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This study investigated the effect of the hatch spacing parameter on the microstructure and mechani-
cal properties of SA508 Gr.3 steel manufactured by laser powder bed fusion (L-PBF) for a nuclear pres-
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sure vessel. Materials were prepared with varying hatch spacing (0.04 mm [H4] and 0.06 mm [H6]).

The H4 exhibited finer and more uniformly distributed grains, while the H6 showed less porosity and a
lower defect fraction. The yield strength of the H4 material was higher than that of the H6 material,
but there was a smaller difference between the materials in tensile strength. The measured elongation
was 5.65% for the H4 material and 10.41% for the H6 material, showing a significantly higher value
for H6. An explanation for this is that although the H4 material had a microstructure of small and uni-
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form grains, it contained larger and more numerous pore defects than the H6 material, facilitating

stress concentration and the initiation of microcracks.
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1. Introduction

SA508 Gr.3 ZAE Aeth AT (ow carbon low alloy
stee) 2= A, Hold 844, Fad4, AL 4 A, 9= H5
o] B4 AYal 9lo] YA= 42 &7|(RPV, reactor pressure
vessel) A= d 2] ARGE L QUe} [1-4]. FF AR T4 HA
o] Akote B9t 729} gEY FE 87T S5k 3lem,
o9 7|& 9= 9 &4 T4 0|8 FF Al=E ol 2o M= &
ol izt A=7F AP et E3] 71€ F701A B4 34
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& AZx A Ueite 32 3847 £ AR 34, 1 Ax
7] 5ol TAFEE AA =L Tt [5, 6.
4% A x(Additive Manufacturing, AM) 532 55435 +%
S5 H& Aol 28t Teg, 2 sHAIF AR ACIA
TS A Qi [7, 8] ot A3 Alx 54 Sol4 L-PB-
F(laser-powder bed fusion)= &% & AR Al =2 JEret
Az 22dS AT 5= 9lol, of2] A ZofollA &8 74l
ZFE| 30 QUe} [7-91. 13y L-PBF 349 v|HE 4 719 94
72 718, w4 T AT Y & AL 249 AskE 2T
ATt [10-12]. webA L-PBF 34 w7 W 243k & 2
te Fastotal 52 /Adshs A57F T52olth. Hatch
spacingZ #lo|A A7 AR 7+ FH HAEE ZA5t, 8882

% 4 of o
4 2, 0
N

d
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—475’]9}7} Al
ZEJO [16-19], SA508 Gr.3 7 Zﬂoﬂ’*‘] hatch spacmgol B4
of njAs IFE AAH Lz FHTL A= BAA FE5T A
olt.

2 Aol A= SA508 Gr.3 Aol A hatch spacing= £E 5}
HEAQ 237 AHES AxsH, 11 Haprt 29 34, Az
A, 71AH B0l mAl= FE= AT °19 e L-PBF &
o] FAskE B A Haet s A 7 dE EQSHAH

2. Experimental Section

2 AtollA= ot2L 7kA EF(gas atomization) 37 &l
SA508 Gr.3 7 E&2 A3t ol &% A (sievingS &
3] L-PBFa- 40l At 2L(J=EE 117~53 um, FH2L7]:
41.26 ym9| F+PEY) feedstock= A O F FLEGl0] AFES]
Atk L-PBF 3782 &%t A3 A|xE 9Iste] DPERT M200
AHE ARSI WA 2 3 24 ARES A% SRt 33
270X Al A9 9 2o B 52 A A2 5L
I AdES v o E thEHQ! hatch spacing (h) 245
0.04mm&} 0.06mm= ZHzF A1745199tt. 18] laser powder (P)
2 300 W, scanning speed (vi= 600 mm/s& AAsto] HZ A
25 AT T3t Fig. 1. (a, 0ol AAIE AAE, 90° o) &
W e ARESE L™ 105 mm (Z°]) x 10 mm (§°D) x 10
mm (°]) 2712 Al HEE A LE 342 o= 7kA

ol

(a) Building direction(BD)
Scanning strategy

N+2 layer £ ‘I‘ /

i wer L LI

-

N layer /A

(©)
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Z AR Lo g ol A st o] mf 4ka FE=E 0.01%
ojstz FAISIATE. olAlFE drgS "5t 5171 $13l hatch
spacing®] 0.04 mm?! Al H4Z, 0.06 mm<! A H-& H6C &
grgstaat gt & AlRE AlHE9 layer thickness (d)= 338t
drdes A=A, 1 23 H47F oF 0.11 mm, H6°l oF
0.07 mmZ S = A (Fig. 2).

