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Ti-6Al-4V alloy is widely utilized in aerospace and medical sectors due to its high specific strength,
corrosion resistance, and biocompatibility. However, its low machinability makes it difficult to manu-
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facture complex-shaped products. Advancements in additive manufacturing have focused on produc-

ing high-performance, complex components using the laser powder bed fusion (LPBF) process, which
is a specialized technique for customized geometries. The LPBF process exposes materials to extreme
thermal conditions and rapid cooling rates, leading to residual stresses within the parts. These stresses
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are intensified by variations in the thermal history across regions of the component. These variations

result in differences in microstructure and mechanical properties, causing distortion. Although support
structure design has been researched to minimize residual stress, few studies have conducted quanti-
tative analyses of stress variations due to different support designs. This study investigated changes in
the residual stress and mechanical properties of Ti-6Al-4V alloy fabricated using LPBF, focusing on

support structure design.
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1. Introduction
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oA 2 W= 8-8(Laser powder bed fusion, LPBF) &% &
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Residual stress in LPBF Ti-6Al-4V by support design
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2. Experimental

2.1. Ti-6AI-4V B2

2 AFo)A= = AP&C iitollAl 7kA EFH(gas atomiza-
tion) 22 AxH TF Ti-6Al-4V Gr.5 &Zo] &&=t
Fig. 1(a)= AAYE FAPIAAH| A (field emission scanning
electron microscopy, FE-SEM, JEOL, Japan)< &9l &3 &%
SEM ©Ju|AE YehH, S5 Aol o] ST o3t
FEE UehdS o1 4= Qirt 2 Edof| s Y=E47] LA-
960V2 (HORIBA, Japan)E AH&5to] 2 JEiEZ 743 1Y
stgoH, 1 A3H= Fig. 1(b)oll ZAISHIh B A= 2 =3
A3} D5, D50, D902 77t 22.74 um, 32.47 pm, 44.60 pm &
UEtlon LPBE 37l 29t =22 E el gelg
T AU 2 fE S A 2RV Ut | UEE S
3t & o]& 7|9tC. 2 Hausner ratiogt< #1416+ 2 Hall Flow-
meter (Tokyo rikakikai, Japan)& 53 & F&=5 5453t
Table 12> E82T] 5k & HojF0, & 2945 53 sid
+2°] LPBF 574l 43t 7525 Uetd2 FAsinH2s].
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Fig. 1. (a) Scanning electron micrograph and (b) particle size distribution of the Ti-6Al-4V alloy powder.
Table 1. Physical properties of the Ti-6Al-4V alloy powder
Apparent density [g/cm’] Tap density [g/cm’] Flow rate [s/50g] Hausner ratio

2.62 = 0.02 2.83 + 0.02

4.39 + 0.16 1.08

J Powder Mater [Epub ahead of print]

245



Seungyeon Lee et al,,

&30 252 AFSHAL, ST 2Ll L= 99 % o/
UL A4S 5T 5 Q= 3R Laser power 300 W,
Scan speed 1800 mm/s, Hatching space 100 pm, Layer thick-
ness 30 um 20X Ar 29171 stofl 2FA A 27t +F= A
[26]. Fig. 2(a)2F o] 27AuEl2 2214171 FEi Q] Meander €l
oz dAHNen 3t AL 24 T oA AR
= 2ok 5 Q= 677 I 2o m AASHH27]. 2 Aol
A= YHl 72 mm, %°] 30 mm, 54 4 mmSQ! FSHA F44<]
ZYAE AR LH AELE 4o e 7Y AelE Fe
SHAl #E37] sl AELE FA4L ARG JFS BWol e
=0 EY ALY 22 GARISIAH22]. E3L AZE =
(Hole) =710l m& 234 /-5 HakE #5517 A, Fig.
2(b)2t Zo] AZE & A717F 242F 4 mm # 2.75 mm<l 27H4] B
U(Type)2l 2JAIE A Z£3HA.

AR5 542 A v A i vluk A o v,
= Contour ¥} X-ray diffraction (XRD) HE &8

Shick. 2 el S 24 A et 2

(finite element method, FEM)& &3l A& 7 A|HS] 27] &8

A0 & Altsl= oA Wo|tH2g]. 53], AlH At ¥4l o) whet
HR-38 F37t gebd 5 glom, 7] (substrate)2] 57 o]
T8I FFEZ MA= AR LA Utk & A= AlES
7]do]| F2bE e 2 fAISE A Ads Y6k, ol 7o)
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Residual stress in LPBF Ti-6Al-4V by support design
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AcH30-32]. 75788 Z42 Contour ¥ H-& 4|91 SPSM-10
(Fusion ENG, Korea) JH|& AR&5to] SF=[ et A1H Atk 2
A& etolo] B 7Hg(wire electrical discharge machining,
WEDM)2. 2 =l on, ddHo] Wy Fd Fo|A & o]&
3 57gstgirt. %% tl°lel= Contour Transform Programe
ol-&sl fetaa o2 HAE oM, Contour FEM AlE# 04
T2 IS GE3) Al WH9] I8 ASstltt

