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Abstract: In recent years, laser powder bed fusion (LPBF) technology, as an advanced additive manufacturing method,
has attracted significant attention as a research focus. Due to its design freedom advantage, LPBF allows for the precise crea-
tion of cooling channels tailored to the mold’s contours. As a result, the cooling efficiency and service life of mold will be im-
proved. Therefore, LPBF has been widely used in the manufacturing of hot work molds. H13 steel has become one of the

most commonly used tool steels for hot work molds, owing to its remarkable attributes such as superior strength and hard-
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ness, along with exceptional resistance to tempering. The

fEE B HE: 2024-11-06 application of LPBF technology in H13 tool steel remains a

BESTIH.: ELESHEITRIEBE (2022YFB3404203) ; PEPi4y  significant area of investigation, where substantial advance-
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ments have been made. Based on this, the formability of
H13 steel fabricated via LPBF has been described. The in-
fluence of process parameters on forming defects and the
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methods for controlling cracks have been analyzed. Then,
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the evolution of the microstructure during printing and heat
treatment is discussed in detail, and the influence of the
microstructure on plasticity, hardness and strength is re-

viewed as a result. In addition, the service performance of
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LPBF-H13 steel in hot work molds is investigated, with the result that the as-built LPBF-H13 steel has excellent resistance
to tempering softening and thermal fatigue. The application of LPBF-H13 steel hot work dies including conformal cooling
channels has been concluded, its notable advantages in raising cooling efficiency have been noted.
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Table 1 Chemical composition of H13 steel (w/%) 2"

C Si Mn

Cr Mo v Fe

0.32~0.45 0.8~1.2 0.2~0.5

4.75~5.50

1.10~1.75 0.8~1.2 Bal.
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Fig. 1 Relative density of LPBF-H13 samples with different vol-

umetric energy densities (VED) (23]
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Table 2 Process parameters to obtain LPBF-H13 with higher relative density

Equipment models Laser ~ Scanning speed/ Hatch  Layer VED/ Relative Rt
power/ W (mm-s™) distance/ um thickness/ m (J mm™) density/ %

ML6-1 250 350 120 50 119 99. 83 [29]
OmniSint-160 172 700 80 30 102. 4 98.30 [36]
ORLAS CREATOR 152 100 40 50 760 ~99 [42]
SLM Solutions 125HL 160. 4 534.7 100 30 99.99 99. 94 [43]
SLM Solutions 125HL 300 1000 100 30 100 99.94 [43]
EOS M280 280 980 120 40 59.51 98. 60 [43]
KU Lueven 170 400 105 30 134.92 >99 [44]
EOS M280 200 1000 90 20 11,11 99. 13 [45]
SLM Solutions 125HL 175 720 120 30 67.52 99. 94 [46]
EOS M290 280 700 120 40 83 99.20 [47]
Realizer 1T 100 300 100 30 111 99.50 (48]
SLM Solutions 250HL 175 607 120 30 80 99. 88 [49]
SLM Solutions 280HL 375 790 120 50 79.1 99.90 [50]
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RT 100 °C

200°C

400 °C 600 °C

B2 RFEWEGEE R LPBF-H13 8419625 18 A (3R 14 BD) 2V

Fig. 2 Optical images ( BD vertical) of LPBF-H13 steel processed at different preheating temperaturesr
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Fig. 3 Microstructure of as-built LPBF-H137%, building direction (a) and the enlarged image (c) , vertical building direction (b)

and the enlarged image (d)
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V, K series

Mo, K series

P4 LPBF-H13 FMLRAISUARRI AL . () FFFFIEH STEM T, (b~d)Cr, V, Mo JLH EDS HHIHH; (e) BRIy
FATEES 43 B TEM HR e FIRH O 9 1 B it A 4 A A
Fig.4 Cellular structure and corresponding EDS mappings of LPBF-H13 steel *®’; (a) STEM-HAADF image, (b~d) Cr, V and Mo

