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Table 1 Chemical composition of CX stainless steel

Element Cr Ni Mo

Al Mn Si C Fe

Mass fraction /% 11.61 9.27 1.42

1.87 0. 066 0.048 0. 007 Bal.
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Fig. 1 SEM morphology of CX stainless steel powder.
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Fig. 2 Schematic of scanning strategy
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Fig. 3 Schematic of defocus distance
* 2 JCHEHR AR
Table 2 Spot diameter and energy density
r/ / P,/ y Spot diameter
mm m , w,/pm ..
’ @ (kWemm %) # deviation /%
0 80 59. 68 75.29 —5.89
1.5 83.98 54.13 86. 76 3.31
2.5 90. 62 46.51 94. 41 4. 18
3.5 99.76 38. 38 102. 06 2.31
4.5 110.78 31.12 109. 71 —0.97
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Fig. 4 SLM process window of CX stainless steel
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Fig. 5 Results of single weld channel test
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(a) P=200 W,V =1000 mm/s; (b) P=250 W,V =1100 mm/s;

(¢) P=350 W,V=1300 mm/s; (d) P=400 W,V =1400 mm/s; (e) P=300 W, V=1200 mm/s; (f{) P =300 W,
V=1100 mm/s;(g) P=300 W,V=1000 mm/s
Fig. 6 Optical micrographs of single weld channel section in stable melting zone I[ . (a) P =200 W,V =1000 mm/s;
(b) P=250 W,V=1100 mm/s;(c) P=350 W,V=1300 mm/s;(d) P=400 W,V =1400 mm/s;(e) P=300 W,
V=1200 mm/s;(f) P=300 W,V=1100 mm/s;(g) P=300 W,V=1000 mm/s
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Table 3 Single weld channel and molten

pool size in stable melting zone |l

Linear energy density

P,V E /(em ) L/pm W/pm H/pm D/pm
200 W, 1000 mm/s 200 87.55 107.90 57.15 49. 85
250 W, 1100 mm/s 227 94.67 124.62 65.15 65. 47
350 W, 1300 mm/s 269 109.12 152. 48 77. 38 126. 48
400 W, 1400 mm/s 286 115. 94 156. 24 82. 14 144,04
300 W, 1200 mm/s 250 98.43 140. 61 93.26 90. 77
300 W, 1100 mm/s 273 105. 37 147.73 76.91 121.01
300 W, 1000 mm/s 300 118. 65 159.42 71.32 146. 35

severe melting zone I

incomplete melting zone III

:
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V=1000 mm/s;(c)P =400 W,V =1000 mm/s; (d) P =200 W,V =1400 mm/s; (e) P =300 W,V =1500 mm/s;

() P=400 W,

Fig. 7 Optical micrographs of single weld channel section in

V=1600 mm/s

severe melting zone | and incomplete melting zone [[[.

(a) P=300 W,V=900 mm/s;(b) P=350 W,V=1000 mm/s;(c) P=400 W,V=1000 mm/s; (d) P =200 W,

V=1400 mm/s;(e) P=300 W,V=15
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Fig. 8 Density of samples under different defocus distances
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Fig. 10 Optical micrographs of sample cross section under different defocus distances. (a) 0;(b) 1.5 mm;

(c) 2.5 mm;(d) 3.5 mm;(e) 4.5 mm
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Fig. 11 Optical micrographs of sample longitudinal section under different defocus distances. (a) 0;(b) 1.5 mm;

(¢) 2.5 mm;(d) 3.5 mm;(e) 4.5 mm
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Fig. 12 Surface roughness of samples under different

defocus distances
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Fig. 13 SEM morphology of the sample surface under different defocus distances. (a) 0;(b) 1.5 mm;(c) 2.5 mm;
(d) 3.5 mm;(e) 4.5 mm
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Fig. 14 Metallographic corrosion morphology of sample cross sections under different defocus distances.
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Fig. 15 Metallographic corrosion morphology of sample longitudinal sections under different defocus distances.
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Fig. 16 XRD spectra of samples under different defocus distances.
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Fig. 17 Stress-strain curve in tensile test
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Table 4 Tensile test results under different defocus distances

(a) 0;(b) 1.5 mm;(c) 2.5

Defocus Tensile Yield strength / Elongation /
distance /mm strength /MPa MPa %

0 1128=+9 918+15 12.2440. 36

1.5 1141+£5 932+9 13.5240. 24

2.5 1184£7 993+6 17.1340. 28

3.5 121845 1046 +38 18.2840. 33

4.5 1174+13 95445 16.4840. 45
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BRI i SR R R R A A R LA Ry )
P Y B AR N 3.5 mm WL IR RE BB Ik 3
= H 1218 MPa, Ji k58 B4 1046 MPa,

R T i 20 A R W R B, X il
FiE4T SEM WEE, WK 18 i, M EgfEith o i,
Wr 11 R R RRE A I AR I % . WL E R
£ N B P i @7 | SIS 7 @7 N N < | 2
BEET T4 233 S K R & 3028 T A AR K 8 R G 4

mm;(d) 3.5 mm;(e) 4.5 mm

(a) 0;(b) 1.5 mm;(c) 2.5 mm;