(2) XRD H

XRD 2 oA EH XAS YAlste] B o] ot
2t XA 34 Zteel Ax; Witd Wsks £4ste] R3ES A
Aboh= BHAloth33]. o] WS A= o] &4 FtHA dor=
H|uh] A o] &b, 1 JF-88 S0 golsith. & A+
o A= Xstress3000 G3 (Stresstech, Finland) Y& ARg-sto] zt
588 A FH/NY oM, Ti tubed 0|83 Hlo|€HE 35+
o} £49] AFEE wol1 XY AFSE S s g
St7] 918, AlHe] AR7IE EolH 48ke2 AASH: #H A7
£ AFsielet. FHEA = 2000 grit 24 ¥, Voltage 50 V,
Flow rate 12, Time 5 s 72 M| AvtE ot As|A
o} R 3HAAHHCIO,) 60 ml, HIEH2(CH,0H) 600 ml, 2-
HEA] o&E(CH,,0,) 360 mlE &35 &8-S A&t

XRD ¥ 5742 A3 t|o]E|E mapping A& HAS7]9I5

(b) Type 1

Support hole diameter: 4 mm

Support hole diameter : 2.75 mm

Fig. 2. (a) Scanning strategy of the LPBF process and (b) the schematics of support design for the present samples.
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39 A0] GAA Y2 0.3 ¢ tipE A1) 0.3 mm A

2 : %]
oA +45°71A] AR, 7 ERJAE= +F -‘:‘“&Oi 5
16

3] 24319t} exposure time 162E AAsIH 0w, SHHH
© ASTM E2860-20 T4 2%=5191tH34].

Fig. 3= LPBF 34& &3l Alxd 2349 94 ¥ 782
SAYE Uehd A Tolr & A+ V\ i ‘éxﬂ«] X Plane2
XRD H, Y-Z Plane2 Contour H< &85 4758 EXE &
Astglon, = 71 &4 71¥E 28eto] 234 lﬂoﬂiﬂ A=E

o8 EX 9 AP 2ot FUotA E45tA

24 ¥ £H

HEE & 27]9] B2 Jluate] 98T Aolg APHoR 7
Z317] A8, AlH TypeB &2 QAEE 24 APS $H3A.
A 24 Aol A3AZE AHoIA MBS 71 fIHIe

NR

A
T

X Plane : XRD method

. Y Plane : Contour method
. Z Plane : Contour method

Residual stress in LPBF Ti-6Al-4V by support design

574 MEY oA F Fig. 40| ZAISHATE FeHibAS+= LFA
467 HyperFlash (NETZSCH, Germany)$HE &85t 57}
Rom, Fig. 4(a)l|A] Holi= A} Zo] Al FYFA A 7H53F
10 mm x 10 mm x 1.5 mm (Z°] x Y] x FA)=Z7|9] A
E& $YPEQUth GAEE S0l AR AA| EE Fig. 4(b)ol
e o™, ASTM E14617F2 0l whet laser flash analysis <
Argste] 451l S E Ao Uik, B]EE 0]-8-5t]
FHEEE ALl on, tha A1) what 4H=E5HATH35, 36].

k=a-p~Cp (1)

3. Results and Discussion

3.1. |t AHA
Fig. 5= LPBF 378202 AZA2H &

F_'EL

A xFA 2F 2

Fig. 3. Measurement positions of residual stress in the LPBF-processed samples.

(a)

AD varnewt

(b)

yo

Fig. 4. (a) Schematic diagram of specimen extraction for thermal conductivity measurements from a sample, and (b) a photograph of a

specimen.
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Residual stress in LPBF Ti-6Al-4V by support design

Type 2 (Side view)

Fig. 6. Residual stress distribution measured using the contour method on the (a) Z and (b) Y planes of the type 1 and 2 samples.
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Residual stress in LPBF Ti-6Al-4V by support design

A‘Plane:
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L st
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Fig. 7. Results of X-ray diffraction for the X-plane of the samples of types 1 and 2.
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Fig. 8. Results of thermal conductivity measurements of types 1
and 2.