EDS mappings; (e) HRTEM image of carbides and corresponding FFT pattern

500 nm

5 LPBF-H13 SNHEORALFALAIEL . (a, b) LPBF-H13 ML £ SEM JB 5 (c) B 5b HFRig X381 EBSD #H 437 Fi4H

REIGE EDS WiHi; (d) LPBF-H13 4% TEM W13 & HAADF I8 J4-[%)
Fig. 5 Microstructure and phase composition of LPBF-H13 steel: (a, b) SEM images with low and high magnification, (¢) EBSD phase

map and the corresponding EDS mappings of the area marked in Fig. 5b, (d) bright-field (upper) and high angle annular dark field
(HAADF) TEM micrographs[Sg]
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Fig. 6 Schematic diagram of microstructure evolution of the LPBF-H13 steel during solidification
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Fig. 7 Solidification sequence of the LPBF-H13 steel calculated

with Scheil-Gulliver simulation!?/
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Fig. 8 XRD patterns for the LPBF-H13 steel in as-printed and after di-

rect tempering ( DT) with different conditions 2!
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THOMZL L™ A 2 152 . 8] 9a~9e HUTFLAS LPBF-H13
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e, b, T RSAILAY I, QT 1 SRQT HY S [%
R DT SR 0 2 [RIR AL LR R, B3 HI3 4

TTEE IR NI B R R, TR S5 Ze iy [l ok A
TN D PRAR I A S [ KBS IR, PR Bk AL Y
Brifh | A8 152 DL KA A 25 A O RLAL

SRQT

K19 LPBF-HI3 AR T2 b BUS Ao oMl 2 L% . (a~e)550~650 °C B4k, (f~j) A +550~650 C Ik, (k~o) R JyiB

KAV K +550~650 °C [1] Kk

Fig. 9  Microstructure of LPBF-H13 steel under treatment of various temperatures[ﬁg] . (a~e) direct tempering (DT) at 550~650 C, (f~j)

quenching and tempering (QT) at 550~650 °C, (k~o) stress relief, austenitization, quenching and tempering (SRQT) at 550~ 650 °C
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KA SRR AN, WEEE] 3 R ak AL AT AR, ML, .
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Mo [ MC BERALY

4 FEMARIKBES & H13 IWEy 1F kR

4.1 AREBHhZFMHeE

T B AR R 36 2 PEA LPBF-H13 49 11 4 RERY &
Ty, ANIE AT BRI EAL B T 20%F LPBF-H13 4K J7 %%
PERERY MR K 28 3 NVIRBZE AR B A HI3
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10 LPBF-HI3 ${7E 600 C A J5 10 TEM B0, (a) TEM BI51%, (b) M, C, BRALIFIARRIHY SAED 26, (o) My Cq BAL
HIRIAANEY SAED ERE, (d) VgC, TALBIRIAMIN () SAED fE4E

Fig. 10 TEM analysis of LPBF-H13 steel after tempering at 600 °C 21, (a) bright-field micrograph of lath-type martensite with disloca-

tions and carbides, (b) M;C; carbide and corresponding SAED pattern, (c¢) M,;Cq carbide and corresponding SAED pattern,

and (d) V¢C; carbide and corresponding SAED pattern

B2 F R, FTUAEH, AFEWFE P UURES H13 80
EVERE I A A — 25 5, L Ao R 7E 800 ~
1400 MPa Jo [l Y, HLH758 B W AE 1300 ~ 1800 MPa Z[i],
(R 2R, AT R BLUTALAS H13 99 Y i 24 4 i 32
(2% ~6% ) 3 I T BUEBE UE 19 HI3 9 (10%) 27
I Xue' ™ $R &, LPBF J§JE H13 89050 B 5 2 ik 11 5
PSR H13 SRAHY AT 24 4E A 8 (6% ) BLAIR T HR it H13
B(11.8%) ™,

LPBF-H13 X1 124 M e i EAKH 4T ED T 254K,
AR TESB SRS HI3 NP BRI SE . 4R
MY, FTENBREE SR A BTN TR], X8k 25 5ol ik — 2 5
WA 49 12 BE ™ . LPBF M T A3 8 E B VED,
B VED 09784k, M LPBF-H13 84 (455 3 Fi A FF 2>
KR, Huang 25V BHF9E LB, 4 VED M 47.6 50
#1100 J/mm® i, LPBF-H13 S 4k FGREEE M 585 1 i £
615, JRARMREE M (1223+30) BN F] (1540+25) MPa, i
P BE N (1620£25) BN %] (1920£30) MPa, #HILZ T,
BT 2 SE AR U M 4. 7% F IR 3. 1%,

VED 5 LPBF-H13 %58 & A8 B 52 IEAH G R 1Y
PR EEA LM . B VED B384 S 83T E K
T A ] RN B, DT S g oKk G T Hh A e B
LR AT H PRI AE RN 4512 SRS, e 2EAT 5
PERCRT HOR, BRSO A S R RE VED A 3 A i 4
K, Hit, 7RSSR VED T, filar /e sse