Hatch spacing°] & 4o v]X|= &= A2 o2 F7l6h]
IS E = P/ (v x h x d) 2019 2] AHgsto] A4 o]
U= (volumetric energy density, VED)E AlAtotgom, 11 At
H49lA4] 113.63 J/mm’, H60IA1 119.04 J/mm’ #E°] Aozt
AzxE F AREY gt 24L Avta F W= £371(S-OES,
spark arc optical emission spectrometer, Spectro, SPECTRO-
MAXx)9} frIe 29t E2t=nt A 247](ICP-MS, Inductively
coupled plasma mass spectrometry, Thermo Fisher Scientific,
Agilent 7800)52 Ar8-sto] BA451911, 1 ZIHE Table 19 A
AR, F AHES] 2452 719 SA508 Gr.3 73] 3ot 24
of Eot= A0& ERIFFom21], F AlEE 7+ shet 249
Aol m|askgtt.

oA 22 #ES flote] g HEES V" (mounting) St
aL #40001141 #1200 7HA19] A& 7ol = AvAE ARE-SHo
Qe F, 1 ym TololRE AAHA 2 Bzl A2zt AAH
AE AAgle] AL Avke 2 suslott 4% 4L o
AL Agstol ZAEIRLOD, TR FHANAS AT B&S
Image]2 AL EG o] 5 Arg-oto] HFH 02 Akbsllet. E A
Bo] 27] MA2A, AE VA2, L T S 3 Ak

AR 31 -l BA(EBSD, electron backscatter diffraction, Ox-

(b)

BD
S : 11 mm
e Alldim inmm
L2 001 / I
T i & J
| 7 g N 4
p - / SD
SD

: 11 mm

Fig. 1. (a) Schematic diagrams of the laser powder bed fusion (LPBF) process and (b) tensile specimen extraction, and (c) the additively

manufactured SA508 Gr.3 steel sample used in this study.
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(a) Hatch spacing(0.04mm) g8
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Fig. 2. Layer thickness measurements of the H4 and H6 specimens using an optical microscope.

Table 1. The chemical compositions of the As-built H4 and H6 specimens, along with the standardized chemical composition of SA508

Gr.3 [21].

Wt.% Fe Mn Mo Ni Cr Si C
H4 Bal. 1.45 0.49 0.52 0.28 0.02 0.21
Ho6 Bal. 1.47 0.46 0.53 0.26 0.02 0.21
SA508 Gr.3 Bal. 1.2~1.5 0.45~0.6 0.4~1.0 <0.25 <04 <0.25

ford, MIRA 13} 7] ¥E FAF A AVF(FE-SEM, field
emission scanning electron microscope)< AH&-oto] I, 4
SFAH

71AH 54 B7HE 98] AR stol=z vhs Ald AA(In-
stron, 85015 AR&sto] I AlS Sk AU AlEES
Fig. 1. (b)ell AIAE AAE, etelo] ¥ 7(EDM)E AHE-51%
SD &S wEt AlojA] 4ol 12 mm, & 3 mm, F7] 1 mm9] 7f
Ao FH[SIAT I AIFS A2olA LR 33] vHE
Folon, o] | MPE £ (strain rate)= 1 X 107/s2 A3}

ATt

3. Results and Discussion

Fig. 32 5 7}A] th2 hatch spacing 2AE°14 A2H SA508
Gr.3 459 2% FH ¥ 2352 HolEH. 22 hatch spac-
ing (0.04 mm) 2704 A xE H4 AlHoA= 217 200 pmE
Z25h= 715l #EEALH, o] 7§ WiHole vés 2ol
G o] AL, FRA R 7|F FHA A= HEo] PP A
ot ol 3ig &4 WolA Az 880 23] o1FIAA
Fee UEdle 23=olth (Fig. 3.(»a, b)). ¥F9, 2 hatch
spacing (0.06 mm) 2710l 4] A 2% He AlHOl| A= H4 Al oA
TEE ¥ 752 THEEA e, 22 718 2ol Al

