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Table 1  Chemical compositions of S-130 steel powder
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Fig. 1 S-130 steel powder. (a) Morphology; (b) particle size distribution
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Fig. 2 Flow charts of two heat-treatment processes. (a) Five-step heat treatment; (b) three-step heat treatment
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Fig. 3 XRD patterns of SLM as-deposited and heat-
treated S-130 samples

WA, M T AL b 5 B IR R R =
(8.52%), A MM HBIFRREN ST EFES
(11.31%), X FEZEH T SLM JIA K ST
PIFAL (1150 °C X3 h. 25 ¥%) Al AL 40 4k (950 °C X
1 h, 25 Rh B, B 745 BRI, 78 J5 22 1 — 2 Fuak
MR, o>y BRI AR, HERZT,
SLM LR IR e AT = 20 I Ab 3, B K R
NN ey FAFE AR SR AL T TR B BB g, T A
LB ANEUE: 2 NAN YN
3.2 EBRM4ER

Bl 4 BosiE SLM UUALES S-130 32 K 1 i 1
FVGAER AT A G G SURRAE . A A T A A 2 A T
LN 4 (a) ~ (o) it . WKL 4 Ca) i 7 19 I A%
SEM & whra] LZE S dy 90°AH AL 5 2y “ ML 45 4% 7

0202003-3



F£49% F2H/2022 £ 1 A/HERHE

ghifhy, BE—, W 4 (o) Fr R B9 & A SEM & rpi]
DL SR B MR A TR 25 R . X 4 (D) ~ (D) B B0
A AT IS AT LR B AIG A 2 20 2 0 L AR
T TE S0 1o A5 4 20 5 B R A 5 4 B 1 A
7 1) 55 0 b iy LS 0L AR L OF VR A b X AR . 28
1814 JELR AL 45 A8 7E SLM BB B9 SS CX R4 4R th
WAl g 3 R T HE— 2 W S 130 LA
IR 5 [ R AE X RE 47 T TEM 43 47, 40
5. MW 5 TRyt TEM B hoaT 2L

Bl 4 SLM ULARZS S-130 oA A8 48K o A 9048 1 76 AN 6]l KA 80T 10 S S g 2

Fig. 4 Microstructures of SLM as-deposited S-130 sample on cross and longitudinal sections under different magnifications.
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Fig. 5 TEM analysis of SLLM as-deposited S-130 sample. (a) Bright-field TEM micrograph; (b) corresponding SAED pattern
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Fig. 6 Microstructures of two heat-treated S-130 samples on longitudinal sections under different magnifications.

(a)—(c) Five-step heat treatment; (d)—(f) three-step heat treatment
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Fig. 7 TEM analysis of heat-treated S-130 sample. (a) Bright-field TEM micrograph; (b) corresponding SAED pattern
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Fig. 8 Martensite widths and precipitate sizes of two
heat-treated S-130 samples
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Fig. 10 Tensile properties of SLM as-deposited and heat-treated S-130 samples. (a) Tensile stress-strain curves;

(b) yield strength, ultimate strength, and elongation
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Fig. 11 Fracture morphologies of SLM as-deposited and heat-treated S-130 tensile samples. (a) SLM as-deposited state;

(b) five-step heat treatment; (c) three-step heat treatment
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Table 2 Mechanical properties of SLM as-deposited samples after treatment with different processes

Technique Yield strength /MPa Ultimate strength /MPa Elongation /%
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Heat-Treatment Process of S-130 Steel Produced by Selective Laser Melting
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' Wuhan National Laboratory for Optoelectronics, Huazhong University of Science and Technology, Wuhan ,
Hubei 430074, China;

* Xi’ an Space Engine Company Limited, Xi’ an, Shaanxi 710100, China

Abstract

Objective The Fe-Cr-Ni-Co-Mo system is a new type of maraging stainless steel (MSS) possessing ultra-high
strength and good toughness, which is considered as a potential structural material for fabricating landing gear parts,
powertrain parts of vehicles, and liquid-oxygen kerosene engine components. It is difficult to fabricate these
complex-structured precision metal components by traditional processing methods (e. g. casting and forging). As a
fast-growing additive manufacturing technology, selective laser melting (SLM) can be used to fabricate complex-
structured and high-performance parts with a short processing period, a high material utilization rate, and low
production cost. However, few public reports on the fabrication of Fe-Cr-Ni-Co-Mo MSSs by SLM are available.
Based on this, here an S-130 MSS is produced by SLM, whose chemical compositions (mass fractions) are Cr
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(10.5%-12.0%), Ni(6.0%-9.0%), Co(3.0%-7.0%), Mo(1.5%~-3.5%), and the rest is Fe. To obtain the
optimal heat-treatment regime, the effects of five-step and three-step heat-treatments on microstructures and
properties are compared and analyzed.

