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Fig. 1 Traditional methods as well as working principle and typical characteristics of LPBF AM of maraging steel.

(a) Schematic of traditional preparation methods; (b) schematic of LPBF process parameters and microstructure of

maraging steel by AM; (c) characteristic temperature change during formation of maraging steel; (d) in-situ heat

treatment effect of AM and schematic of maraging phase transformation; (e) effects of defects, in-situ heat treatment,

and post-treatment on mechanical properties of maraging steel by AM
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Fig. 2 Effects of LPBF and its post-treatment process on microstructure, relative density and surface roughness of maraging

steel. (a) Effect of LPBF laser energy density on relative density, Vickers hardness, and surface roughness of maraging

steelBP19% (b) microstructure of 18Ni300 maraging steel by DED AM; (c¢) enlarged microstructure; (d) industrial

computed tomography (CT) result of maraging steel at as-fabricated state by AM; (e) industrial CT at hot isostatic
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Table 1  Yield stress, ultimate tensile strength and elongation of maraging steel at different states by each AM process
Steel Process State YS /MPa UTS /MPa El Research institution Ref.
. As-fabricated 1214 12904114 13.3% +1.9%  Katholieke Universiteit,
18Ni300 LPBE Heat-treated 1998432 2217+73 1.60%+0.26% Belgium [35]
) Huazh iversi f Sci
TiC/AISI420 LPBF  As-fabricated 1218.0-1452.5 7.43%-8.65% | luazhong University of Science 1
and Technology, China
Low . University of New Brunswick,
5= L0£177. .3F4. 5.1%+1.09
TiisNizoo  PBE As-fabricated 988.0+177.3 1196.3+4.6 15.1%+1.0% Canada [37]
High . University of New Brunswick.
. s-fa 2 L0E11. LTI .39% +1. 2070
TH18Ni300 LPBF  As-fabricated 1113.04+11.0 1217.7+11.7 15.39%+1.20% Canada [37]
19Ni3Mol. 5Ti LPBF  Heat-treated 173049 189247  11.5%+0.1% Eg‘AverS”y of Texas at El Paso. ¢
As-fabricated 10502100 10571174 15.7%
. M versi . k.
18Ni300 DMLS Heattreated 1990+ 100 19712006 60 7Y, University of Limerick, Ireland [15]
iversi f Brunswick,
18Ni300  LPBF  Asfabricated 1126431 1221-1222  12.9%-14.6% gmvzmty of New Brunswic [39]
anada
As-fabricated 517437 12084116 16.5%+2.1%
AISI 420 DED iversity of Windsor,Canad 40
S Heat-treated  535+31 16704202 15.4%+1.1y Uriversity of Windsor,Canada  [40]
Fel9Ni5Ti DED  As-fabricated - 1300 >10% Fraunhofer Institute, Germany [11]
. As-fabricated 959.2+20.2 0.8%-1.6% Harbin Institute of Technology,
18Ni300 PED Heat treated 1561.74+16.5 0.06%-0.12%  China L41]
Solution treated 850420 1050+10 18% +2% Chinese Academy of Sciences,
C h ) 2
€300 Wrought = 4 2050 2100 10.0%+1.5%  China [42]
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Fig. 3 Mechanical properties of FeNi based maraging steels by AM and variation trends
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Table 2 Tensile mechanical properties of typical mold steel along laser scanning direction (SD), building direction (BD) or

at different scanning speed conditions

Steel Condition YS /MPa UTS /MPa El Hardness /HV Ref.
FeNiTi As-fabricated-SD 800+100 11004100 8% +1% - [11]
FeNiTi As-fabricated-BD 800+100 10504100 4% +E1% - [11]

5CrNi4 Mo As-fabricated-SD - 1576 5.6% - [4]
5CrNi4 Mo As-fabricated-BD - 1240 4.0% - [4]
5CrNi4 Mo Heat-treated-SD - 1682 9.7% - [4]
5CrNi4 Mo Heat-treated-BD — <1350 <9% — [4]

316L As-fabricated-SD 550 665 53.2% - [30]
316L As-fabricated-BD 520 575 71.9% - [30]

H13 v=200 mm/s 1342 1704 1.55% 585 [50]

H13 v=400 mm/s 1167 1321 0.35% 516 [50]

H13 =800 mm/s 1133 1227 0.30% 469 [50]
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Fig. 4 Schematics of AM of heterostructural steel and functionally graded material. (a) AM maraging steel/Damascus-like steel

and thermal cycling temperature curve™;

(¢) forming method and interfacial heat-affected zone of functionally graded material by AM™®*
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(b) AM heterostructure maraging steel and microhardness distribution

[58] |

5,60-62]