o FRACR o £ ARG FHHE AFS Hole AL
{52 5 Aok

Fig. 72 #& AZH Ti-6Al-4V &= £3A9] X Plane] o
3 XRD W& &8sto] 43 789 XS AR Aol
th. Sig Aol AR Y shtiofl= HRbA o7 /% RS
o] Eashal AJetioli= QI F-gEo] BiEdh= S HoE
th. 53], Type 1 Al o8] Type 2 AlHollA 45 27821 Q1
B AR du7t HE —;Lé.ﬁhﬂ ol Fig. 69] ¥4 Aot
d-SHeh ol2fet 4=/ ARG R XA do] FIF
ool T E Warping @43 YA A=l 9ot ¢
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FolAEs AR TE AEE Fxo] e GHl 47 2L
A% vlae] 23 w5glen, I AFolhe 7 AAY 33
A A3 BRE Hep A og BAT dFolttls, 31, 33].
Fig. 82 A=k 574 A3olth. Type 1 A H2 6.72 W/m-K,
Type 2 A1H-2 6.65 W/m.K O.& £Z9] Xjolg Hom Ax
E & A7|7F A2 Type 2 AlHoIA H 22 FAEEE Yehdi=
AFS ZAT = UL Type 2 ABoANE TH =5 H2HE &
& RS oR Qs wdEo A Fx27 B 2 AR
29 425 Woekean =S A= Ao 5
At webA, AZE FAo] 7aae] HAle S7HA Edg
BEg G 22 otrEE, = I8 TA6ke w2 1t
7o % A9 9= Z2 HA2AA 89lo] FARE AsHE
FEE 5 01ES B A AdA o STyl AATH37, 38].
Fig. 9& LPBF 374 & &739 34 AAUES 7HE“—*.°§
UeRd mAJzole}, LPBF 37gollA= ao|A] FlojA7F F<
T FRA0E EAI7H E8E(melt pools B, s
8= Y59 287 A(latent heat)o] ARG O & wl=A| whA L}
ZFeH17, 39]. ©] IFoA 2JA AJohi 2He] ST 2% FHH)
7t B0l AR -5Eo] A H folA7t A= FGolA
+ B4 F5 7R 9 mﬁﬂ%} Aol HAYSHATE, FH A
7} ol& F&3HHA Yiiolle Y580l £ Al AL
£ I 9ol F=Hrh o]F §8E0] S Wzo] P
of w2k, SaE A #5351 SHARE SRSl 7] 25)
FZo0] AjtE o], o= A o], shiole ¥ sEol &
oAl HTH40]. olA ™ A/UE Sol HHEAQ BARIES
ol FAEHEA, BF ol 2 FE9] R3] $2 1, o]
+ FFH O E Warping®|t} Distortion¥} 22 X|5= L& A5k
Y AR o]ojd 4= Qirt.
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Fig. 9. Schematic illustration of Thermo-mechanical behavior during the laser powder bed fusion process.

Type 2

- - - R .. N ).}

plate

Fig. 10. A schematic of thermal transport according to the support structure design.

Fig. 102 A ZE g4of w2 & dg 2
SRR NRE F27} RS g4
Hog yetdl Aolth AEE 29| A2 2PA|9] ¥ &=
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A =% 2PA = FEEARL Hlo]A A} o]RojXItt &, 3t &
T SOl A #lo] A7t 52 passE wHEF RAME ¥, 1A 7HATRE

"ol QU oA chal S dlol 7t 2Abge] utet 7|2
S YL YR Ag-go] YoluAL A& H o I ek T
Al "o}, LPBEZ A2HE 234 T4 =% X520 4]

ZHHAA =i, AgEd ol A= sid F/dol In-situ annealing &

In-situ tempering 2740l E0l= AR HAHTH41- 43] Park

etal. [43]& Z-2 LPBF ZARACE AzH A= FAE A
d Ti-6Al-4V ZEA| 9] v|M22]3} 7| A1H EAS H*# stpoH,

FAE FA9 ARG LPBF 378 &5 dlojAo] &5 3
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57} o gopye] weh A Ad =Tt AAES BASH HE Qlch
B3 AR I89L2 LPBF 3% =% 234 Wi 2&H7t
s SACHC weh, 78] e E o 24 W 2%
Tt YAEEE AAAA IR A8 Aol -t
< o] o1zl vt ITH16, 20, 44-46].

Fig. 107} o] Type 1 Al AZE 9] 2717} Type 2 AlH
tjH] AiH o g Fof wet 24 WRoA 7|Horo] 5 F0]
dLsHA] Fom, o= £FA W 2=74 & W“E—% A
AA ARSEE G 5 T &, 3 =5 54
Type 1 A8 the] &2 YZ4&E2 AU = Type 2 AlHOJA
o1& S A7 @82l TS =, s FI2> 2FA7L
A5 =3 FolA kg o3t ddo] HHEEsE HE 3
t}. o] Q3] Type 2 AHE Type 1 A1 thu] A|H 2HRel Z
I 75 o7t B SAsH W ol Type 2 A|HY
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