YT T2 B506 LPBF-H13 40 F7 25 M BE Y SR
RN BRI AL T2 280, PR R AR 55 5 v ok o3
LPBF-H13 W 724 pE R8> % L G sk fn Ak 42148 5w ]
4 S IR i BE RN BB 5 BE 43 ] v 28 (1342+£67) MPa Fil
(1704+30) MPa, 58 #UBE HI3 PAHY, [HIEfHR{N
(1.55+0.05) %", Huang 2" | I DR (1000 W)
fil# T LPBF-H13 4, S{RIIFBOE (500 W) il %19 H13
BRI, BRAIRAT T U0 S A RS B ((1540+25) MPa) |
YU IE ((1920+30) MPa) FlBZLAEMHZR ((3.1£0.6) %) ,
[l st T B 5 B3 2 o0 1% GE IR T R 0t LPBF I 1) 8 ~
40 %5, WTLEH, ERBOLTIE T RIE M LPBF-HI3 4
(18 Je R it ) Sk ik K 2 R S AR 1% iUE LPBF-H13
BEf . BOE H T EE EO DR VED R, kgl
KA AR AR B N, T4 s i SR, X
SEYTRLAS LPBF-H13 A9 1Y 4E {5 318 ZEAIK 1 4 1 iE 1
H13 #77 ,

TEDURAS LPBF-H13 WHL A 8 LA TE B, A8 T
TP AEARE R B B AR AR, 2 B L0 ML) S o A 2
Wigd, Wom PR A MEWRAE . 5 LPBF-H13 9
Wi — AN LR 2, 78 LPBF JSJE 3o A2 b 7 A 10 L B 46 doe
W 2 R 2EE0 0 A A, IETTZE R B vy 2480
PIRSEMErER R B, WD RA SRR
[C AR 2 [ i) FE T e b th 2 80 A W R 22—, as)
T TR AT L MR A i A s 5 AR s L 7 7
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Table 3 Mechanical properties of the LPBF-H13 steel
Condition Hardness Yield Ultimate Elongation to Ref
(HV) strength/MPa strength/MPa failure/ % o
H13-AB 565+7. 4( HVO. 1) 818+12 1430=12 2.42+0.21 [22]
H13-AB — 1236+178 1712+103 4.1x1.2 [49]
H13-AB 573+4 1342+67 1704+30 1.55+0.05 [37]
H13-AB — 1223+30 1620+25 4.7+0.7 [41]
H13-AB 538+4.0 — 1882 11.5 [70]
H13-QT (1040 “C/30 min+ .
560 °C/2 h) 548+5.8 1697 7.9 [70]
H13-QTT (1040 C/30 min+ .

560 °C/2 h x2) 533+6.7 1807 14.05 [70]
H13-DT(600 C/2 h) 629+10. 1(HVO0. 1) 1483+48 1938+62 5.8+0.61 [22]
H13-DT(650 C/2 h) 470(HVO0.2) 1315 1491 14.6 [24]
H13-DT(700 C/2 h) 371+£10.6(HVO. 1) 877+18 1076+21 10.95+1. 68 [22]

Notes: AB: as-built; QT: quenching and tempering; QTT: quenching and two tempering; DT direct tempering

UEAh, LPBF-H13 8RR HA —E 1) 124 RE 45 i S
Wang 2542586 T YIS LPBF-HI13 4N7EA R 7 1] - 12
PERERY 22 5 SEATFTED Jy 1) (1) Jii A 5% & 35 5] 1564 MPa,
T3 ELFTER 7 1] 114 Jef Al 32 D o4 %5 1288 MPa, JR45iX —
Jeb B 5 B 5 6B 1 HI3 B9 AH XY, (L JHC W 24 4 il R (5% ~
6% )45 A B . Holzweissig 2™ W3 1 T LPBF-H13 4%
VAT FATER 7 ) b B HTRLE B 298 1600 MPa, Wi %4 4E
RN 2% ; HAE I B T4 BN J7 1) b i Bo i s B 249 0
1200 MPa, WiZLIE(H 320y 1.4% . Yan 2615 b [a] R &
TR B S, I B & BRI X T 2 8k fr ek,
ORI P AN ) S R R AT X — BRI TR
LPBF AE st fE v, kLAY 0 4E A 4 3 8045 1) R4 T A,
SEATFT BN 1) A e SO RO 20 5 SN T ik v T
MBI, B2 LPBF-H13 4N J12 R .