RO, B, BF5E N B 18Ni300 By [G 44 i) 450 4K s oK
5 AISI 420 &4 B AR (MS-AISI 420) & JZ 38 B 4T HI,
W& T 222 AN D IRERRREMM. B 4
JIT 7R S 38 b ) i S o 205 4 B0 1140 T E 4 R [ 2 R E
1., S¥FREEH A 18Ni300 5 AR 24N 5 AISI 420
AR, 52 45 0 MS-ATISI 420 401 45 4 J1 2 M fg
U s Fohp Fr o B 0l 3k 5] 1320 MPa, [ ¥ % 45 0 O [C 4k
F R i AR S T~ 18 %6 L HEARR Ty 7. 2 %60 L Y R
SN ~6 20, WFGT AR, 50 B A 1S 03 R 5 AR
TE 51 (5 Ak , T R 4 114 5 3-8 M 4 & ml U3 &5 1 34 44
il 38 AN [ A R SS BR T BN .

ZE L, 38 3 R A B b ] i A R A b ek 0% B X ek
I FH 358 B4 B 07 58 8500, T ] 8 22 B A RE B S T 45 4
B9 AT R AR 2 RED

1402102-6



#4945 £ 14 H1/2022 £ 7 B/ E#E

(a) Soft region
~ Austenite [ Martensite |
81:29at%Ti 130+05at%Ti |

100 nm 50 nm

Hard region

Austenite | ¥ 2
6.5+0.7 at% Ti

@ Tiatoms . Ti>10at% @ Freatoms

H AISI420+TiC
® MS+WC
A MS+SiC

Elongation (%)
~ >

(-]
T

800 1000 1200 1400 1600

Ultimate tensile stress (MPa)

®) 70
CrMp steel(As-cagt)
60 | /
1
it 1%
§ 50 Cu(As-cast) :
= s of CMnAINK ste
S 40 ! F (As-cast);
-t /
<
2 30
9
w 20 MS(SLM)
A P St _MS(SLM)
7 \. . — ._)-4‘
10 - CutMS  CMnAIND stesi r\.'.
Bi—-. Ms(SLM)
0 L 1 L 1 1 1 1
200 400 600 800 1000 1200 1400
Ultimate tensile stress (MPa)
4. 15
@ 49
-m- Wear rate
-A- Corrosion current density
3.5
= 412
£ u o
E A><N £
e 30f —— A S
£ \ A 19 é
:3 25} . A _8
) 16
X .
20
A s |3
1.5 1 1 1 1 1 1 1

0 2 4 6 8 10 12
Volume fraction of SiC (%)

1 Fe-19N-5Ti 57 5T 45 14 B[R MR I R0H9 19 8 3 20 2URN = 248 J 7 PR &1 (3D-APT) 43 M7 LA KA B8 45 #4 b1 ) Rl 52 45 80K

RSB AR 224 PERE IO S2 0 . (a) G232 MR - F 3D-APT LK M th AR 0 I A4 7k e 55 18040 ik B 43 A T 5 (b)) 1 b 3] i B JBF 4%
Fa AL 6 60 7 2 PR AR TS0 0002 5 (o) 52 A U 1 5 AR Kok 18 A i 36 T R st 2550 00 A o R EE e 3R 0 5 i 70008 1 (D) B b o s
Iy PG AR B B R SIC AR B 4R (K ) RIS b L 9 25 B () M i g 2%

Fig. 5 Microstructure and three-dimensional atom probe tomography (3D-APT ) analysis of heterostructural Fe-19Ni-5Ti

maraging steel by AM as well as effects of graded materials and composite particle reinforcement phase on comprehensive

properties. (a) Optical micrographs and 3D-APT as well as magnified view of precipitated phase and composition

. c o . 11
concentration distribution" -

; (b) mechanical properties of graded materials by A

MU8:99:680820 0y effects of composite

particle reinforcement phase on tensile strength and elongation of maraging steel by AMP?*%%) . (d) effects of SiC

addition on wear rate (K.) and corrosion current density (I, ) in maraging steel by AM"
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Fig. 6 Applications of AM maraging steel in conformal cooling die and laser cladding repair technology. (a) Three-dimensional

design of mold with spiral conformal cooling channels and LPBF fabricated 18Ni300 maraging steel mold (after

mechanical finishing)™ ; (b) effects of channel cavity spacing and waterway spacing on cooling time and surface

L66] |

temperature difference of conformal cooling die"™ ; (c) cross sections of erosion zone and repaired zone of laser cladding

repaired and alloy strengthened 2Cr13 martensitic stainless steel blade
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Abstract

Significance As advanced high strength steel, maraging steel is mainly used in the fields of aviation, atomic energy,
and high-end tooling. The traditional methods for the preparation of maraging steel including cold rolling, homogenizing
treatment, solution treatment and aging are complex, time-consuming and costly. Additive manufacturing (AM) has a
wide application in the forming of complex shaped parts, which mainly depends on its flexibility, parameter controllability,
and high cooling rate. AM can provide an effective way to promote martensite transformation, grain refinement, and
forming of complex internal cavity structural molds.

