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Additive manufacturing (AM) technology, also known as 3D printing, is a highly promising technology that can drive
innovation in various industrial areas, including the nuclear industry. Although the nuclear industry is traditionally
conservative when it comes to adopting new technologies, it is crucial that AM technology is eventually applied for a variety
of reasons. To overcome the barriers that currently hinder the adoption of AM in the nuclear industry, it is essential to
ensure the reliability of AM products. One key factor is ensuring that AM products have mechanical properties equivalent to
those of traditionally manufactured products. This paper presents the results of mechanical property tests conducted on
additive manufactured specimens of stainless steel 316 L after heat treatment. We performed tensile tests, hardness tests,
and microstructure analysis on specimens produced using two types of metal AM technologies: powder bed fusion (PBF)
and directed energy deposition (DED). The results of the tests indicate that certain weaknesses, such as anisotropy and
brittleness, in AM products can be improved through three types of heat treatments. In particular, AM products produced
using the PBF method and subjected to heat treatments show potential for application in the nuclear industry in terms of

materials.
Manuscript received: February 29, 2024 / Revised: May 14, 2024 / Accepted: May 21, 2024
This paper was presented at KSPE Autumn Conference in 2023
1. N2 24 % MRS W3sh] g Aaolch. T AAERHa

=

9 ¢ FHEolEt Efe F8 7V AEAY Tlevle

25 xﬂ—r—(Addlthe Manufacturlng, AM) 7]%3 3D =g (Korea Electric Power Industry Code, KEPIC)o|| wj2} A 2

e AR glon, 7|EA el 8S ASME (American Society

g 7|4 & shiz @l -7—52 HPO]TJ( Z]:LW]-Z] -% ol Lo} of Mechanical Engineers) BPVC (Boiler & Pressure Vessel
Ear} o|olH W, B, o7 Hof SolA] Uit 8T
5] A7)

Z, Code)s W21l Qirh. £3] 9] 71&7150l A4 SAE A7)
QA At A& Ao T3

d Al S8 Bt & £0] ARR &0l Azt FA|Z|TolA o 7143 Ae
£ Mgl o odo] BpHel 9H AN HE Ax A B AN T o]l AT4]. A ASTM (American Society for
EZ2 Aof A83= Al A 9] Zlolr Y] JETH1-3]. Testing and Materials), ISO (International Organization for

Rl lel /1 A450) Pl ol AA7H 2 Sundundiion FH02 A5 Az W, Aol e g
asith ol 47149 AR se] 48 ST AT 714 71ES WAk YA, oFd ASMEC] SAlE 7% 715e

Copyright © The Korean Society for Precision Engineering
This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://crossmark.crossref.org/dialog/?doi=10.7736/JKSPE.024.035&domain=http://jkspe.kspe.or.kr/&uri_scheme=http:&cm_version=v1.5

552/ July 2024

FARE Agoleh[s]. o= A5 AlxFol tiet F& H A=t
ob shriE)x| ekstrie ejujolo], 27lxel Aqv} o B
oh 2 % get.

S AxFY AFe gEE 9s) 7MY S8 =2 A=
o] 7141 AdHolct. 53] dA HEEHE F8 FF w4
AMe g5 AlF AFeld, 25 Azxd Azre 7144 44
QA UE oEL oA HE sl oJHE AHsls Zasdt Al
olck. EE A3 Ak Al WS W5 3 A L 712 X
a3}, Jejar vAldg 220 HASE sl ExE= & e
3},

2 =oAs oA A8 7HsAol 7 =& 2HI
A7) 316 L 24 Bdg 24 A2 A2 v = 7 g3
¢] PBF (Powder Bed Fusion) @ DED (Directed Energy
Deposition) W o g A3k A|He dAz] HAS 7|AHAA
ARAQIFAIE, A=A, A 222A]) daE 7]estal, A5
A W, 45 W S A el T A el o
s Baslol A4 A8 Pe e BRI ek,