Methods The spherical gas atomized S-130 powder with an average size of 45.6 pm is the starting material. The
SLM experiment is carried out on a self-developed machine. A series of S-130 cuboid samples and tensile test samples
are deposited using the optimized SLM parameters: laser power of 360 W, scanning speed of 800 mm/s, hatch spacing of
0.1 mm, layer thickness of 40 pm, and phase angle of 90°. Heat-treatments are conducted in a muffle furnace at a
heating rate of 10 C /min. The SLM as-deposited S-130 samples are heat-treated under two kinds of heat-treatment
processes: 1) homogenization (1150 C X 3 h, air cooling) + grain refinement (950 C X 1 h, air cooling) + solution
(800 C X1 h, air cooling) + cryogenic cooling ( =73 C X2 h, warming in air) + aging (500 ‘C X 3 h, air cooling)
(five-step heat treatment) ; 2) solution (800 C X1 h, air cooling) + cryogenic cooling ( =73 C X2 h, warming in
air) + aging (500 C X 3 h, air cooling) (three-step heat treatment). Microstructure and phase characteristics are
observed and identified by the means of X-ray diffractometer (XRD), scanning electron microscope (SEM), and
transmission electron microscopy (TEM). Microhardness and tensile properties are also evaluated.

Results and Discussions The phase compositions of the SLM as deposited S-130 samples consist of the dominant
martensite and few retained austenite (volume fraction of 6.12% ). The contents (volume fractions) of austenite are
increased to 8.52% and 11.31% after the five-step and three-step heat-treatments, respectively (Fig. 3), which is
mainly ascribed to the formation of reverted austenite. The SLM as-deposited S-130 samples present cellular dendrite
structures (Fig. 4). The TEM results reveal a large number of martensite laths with a high density of dislocations
(Fig. 5). After two kinds of heat treatments, the large quantity of nanosized spheroidal precipitates are generated
and uniformly dispersed in the martensite laths, and the lamellar retained/reverted austenite are distributed among
the martensite laths (Figs. 6 and 7). After the five-step heat treatment, the martensite width is (823.65 + 30.05) nm
and the precipitate size is (15.22 + 2.83) nm. Comparatively, the martensite width obtained after the three-step
heat treatment [ (562.59 + 20.06)nm]is finer, and the precipitate size [ (8.58 £ 2.13)nm] is smaller (Fig. 8). This
is mainly due to the larger residual stress in the SLM samples without homogenization + grain refinement treatment,
which provides a greater driving force for martensitic transformation and promotes the formation of finer lath
martensite during the solution + cryogenic cooling. Meanwhile, it provides a greater driving force for the o-y phase
transformation and precipitation of the second phase particles during the subsequent aging, thus obtaining more fine
precipitates. The average microhardness, yield strength, and ultimate strength of the SLM as-deposited S-130
sample are (351.51+11.16) HV, (852.6 +£40.86)MPa, and (1072.89 + 2.96) MPa, respectively. After the five-
step heat treatment, the average microhardness, yield strength, and ultimate strength increase to (383.08 = 11.06) HV,
(1141.82£56.09)MPa, and (1233.7 +9.56) MPa, respectively. After the three-step heat treatment, the average
microhardness, yield strength, and ultimate strength increase to (404.94 £10.32) HV, (1235.76 £6.17)MPa, and
(1266.97 £ 6.62) MPa, respectively. The elongation for the two kinds of heat treatments [(17.69 + 0.23) % and
(17.47 £ 0.15) %, respectively] is comparable to that of the SLM as-deposited sample [(17.66 = 0.11)%]
(Fig. 10). Compared with that after the five-step heat treatment, the sample after three-step heat treatment
possesses high microhardness and tensile strength. According to the Hall-Petch formula, the smaller the martensite
lath, the higher the resistance of the martensite phase interface to dislocation movement, and the higher the
martensite hardness and yield strength. Besides, the interaction between the dispersed finer precipitates and
dislocations is enhanced, the resistance to dislocation movement is increased, and thus the hardness and yield
strength are further improved. In addition, the sample has a high austenite content after three-step heat treatment,
which ensures a high elongation.

Conclusions In this paper, an S-130 MSS is successfully produced by SLM. For SLM as-deposited samples, the
phase analysis reveals a large amount of martensite and a small amount of retained austenite, and the microstructure
is characterized by the cellular dendrite structures and a large number of martensite laths. After the two kinds of heat
treatments, the formation of reverted austenite increases the content of austenite, and a large number of nanosized
precipitates are uniformly dispersed in the martensite laths. Meanwhile, the lamellar retained/reverted austenite is
distributed among the martensite laths. Compared with those of the SLM as-deposited samples, the microhardness
and tensile strength are significantly improved and the elongation is not reduced after two kinds of heat treatments.
Moreover, in comparison to that after five-step heat treatment, the sample after three-step heat treatment possesses
a high content of austenite and slenderer martensite laths as well as finer precipitate, which contributes to high
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microhardness and tensile strength under the condition of ensuring elongation. The optimized heat-treatment regime
for the SLM as-deposited S-130 MSS is three-step heat treatment (solution + cryogenic cooling + aging) .

Key words laser technique; selective laser melting; S-130 maraging stainless steel; heat treatment; microstructure;
mechanical properties
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