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Abstract HI13 tool steels are widely used as metallic mold materials due to their high hardness and thermal stability. Recently,
many studies are undertaken to satisfy the demands for manufacturing the complex shape of the mold using a 3D printing
technique. It is reported that the mechanical properties of 3D printed materials are lower than those of commercial forged alloys
owing to micropores. In this study, we investigate the effect of microstructures and defects on mechanical properties in the 3D
printed H13 tool steels. H13 tool steel is fabricated using a selective laser melting(SLM) process with a scan speed of 200 mm/
s and a layer thickness of 25 um. Microstructures are observed and porosities are measured by optical and scanning electron
microscopy in the X-, Y-, and Z-directions with various the build heights. Tiny keyhole type pores are observed with a porosity
of 0.4 %, which shows the lowest porosity in the center region. The measured Vickers hardness is around 550 HV and the
yield and tensile strength are 1400 and 1700 MPa, respectively. The tensile properties are predicted using two empirical
equations through the measured values of the Vickers hardness. The prediction of tensile strength has high accuracy with the
experimental data of the 3D printed H13 tool steel. The effects of porosities and unmelted powders on mechanical properties
are also elucidated by the metallic fractography analysis to understand tensile and fracture behavior.

Key words additive manufacturing, 3D printing, selective laser melting, H13 tool steel.
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Fig. 1. Optical micrographs of (a) X-D, (b) Y-D, and (c) Z-D plane in the top, center, and bottom of the 3D printed H13 steel specimen

with respect to build height.

1.0

m XD
® YD
A 2D
0.8 F
é os AN T (Build directicey
A ,L
8 -
[
a 0.4 |
n
[ ] @
0.2 ]
A [ ] e
o
A
o'o L L il
.8 0 8
(Bottom) (Center) (Top)

Distance from center (mm)

Fig. 2. The porosity against distance from center of the 3D printed
H13 steel specimen.
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Fig. 3. Scanning electron micrographs of (a) X-D, (b) Y-D, and (c) Z-D plane in the top, center and bottom location of 3D printed HI13

steel with respect to build height.

Fig. 4. SEM-EDS images in the X-D plane with quantitative analysis
of three different points of the 3D printed H13 steel specimen.
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Fig. 5. EBSD figures in the X-D plane of (a) phase map, (b) boundary map, and (¢) GOS(grain orientation spread) map of the 3D printed

H13 steel specimen.
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Fig. 6. The Vickers hardness against distance from center of the 3D
printed H13 steel specimen.

[‘

Table 1. Measured Vickers hardness data with distance from center
and predicted yield strength and ultimate tensile strength obtained
from Cahoon et al. and Lu et al. equations.

Distance Cahoon et al.”) Lu et al.'"
Hardness
from center (HV) YS UTS YS UTS
(mm) (MPa) (MPa) (MPa) (MPa)
-8 533 1290 1684 1478 1672
-4 539 1304 1703 1496 1693
0 550 1332 1739 1531 1735
540 1307 1707 1499 1698
8 535 1295 1691 1485 1680

o] W] Hi= Vickers A% ©]3 n& 71374 3FR]4=(strain
hardening exponent)o]t}. 3 H Lu" 5& 715743

2 245 QaE 4gHoE Ued 4= e §
A 4B 2 Qg FEE A3 5 U9k A o)

o] A A sk

0,=3.013H,~ 127.012, o,=3.586H,~237.900 )
EA 7re] AEA n)
Fom 584 gu|=
A A)E Cahoon'?}
e B3 A EAS o
283 2 AFE Table 13} Fig. 79 Yelich 49
HAo A AFIINE A AZE HI3 774 A9 <
T AFS AAEIF o 571 1,432 MPa, A
1,715 MPa, A& 1.5%, 7FEA3AFE 01322

AEQT oS d8 Ars AA Agdez S4% 9
& 7%l "3l Cahoon equations €83+ 79 1,306

=
h

=



668 b9l - M - oA - HET - HUT - AAT - W - HEA
2200 ole o] WAE Al A AESh HEe] R
e A es 448 5 sl W, FRYE Fs

=oer § ciestomn w4 9 a4gTge] 23 715 d@ olalrt &
culate ] N _

< 1800 | Hol RAYE F o] ol & 5 Stk oY
S [ O RO g ARz o) 1 WAV WY SAEY A
2 100} . = AgHos $48 sisAol lont Ao 84 A8
£ oo f T D S b [ O SIETE @RS MY, mEA 44 WY 9 5
s . wm A5 AR olala) Aalie Awet A% 547
1200 F o] Tt Al oSN oflet Al ] At
o W L T I Fo| slejshs el 3l o

ool —L—& : - - S A 40 Besih
{Bottom) (Center) (Top) 'E‘/H{S}7] %”]'5]'031 Flg 8:‘1]' 7}*—_]_-01 ?l

Distance from center (mm)

Fig. 7. Comparisons of YS(yield strength) and UTS(ultimate tensile
strength) values obtained from Cahoon et al., Lu et al. equations, and
experimented data in this study.
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Fig. 8. The SEM fractographs in the Y-D plane with enlarged view of selected areas from (a) the entire region: (b) alignment of keyhole

type pores, (c¢) unmelted powders, and (d) pore coalescence.
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