SLM-built samples (a)
S1; (b) S2; (c) S3™
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4. Electron Beam Melting

4.1 Build orientation
EBM EE2 Fig 123 Zo] g2 oz A=
A

Fig. 12 Different build orientations studied: (a) XY,
(b) ZX, (¢) ZY, (d) 30° to XY plane and
(e) 60° to XY plane™

350
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320

310
300 - T
290
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260 =
250 -1

Hardness (HV)

XY zX ZX-P zY XY-60 W-Ti
Specimen
M Bottom [DAverage M Top

Fig. 13 Bar chart showing microhardness (HV)test
result for EBM and wrought Ti-6Al-4V.
Error bar denotes standard deviation!
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1100 - 22 a b
1000 20 5 ’L{‘ S .5 "ﬁ 3 21
900 18 % % % %

16
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12.

10
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(%) uonesuo|3

-0
W-Ti

[ xv-
60
M YS at 0.2% (MPa) | 889.1 919.1 957.2 937.2/936.2 991.1

XY IX | ZIX-P | ZY

I UTS (MPa)
mEl (%)

948.1 995.7 1030.8 994.2 | 997.21033.9
592 435 6.22 109 | 124 | 16.5

Fig. 14 Bar chart showing tensile test results for

EBM and wrought Ti-6Al-4V. Error
[14]

bar
denotes standard deviation'

Fig 132 HAAZR AZeE £3H HeolHE
I =2 yehd Aot EBM ZEL 7Y BEE
Aegt BE LA dxRT e HEE H
Zt}. Fig 4= 3
Jg=z=2 JeRhd Aol W-gFo]  parameter”}
ol ZX9} ZX-P (additional preheating step before
hatch melting)S Wl 3tA w| Al Fx9} 7|AH 54
re] AE AT & Uk ZXPe M 52
UTS (1030.8MPa)2} YS (957.2MPa)S UERATE 7ZX
o] UTS®} YSE ZX-PRT} oF 40MPa A% ¥ttt
AXNEE zZX-P7} =W Fig 152 F 71 29k
(notched and unnotched)3} A| 7}A] FAE 713 o
A MY MR O AE ZEBS £37 z5E "eh

o2 AL vehd Aol

v
e,
st

Table 3 Average grain size and the fraction of grain boundaries

o

.

e )

Fig. 15 Geometrical dimensions of the test specimens,

(a) unnotched specimens, (b) notched specimens

(unit: mm)™

4.2 Build thickness and geometry
4.2.1 Microstructure
B3t vl HatelA 42 AR OE AREH
Xz 2 YZ)3 JHA(XY)e] EBM FEO| mA|lF=
£ Fig. 169 U<k gtk Fig. 16bS} co] 33 oln
Ae A WFE gt 2FS pior 4 YIS
7}zl EBM #E9| 7|F HA F2E HoFTh Fig
=

17¢] &8 #¥= #Z A3 EBM &0 23 &
7 mAl F27F el Al A F8 A

Z(lamella!'”? % basketweave o + B
equiaxed ¢ YAHZ} FEAA FEEATH

Fig. 182 T¥s FA9 EE Y A= tE v
Al T2 zolg BAEth dH A 59 F
Al =X FEI} unnotched FTE2] FU vlA|
Z wj&ol, AAE ZI+= unnotched FEEol| AT
=)t F3E ARzlo] mEH, lamella YA= T2
prior B YAl A FHl EAISIIL basketweave
9} equiaxed YA= F=E prior YA A F Yol
A #ZE[T EBM F29] FAE ImmolA SmmE

AR

112]

S1 S2 S3
Grain size, pm 24.7 22.8 21.4
Fraction of HAGBs, % 124 16.2 17.2
Fraction of LAGBs, % 27.9 25.5 24.6
Fraction of grain boundary area, % 26.9 27.1 35.6
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Fig. 16 Microstructure pattern of columnar prior B
grains in different sections perpendicular (a)
and parallel (b,c) to the build direction
(Zaxis)"

Representative illustration of various
microstructural features within the prior 8
grains in the specimen with 3mm thickness.
The microstructural features are shown by
number; (1)a layer formed at prior B grain
boundary, (2)a lamellar formed along the
prior B grain, (3) basketweave morphology
including a colonies, (4) large a lamellar
within the prior grain, (5) equiaxed a

grains"®

A . 2y
1 DT s S
Y SRR
L S

Fig. 18. Comp
basketweave, and (II) large a grains in the
specimens with (a) 1mm thickness, (b)
3mm thickness, and (c) 5Smm thickness.
(Scale bar =10 1m)"™*!
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Figure 18collA RoFETh o lath ¥ FAL 5,
Imm AZ FA FRANA o lath Zof 3t
ok 19, 13 @ 074mS ¥E o) #=L
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4.2.2 Surface roughness

Fig. 19 Az FA7F & =43 %8 |
< %9 AA7] & JERAT 329 P Ers)
A7) Ao w=d, :R| AFR FAVE S8t
| oA He i AZ|7F Yol Imm AxE F
A FEY o EHL FYS AAHY o & 7]3tst
A Tz 9 oE "o va) B AAY] gho] ¥k
o AZ FA7F 3mme} Smmel Az A, ol
Z W 9% Wol vls] R7F woHbl
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a B Downward face O Upward face [ Side face @ t=1mm
B 45 430 413(26) O t=3mm
E 40 O t=5mm
= 35 == @ —— wrought
G 30 i - 3 410 391(+6)
£ 25| mim H F@ ™ o (o] 386(5)
3 20 L, | =] °g o] o
g 1° Z 390 ) 8 08 ¢} 8
g 10 g 8 g OO g 8 g
3 s @0 O
0 370
t=1mm t=3mm t=5mm 358
_ 4
b B Downward face O Upward face [ Side face
o 350 + ;
_ 1 15 2 25 3
£ 350
f: 300 Distance from the edge (mm)
g izz $E S = - @ Fig. 20 Microhardness data of EBM specimens
F = = compared with wrought material"®
§ 100
E
a 50
. 1400 Xa
t=1mm t=3mm t=5mm 1200 4 ’{/A
Fig. 19 Surface roughness of notched EBM specimens; @
(a) the arithmetic average of the roughness & sl . 8
profile, R., (b) the maximum peak to valley E 809 4
height of roughness profile, R, £ 600 1
]
400 A
. O Unnotched (t=5mm) A Notched (t =5 mm)
4.2.3 Microhardness 200 4 © - Unnotched (t =3 mm) A Notched (t =3 mm)
HMAZE Ade Axe Fig. 200 et 2 . @ —Unnotched (t=1mm) A—Notched (t =1 mm)
3 folge] wEW EBM TR FAVE 1, 3, 0.00 0.62 0.64 0.;)6 o.E)a 0.I10 0.I12 0.14
SmmQl R tial 22t H vAAE Frol 413, Strain (mm/mm)
391 2 38602 A UAZ mAAE =AE JE} Fig. 21 Representative monotonic engineering
Wk Imm TEo| tigh ) uHAE Zro] WAy stress-strain  curves for the studied
ST, geometries!"™
Table 4 Average tensile properties of the tested specimens
Unnotched specimen Notched specimen
t=5Smm t=3mm t=lmm t=5Smm t=3mm t=lmm
Tensile strengh, MPa 1046 1065 1161 1224 1219 1239
Elongation at failure, % 12.9 8.9 35 1.8 1.9 2.2
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4.2.4 Tensile test
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