2. MF M= AIH M= R Fx2|

|o
fu

PBF A1 dofuix|7h ik w=o] oo

i
(]
20d

ER

g o

il
i
>~

o}

L o g AR EE ke At
. DED A1 A2t 459 o 4% =S
[e]

do
y 2
>
N
rr
2
olNr
2
Y
ofd
o
lo
o
okl
Ei
2
2
rr
e
~ oh',
AT
B 2

i

_IZ‘L oo

/\]%LH:}W
S Sfel AL Dol iAS ARG
AR FFANERRE S5 B B MRS ALS
[6]. & =x=ollAl AREE PBF gHl= = thde| o4 AHA)
7NEE M270 ZgHlol 400 W glo] A 27)7F A= ¢l o, %
2 Abo]= T 270 x 270 x 300 mmo|th. DED Ao Eo
DMG MORI A}9] Lasertec 65 3D Hybrido|®, & DED#HH]
43 Azmuk opfel 5% JAVRE Al SuE
Zgajoleh. o oA &2 2,500 Wolm, Xq*ﬂ— 3
@500 x 400 mmo|t}. PBF ¥ DED #H|= Z+Z} Figs. 1(a)
0 (b)of 2t

ﬂ.l

> rlr

N 0 ol
r{r rr Jl—>

A& AJFS 95t AJHS ASTM E8 6.4% Round A]H A
of wet A&FstleH7]. *1%94 AT Axe 9 FdE oxh
A AEFsEaL, I AES fls AUk skaich I A9
A|HSe A= vekda vjuslz] Yaf X, Y, Z Hegte gz A=
Sk 352 7N ARSI X Wk AlHE AE A] Q1A wiek
ozut A7dste] 85x 12 x 12 mmE AZsHE T, Y e AlHe

4% A QUgREe] SAMREO =Rt 27hdste] 1285 % 12 mm
271z ARl 2 W A AGFEE X, Y 9 @
22 27)date] 1285 mm 27|12 ARSIk QA A A
HE Figs. 2a) 9 2(b)o} o] PBF All, DED A9 2 6074
% 120718 A&Sgick. PBF % DED W] 23 A% A A8

(b) DED machine

Fig. 1 Additive manufacturing machines

(a) PBF specimens

(b) DED specimens

Fig. 2 Additive manufactured specimens
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Table 1 Process parameters of PBF additive manufacturing

Table 3 The conditions of the heat treatment

Parameter Value
Laser power 240 W
Beam spot size 50 pm
Layer thickness 50 pm
Beam travel speed 1,100 mm/s
Hatch distance 70 pm

Table 2 Process parameters of DED additive manufacturing

Parameter Value

Initial 1,800 W,
100 W reduction after every layer until 1,600 W

Laser power

Beam spot size 3 mm
Powder feed rate 12 g/min

Layer thickness 0.9 mm
Beam travel speed 1,000 mm/min

Hatch distance 1.6 mm
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Dimensions, mm in
For Test Specimens with Gauge Length Four times the Diameter [E8]
Standard Small-Size Specimens Proportional 10 Standard
Spaciman
Spocimen 1 ‘Spocimen 2 ‘Spocimen 3 Spocimon 4 Specimen 5

G—Gauge length 50.00.1 36020, 240201 160401 100101

[2.000 = 0.005] 1.400 + 0.008] 1.000 = 0.008] 0640 = 0.008] 10.450 = 0,008]
D—Diameter (Note 1) 125202 90201 60201 40201 25201

[0.500 = 0.010] fo3s0 .+ 0007) 0250 = 0.008] 0180 = 0.003] {0113 + 0.002]
A—Radius of filet, min 10 [0.375] 8[025] & [0.188] 4 [0.156] 2 [0.094]
A—Lengih of raduced paraliel secticn, min 56 [2.25] 45(1.75) 30 [1.25] 20(0.75] 16 [0.625)
(Nole 2)

Fig. 3 The size of the tensile test specimens

(a) Before tensile test specimens (Z-direction)

(b) After tensile test specimens (Z-direction)

Fig. 4 Before and after tensile test specimens of as-built
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Fig. 5 Tensile test results of PBF specimens
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(d) Reduction of area of DED specimens

Fig. 6 Tensile test results of DED specimens
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Fig. 7 Hardness test results
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Fig. 11 EBSD picture of PBF specimens (XY-plane)
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200 - =— PBF_Z direction Fig. 14 Microstructures of DED specimens (XY-plane, X 100)
180 —&— PBF_XY direction
E —
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Fig. 12 Variation of grain size of PBF specimens by heat treatment . ‘
(a) As-built (b) HIP (c) SA (d) HIP+SA

Fig. 15 EBSD picture of DED specimens (Z-plane)
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Fig. 13 Microstructures of DED specimens (Z-plane, x 100) Fig. 16 EBSD picture of DED specimens (XY-plane)
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Fig. 17 Variation of grain size of DED specimens by heat treatment
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