Q ¥

5

52

=2 H2g 23}, He AlHY] 7]8-E(0.29£0.07%)> H4 A|HO]
5E(0.631£0.28%)E ot FA 5| IA ERI= . 7] A=
FO = hatch spacinge S7H41711L A4 oA Y=(VED)S
AFgogHn 71F AL aFor £9 § J2S AT &

EZ(unfused powder) ¥ HIA] #E(micro crack)] +
B4 IAE FIst7] 918h -8-8-E(molten pool) -2t 5
S| FEsI (Fig. 4). Fig. 4.(a, b)oll H4 Al A= 1]
243 #go] F2 F 8-8F ZA(molten pool boundary)
e |3t ¥, He AlH A= o] 23t v|-&6 &

< Bt 172.99%13.49 um, H6 A[H2 °F 276.32+10.73 um=
UERT. wEkA] H4 Al A= 212 hatch spacing© = <13f &
$E Zo] FolA T 271 AH 2] FHol F6] oLl AA USkS

2 7 &8F A Atolol 2o EAD 74
o] fobxitH14, 22]. =, L-PBF 339 3% 82 Wi € 9
& 2= o §& Yzro s Qs olg 999 B YAt

T .
ST B9 5 8 FFLS FL > Uk (18], v 8§ 2L
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Fig. 3. Optical observations of defects formed in samples prepared under different hatch spacing conditions (a-d).
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Fig. 4. Scanning electron microscopy results of defects formed in samples prepared under different hatch spacing conditions (a, b, d, e), and
their microstructures (c, f).
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oju] §-5H T 714 Afol9] EHF Al Aole A ¥4 &
ge 7A7IH, 88 B8 FH 88 55 Aol Abejet, 4t
T 71A B Ve gl % AEE ARAA o HAY9] 7]

oz gty BE vt QJrHie].

H6 ATl A= hatch spacing®] 57tz Q13 8-8& o] Hol
A3 §8E AHYA M HA 88 B FdE Aoz 4
B 4 Utk o]2{3t AJoli= He AlHolA HE 7139 3 =
ol © 7]t 2o = wohEr) T8l He AlHA 8-8F |t
ol gof 3= v8-8 v foll 3] vA FEe F4HAS
(Fig. 4.(d, e)). °li= H6 A|H] AA oA Yx=(VED)7} H4 Al
HET E2oe Eotal 4 20A= AdhE 26| AAsH
719l S-25HA] 2U=S HERHT:. =, hatch spacing¥t A4 of4]
A Y=(VED)ET otyzh AlE F42 FdA17171 ff8l o 4
5 37 W A Al Alojsfiof & Ao Atr

Fig. 4. (c, ol UeRd Biel o], L-PBF 374 5 SA508 Gr.3
ZolMe B & 7191 10°~10° K/s& =9 H4 97 33
o 23], A& Ax 3HNA LoJAl= bainite F2]0] of

F9 S04 dofx]= AP AR martensite 2] F4Jo] 1
"} o233 Y242 7R 888 et sk 1Y ¥
o & Faete, 86E AA & €99 249 271 &
£ 3t Bdste] 88 e O HeE 94 5 B8

Impact of hatch spacing

st o] 2 QIS Z2AY A717F B AA yYehdth HIE &8F AR
7t 54 AS5 oA F A 39 850F Qo A FA
& g (tempering) AI-E FHSHAT, o] 482 martensite
AR 2715 A HRAF1A] s Ao ' fFH

EBSD 4 &4l & 7HA oE AlF oA Y= (VED)EZ
AHESE AlHO A Y A7) Aol F T AAIs] A5k (Fig.
5.(a, d). B2 AF oA Y=(VED)E 7Hl H4 AlHoA = &
BE AR} o 1He] AR Y A7) Zol7t A4 gto, w2 Al
2 oA D=(VED)E 7 H6 AlHA| A& o]t xfo]7} dA]
SHA UERHT. ol @2 Al o] d%=(VED)7t 86 A+
of shEo] AAY 7] AolE £ol= Hl 719 5= U2 Qmlgt
ot = AJEE BF AR QAH U] E(retained austenite) TS
o] ulj-g- ¥etom, 71 Afoli= F A|HE AtoloflA ] 2ttt (Fig.
5.(b, e)). Fig. 5.(c, Dol Yehd v} o], T A HE BF w2
KAM (Kernel average misorientation) #5-2 WetH=H], o=
L-PBF 37 & #% 5112 U3l Y43t martensite AR E <t
HE A9 Aol & EA5h7] wiZolth [24, 25]. YNHH o R
austenitic’} martensite= e} ot= A HA Ho]
martensite £H9] ETolA M9 JHZ flot= A0E Hily]
a9l [25].