The combination of AM technology and maraging steel has great advantages in realizing personalized customization
and reducing subsequent processing. The AM of maraging steel opens a new direction for the preparation of high-end die
steel. However, it has complicated solidification metallurgy and solid phase transformation behaviors, although maraging
steel fabricated by AM has excellent strength, toughness, hardness, corrosion resistance, and wear resistance.
Therefore, it is of great significance to deeply understand the correlation among process, composition, and microstructure
of maraging steel fabricated by AM.

To improve the mechanical properties of maraging steel fabricated by AM, the post-treatment methods mainly
including heat treatment and hot isostatic pressing (HIP) are used, which can effectively decrease the internal defects of
forming parts and reduce the internal stress, the porosity, and the un-melted powder particles. However, the maraging
steel fabricated by AM has anisotropic mechanical properties along the building direction and the scanning direction.
Therefore, the process and properties of maraging steel fabricated by AM need to be further studied.

With the maturity of laser AM technology and the improvement of mechanical properties of building parts, the AM of
maraging steel is more widely used in industry and daily life. Laser cladding AM technology has also been applied to metal
surface coating, but the research of laser cladding AM technology on coating is relatively less. Above all, the review and
prospect of the AM of maraging steel are important in guiding the development of maraging steel with high-performance by
AM and regulating of microstructures.

Progress The advances in the improvement of mechanical properties, the post-treatment technology, and the
microstructural control of maraging steel are reviewed. Table 1 summarizes the typical mechanical properties of maraging
steel fabricated by AM in recent years. There are many researches on additive manufacturing of maraging steel. Bai’s
research showed that with the increase of solid solution temperature, the hardness and strength of maraging steel were
significantly improved with the formed Ni;Mo, Fe,Mo and Ni; Ti precipitation. Tan et al. eliminated the residual pores of
parts by HIP. Compared with that of the as-fabricated parts, the porosity of the maraging steel treated by HIP is obviously
reduced [Figs. 2(d—e)]. Yin et al. studied the microstructure of LPBF-18Ni300 maraging steel and found that the very
fine cellular structure could improve the hardnesses and other properties of parts [Fig. 2(c)]. According to the transfer
mode of powder and the thermal history effect of AM, the heterostructural maraging steel can be obtained. Kurnsteiner
successfully prepared Damascus-like maraging steel with a composition of Fe-19Ni-5T1 through direct energy deposition
(DED), and the ultimate tensile strength of heterostructural steel was 200 MPa, higher than that of conventional
homostructural steel [Figs. 3 and 4(a)]. Tan’s research proved that the heterostructural steel could also be obtained by
using the alternating layer printing method [ Fig. 4 (b)]. AM can achieve a variety of comprehensive properties by
combining two metal materials together, i.e., functionally graded structural materials [ Figs. 4(c) and 5(b)]. The
results show that the thermal diffusion interface between two different materials has good interface bonding and
mechanical property stability. Particle-reinforced maraging steel composites with high strength and wear resistance can be
prepared by adding ceramic powder in maraging steel. It shows that the WC particles can significantly reinforce the
maraging steel composites and the excellent comprehensive mechanical properties are obtained.

Conclusions and Prospects The AM of maraging steel breaks through the limitation of a traditional process and shows
a great prospect in the manufacturing of molds with complex structures. However, further researches on the AM of
maraging steel are needed. In terms of composition design, the development of low alloy elements, the reduction of
preparation cost, and the development of special powder for the AM of maraging steel become new research contents. On
the optimization of process parameters, reducing laser power and improving scanning speed are worth considering for
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improve the efficiency and reduce the cost. The microstructure of maraging steel fabricated by AM is dominated in
columnar grains, resulting in the mechanical anisotropy between the building direction and the scanning direction, which
is also a vital problem to be solved. These defects or undesired microstructures mentioned above can be avoided by
controlling the scanning mode of AM in the future, i.e., controlling the energy output and properly preheating of the
substrates. An artificial neural network plays an important role in the field of materials science. In the future, machine
learning can also be used to assist the composition design of maraging steel, the optimization of process parameters, and
the prediction of initial temperature for martensite transformation (M,).

Key words laser technique; additive manufacturing; laser powder bed fusion; maraging steel; die steel; heterogeneous
structural steel
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