Tan % 38 05 P ASIE J S AU ROMZH L, HEon
T LPBF-H13 S0 i1 F1 ) 2 P B 45 1) S PR SR R, 3=
BURIAVEARIE R e 1) DR B A SR TG AR R T Y
VRIS Dy = 2R B TR, X Rh 2 SRR i PEALAIR,
SV, WAk, BT LPBF B i ok 0 2E A K Y 1
JOT, K SRR AL AR R 43 S5 AT B 1) (B 1) ) P47
2035 o e LTk Sl S B PCAAS, BB gk, &
FEARITTFRAS LPBF-H13 4981

B X 5 4% 1) S (4 1) B, Tan 2500 R TiN 448K
R AE UE LPBF-H13 X A i A2 v 5Ly B8 EG A St s 1)
B FTCAZ, Tl R IR 5 A8 S A0/ S il i, T
bR T HERE A Il S, A A A e R ) 38 B
AT 45 [ ) - 2458

4.2 PAMEENZFIERE

Y FYLRAS LPBF-H13 84 77 24k A7 76 45 ) S ¢ DU
FPPERE 2L R, e S A B st ) 2= e RE Y
FERE, P UBE T BRI N TR AN T, i
REVEREROUAN 2L, MIMTHRTH Jy 2Rk, WF5ERAH, LPBF-
H13 40 7E 500 ~ 600 °C [1] & i} 0] DL s2 B g 35 /Y — Yk i
57 Bae % K IR T LPBF HAR Hil A H13
o T AN O 2R ML C, BRAEEI AT AR, DURRAS
W IGHE S T SAF] 47. 5, 78 500 C Ak 2, 3 #15 h J5ikkE
OV TR S 43 W1l 46, 46.4 Fl 42,4, T {E 550 C [l k
2 F1 3 h SIS REEEE N 47 F141. 2% ) d TGS R
By —yRAfAk, LPBF-H13 407E 550 °C [H] 2k 2 h T i ik 5 5
DURRASHEE 17K L TiAE 500 °C 181k 5 h il 550 °C [A]
K3 h A A R ok, kR PR R 7R R K SRR,
SRS/ INGREU M, C, A SR MAL, JE A HBIAR
ST ML, C BRI

Krell 2515 0 fJF 57 7 $i kb B30 8 5 4 5% 0, X 1 T
DT F1 QT FFFAS [ #44b B 7 32 2 [a] (9 X3, AT ] % B0 AH
BT DT, QT =S M, HOomAgU ik, M
MR R 2 e RE, TR DT Ab B85 B9 88 32 8 % & T
QT AbHf, [FIF, DT Ab 35 e 1) U R 1k U6 VL 48
B 600 °C ., Yan 27 XFULAUA LPBF-H13 40 7E 600 FI
700 °C 1] A Lb PR TS BE RE () AFF 5T BOUESE T X — A, FE
600 °C [l K5, A 4o 2 2L HE 58 B 200 250 nm
AR 2% S TR LR A /N TR L e Ak, T 4 B
JER R RIEEE R, JF S TUURES; Mi7E 700 C K5,
b RS 3 K, SO RL R I ML, C BURR Ak 9 50 36
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SEBERE TR, R Tk UK ARRE

LPBF-H13 #5721 B 5 S0 1o v 4 5 AL A AT
HAH B T5 (Orowan) SBALSE B, 8] i 41 b S Akt R 3% T
FEVEA™ . YA LPBF-HI3 4R7E 8] & b 35 7] 1)
LT A AT AR PR TSR AL, FEAIR T MK,
THHH A R RE S AN, AT RE 2 30 H13 NG i
BE I AR TFUURESIRAE . MiFE 500 ~600 °C 1] ki, fifi B
A PLEBIPTR A K E W R, X FE W LPBF-HI13 49
T B IS AR BEAT TR AL LA g A [ oKL
s KA A TR A, 5 ER AR Y i [ ok 4 B A R A
BRI LAL, X 2 [ K S 5O E R
I LPBF-H13 4M7E 600 °C [m] A, FeAR i ASER RS (P
TR AN IS [CAA ) % A8 S o S A RS (BRI IET ok S AR ), IF:
PEBEA ALY AT RN A AR o &, BER AR fh B
0 4 Jed PR BE (((1483+48) MPa) FIHTHIBE B ((1938+
62) MPa), iXFWIFE R KT H 5 A P 5t [ IR
FiEERE AR K TTER , AE 700 °C [0l K, Ak PrRLAL
SHEEREE TR, YRR U (1076221) MPa'™ |