Fig. 6.(a, 0)°I4] low-angle grain boundaries (2] 2% (15°)

Fig. 5. Electron backscatter diffraction analysis results of samples prepared under different hatch spacing conditions: (a, d) inverse pole figure

maps, (b, e) phase maps, and (¢, f) kernel average misorientation maps.

54

J Powder Mater 2025;32(1):50-58



Yuanjiu Huang et al,,

: 35N ot RS _}f‘{zr\‘;;',‘."\
Boundaries: Rotation Angle |

Min  Max_ Fraction
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m—— 157 1807 0549

SRV AT SN R

'
RS ~ M
e
otation Angle
= Min  Max  Fraction
% i — 7 152 0.537

3
{,,Y,,mwm;&é};{ m— 157 1807 0.463

N
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(d)

Number Fraction[%)]
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Average:
0.69% 0.44pm

Grain Size[pm]

Average:
0.82% 0.61pm

0 1 2 3 4 5 6 7

Grain Size[pm]|

Fig. 6. Electron backscatter diffraction analysis results of samples prepared under different hatch spacing conditions: (a, c) grain boundaries,

and (b, d) grain size distributions.

7} = martensite &% A= Y= BHE, high-angle grain
boundaries (8] Z% >15°+= prior austenitic 23H BAZ
FRIE A [26]. F AJHE9] low-angle grain boundaries ¥
high-angle grain boundaries Bl-&-Z H|w gt A2}, H4 AJHOA|
high-angle grain boundaries®] H|-&©°] ¥ =2 Z o0& Yelgtt.
ol H49] W2 AlH oA WE=(VED)9F o #RE d2F Lo
71R1ste ZolH, FiA o & WhE Yzt £%== prior austenitic 2
Y 3715 €01 ©] 22 martensite 274 €2 F4J51L, marten-
site 2899 J4S AAE K= & A (Fig. 6.0, d)). ol
utebA Ha Al He] Bt 278 H 271= He Al B 241 2
Z|Ho A2 Zlow did 4 o

Fig. 72 7 24152 9% Ald 23= dojd 34 53-H3
%E(engineering stress-strain curves)= ¥t H4 AlH
1 7= (yield strength)i= ©F 827.29 + 25.55 MPE 0jA,
6 A1H9] = 7F=(789.36 + 24.84 MPa)E T} O &4 el
ot & 259 o A% = Etensile strengths) FASH
UESow, H4 A H2 1097.46 + 19.65 MPa, H6 A|H
1077.91 + 16.27 MPaZ 759t 124 41&°| M= He

nd

ol
ook

T 1o mu
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AlHo] H4 A|HETH dA|5] =2 AaHE Bolon, 247}
0.28% (H6)2} 5.65 + 0.53% (H4)Z 21| Jct.
H4 AlH9] QI FAoA= Hdf S =g3t & HEst 39
s AAFS Holl vhi, He A|H Q] LA AL o]zt
EFLER] QEkTh(Fig. 7). EBSD £42& 53] QA Al
H SHES IS A7KFig. 8), H4 AW WY
22 9] At fAHA 2789 27171 o Al 2127
o= ZRIFQrt. ol2gt 2
HY Al o #4359
oM 249 2717t

10.41 £

<
Hso e
s

3]
=
B

_,4
M
o,

EXE 7hs5HA gt
AtE e

olo] ZAY =7] Alo|7} v @AM HEtdth 9], &8& S
o] g 2AE FFolA FE9 271 A4(initiation)°] TEE
o, ol & 2 o] 45 & F=rt ot 8 ol fA ¢
A7) WEe g AlgEch ESE martensite 39 A S2n}
ZYA EFOR Q9 & ZAFHLSFE FHHol HF 7HeEY,
I A3 Adid o=z g 2HYE FHoA Fdo] gA BE=
ZFQ YQlog 85 4= it

Fig. 9] mjgtd 32 A3, 7 Alds 27 4 2] 2E(duc-
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w 10000 2 f
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£ = 400 H4
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= 20
‘Bp H4 | = .
& 200
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Fig. 7. Room-temperature tensile curves of samples prepared under different hatch spacing conditions.

Hatch spacing(0.06mm) | Hatch spacing(0.04mm)

LIRS ’i.‘r-rr“.\t i

uonIAIIp SUIpRO]

Fig. 8. Electron backscatter diffraction analysis results of cross-sectional side surfaces of tensile-tested samples: (a, d) inverse pole figure maps,

(b, e) image quality maps, and (c, f) kernel average misorientation maps.

tile fracture mode)E E It} THH H4 AJH mpdol|A T= =
AFECF )9 &2 He nhdoAl9] A3t EeHrt o =
Al FRl= o, £5] 27 200 umE ZHots diE 2TE
(pores) HollA thFS] wl-&-§ EdEo] W=t o3k H4 Al

56

o] 2 AFS(pores)d] A7 A WY ABo)A H) g
L %9 99lo] Hi g0z wt

ol% #9044 X gL w2A FEsted, ol 2ls) AR &
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Hatch spacing(0.06mm) | Hatch spacing(0.04mm)
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Fig. 9. Field emission scanning electron microscopy observation results of fracture surfaces of tensile specimens (a-d).

A8S A AsAIE 4 QU TS He AJH9] 2 A% 282
HEPEC| O AASE S A49 713 VIEYAE 2ot +
g = FRt A2 E ATt diles vs daildle F7H
]l g<lo] & = gtk 27, 28]. 7159 EA= AA= Az ks
< Ade a8 9Hds g7, old SHoA He AlEo 1]
AlRZ0] 22 & s 22 + e SHEL 1E 24H
22 9 =2 high angle grain boundary & 5)°] It} ot
e SR dAeS AT o QU eshaL, 24 A9 =g
7 AAA I s @S] SEsHA] Esh=t 7]oshe A
o .

4., Conclusion

£ Aol A= laser powder bed fusion T4 ¥4 F hatch
spacingS 0.04mm (H4)2} 0.06mm (H6)Z A[o]5}o] SA508
Gr.3 FE& A5 AxsHth. oI5 530 hatch spacing®] *to]7}
2, nAlzA 5 7AE 540 vl = A BASIAL
o, 71 A3 o2 22 dE2 92 5 St
1. Hatch spacing®] S7F3t 7% layer thickness”} 745kl A4
oflujx] D=(VED)7} 57Fsto] melt pool A Atolof u]8-§
BT 2] FA4o] A=A 11 A, A5 A= SA508
H4 Aol ]3] He Al oM o W2 &9 29 E4& YEt

J Powder Mater 2025;32(1):50-58

Hiict.

2. Laser powder bed fusion 339] Y7 &&= <F 10° ~ 10°K/s
2 & wl=7] 2o, SA508 AF A= A] thEE martensite
XA 07 A=t HAAHL HeAHES A Y 3717} o
2Rl 0 Z327F FAsH gRIE e, B &2 high-angle
grain boundaries®] Z&2 YEHITE °|%t A F+ 2AlE
ol A w]ATF9] retained austenite’} FAAFHPCH 1 HE
< GRS

3. H4 &749] 5 7= (yield strength)= <F 827.29 MPa=, H6
2A9] & 7F=(789.36 MPa)Eth & &2 S YERC
u, QI Bro) e AETRS] Apol7t Akt (H4:
1097.46 MPa, H6: 1077.91 MPa). ©l°f §lal] 14182 H4 Al
HolA] 5.65%=, H6 AH2] 10.41%01 H]5| dA5] @A &l
=tk ol H4A|Hol HIE &l #Ag 24 H Y v|A 221
HAskal= Qlou He AlHET ¥ 201 B2 7|35 3ot
1 o S ST vA 7 Aol FA FEE Q] YL
= AiE I

Funding

o] A7= 4t B AR Aoz =Akdrle S
A A(RS-2024-00406598, At HA1 Q1A 44 A1 AR} st
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