5 BLHRARKE RS & H H13 HAERAERER
B g iRz Eae

AAERBEAE BT, G 0 IR IR %S, AU
332 BN DT RS 42 8 1 e YRR R B B3 2 20 i A
F, TR bl 2 AN AR S TR
WEMATFREARSEZ P, K mR e BRI N
g, b, PPER RO T RS2 G H R ZU AR AR 1L,
DOHH S EOE R B S Rl L, AR SEPR R
Hirh, BEEAHTIE ORGP RE AT Hop% 57 PE R AR 2 0¢
W, EATRMEIVER RN O, HiEE
e B EL A i FH R
5.1 HENEHK

1 B2 AR A Al B OB PERE I S E S B —, H ARk
i X b S WL 11 A A T kA v ) S 2 e Re AR fE . R
I, WFSEN B 2 A B[R] e i ] B R AR A A
SBLEL BRI R K A BE T AR AR

Wang 25" #F 58 7 UL ZS LPBF-H13 894> H17E 500,
525, 550 #1600 C [k 4, 8, 12, 24, 48 F196 h HyAEE
Asfl, AR 11 Bk, 7E 550 °C UL R iR EE ] k), LPBF-
HI13 SNR I R A PLEfbBe Jr, R FREANBIE, I
AR KA IA £ B0 B B i R igifb Bl g, HA R G
{HIREETE 525 CHHIT, X Ah AL IR G — 5 T A2 R M AE
WG AR IR BT iAe AT i AH, MTESE T A0 Y5 ik
MR, B—AHEETES S, Mo Al V AMIRES 1 17
FHEAR T, e m T EE AR, DT (A5 A R A R |

FH A2, LPBF-H13 S07E 600 °C [A] Jk A A B T [ B
W, Ik 4 h JERERE R FEZ 25HVS, [0k 96 h J5 B EE T [
2y 260HV5, SRTMRIMELI, 7E 600 C M1k 96 h J5, HAH
FEATSEL $ i HI3 4K B A% B2 &5 29 S0HVS, 25 b, JURES
LPBF-H13 #7E 550 °C DL PR RUKE, T E & &40
RINMWIRES BB R 485 THbbegE, 4
B KIREIRE] 600 CHY, RERESHI PR . r 4 1 =
8 AFRGE B i AR D ER A ) o A RS LSRR
P+ EROIRBRAE ) 095G AR LA T e Ae iy B kLA, 3 2 T BRI R
S PEOFERRAL, BAEMERAE, AT H13 8,
LPBF-H13 #7E mii N HA Rl Jarfesg

SLMed 500°C
E—
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650 [

600
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450 |-

Hardness (HV)

400 |~
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Fig. 11 Hardness variation of LPBF-H13 steel and forged H13 steel o-

ver time at different tempering lemperalures[sg‘
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JEAR L0 ZR A B B AL W AT HE AR SR DR 19122 2 DT BF 5 i1y
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A

WOTRE S, RERSME, MMASTRIREEN, $OE 05 RE
PR, MR T AR RE S5 51 S, 7E LPBF
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AR XS H13 50 $0 % 55 M 58 A9 52w J7 17, 40 A o
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A5 Ay FC AR S

1ERH LPBF £AR §il v H13 A f v, =4
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FHERE!T YRR R ST RO, RIS R S
NFLIF i B b o A I i 8, B AR AR L P e A 25
AEl7 B, XFT LPBF-HI3 83k i, T 38 iFm
PURE s VR, e T 2250, W FTENBREA AR

12 S [ FRE ) b A B8 2% 40 T, DOARAS LPBF-H13
B, AAEFEZS LPBF-H13 XA 1 H13 8X7E #0571 ik

P12 HI3 S Zeid A B B 57 0 FRJ5 (80 Y () DR LPBF-HI3 4, (b) #AAb3HZS LPBF-HI3 81, (o) i HI3
Fig. 12 Crack propagations of the H13 after different cycles of thermal fatigue testing[gl] : (a) as-built LPBF-H13, (b) heat treated LPBF-H13,

(c) forged H13
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