(d) 3.5 mm;(e) 4.5 mm
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Table 5 Tensile test results after heat treatment
Tensil Yield
Heat enste € Elongation /
treat . strength / strength / o
reatmen MPa MPa 0
Solution 1102438 704411 8.72+0. 38
Aging 167843 1401+15 12.0440.52
Solution aging 1746410 1489+27 6.3640.79
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Fig. 26 SEM morphology of tensile fracture. (a)Solution; (b)aging; (c¢)solution aging
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Fig.27 High-magnification SEM morphology of tensile fracture. (a) Solution;(b) aging;(c) solution aging
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Effect of Defocus Distance on Formability of CX Maraging
Stainless Steel by Selective Laser Melting

Zhang Liangliang', Wang Minjie'*, Zhang Jiaqi', Liu Jianye®, Niu Liuhui’, Wang Jinhai’
' School of Mechanical Engineering, Dalian University of Technology, Dalian, Liaoning 116024, China ;
* Guangdong Hanbang 3D Tech Co., Ltd., Zhongshan, Guangdong 528427, China

Abstract

Objective As one of the most promising additive manufacturing technologies, selective laser melting (SLM) is
commonly used in metal mold forming. However, there are few types of materials used for SLM forming of the metal
mold. Most die steels are prone to crack and porosity because of the effect of carbon content, limiting the application
of SLM in metal mold manufacturing. A new type of maraging stainless steel, SS-CX (corrax stainless steel, referred
to as CX stainless steel), can exhibit excellent mechanical strength and good corrosion resistance through the
intermetallic compound precipitation and has a lower carbon content, which is considered to be an ideal candidate
material for manufacturing metal mold. Because of the novelty of CX stainless steel, its SLM forming has not been
systematically studied. The process parameters of SLM forming have been widely studied. Among them, defocus
distance as one of the important parameters is rarely reported. The spot size and energy density can be adjusted, and
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the molten pool shape can be effectively controlled by changing the defocus distance, which is helpful to improve the
production efficiency and obtains high-density parts. This study reports the CX stainless steel samples formed
through SLM based on defocus parameters, combined with microstructure observation, phase analysis and
experimental research, and the sample’s printing quality and forming performance. We believe that the research
results obtained will provide a valuable reference for the SLM forming of CX stainless steel and help expand SLM’s
range of materials used for metal mold manufacturing.

Methods First, the SLM forming process of CX stainless steel is optimized and a reasonable process window is
established by conducting the single weld channel test combined with the cross-section observation. Then, the square
and tensile specimens are formed through SLM based on different defocus distances. The effects of defocus distance
on the sample’s density, hardness, and surface roughness are analyzed through optical microscopy and scanning
electron microscopy. Then, the microstructure and phase composition of the sample are studied using metallurgical
microscope and X-ray diffraction. The effect of the mechanical properties of the sample is studied before and after
heat treatment. The samples’ microstructure evolution and strengthening mechanism after solution, aging, and
solution aging heat treatment are then investigated using metallographic observation, scanning electron microscopy,
X-ray diffraction, energy dispersive spectroscopy, and hardness testing. Furthermore, the variation of mechanical
properties of the sample before and after heat treatment is investigated in combination with the tensile test.

Results and Discussions In the SLM forming process window, the welding channel in the stable melting region is
continuous and straight and the cross section shows a fine wetting effect (Fig.6). The density and hardness of the
sample are first increased and then decreased with the change of defocus distance, whereas the variation of surface
roughness is opposite (Fig. 12). The main composition of the sample is martensite and austenite. The grain
refinement is visible as the defocus distance increases, which is beneficial in promoting martensitic transformation.
Simultaneously, the tensile fracture transitions from quasi-cleavage to ductile fracture (Fig. 18), the number of
dimples increases, and the mechanical properties considerably improve. However, excessive defocus distance leads
to incomplete powder melting and reduces the sample’s mechanical properties ( Table 4). In addition, some
differences are present in the microstructure and tensile fracture morphology of different heat-treated samples. After
solution aging heat treatment, the boundary of the welding channel disappears; a large number of lath martensite
exist in the structure. Meanwhile, the hard second phase particles of NiAl are precipitated to produce a precipitation
strengthening effect. Consequently, the hardness and tensile properties of the sample are considerably improved, the
tensile fracture appears as river-like morphology with a few shallow deformation dimples, exhibiting quasi-cleavage
fracture characteristics (Fig.27).

Conclusions The single weld channel test is used in this study to determine the SLM process window of CX
stainless steel, which includes severe melting, stable melting, and incomplete melting regions. The molten liquid
phase, for example, exhibits a good melt-wetting effect in the stable melting region. The shorter defocus distance
causes an excessively high laser energy density, molten pool instability, and increased spheroidization. The results
show that the density and hardness of the sample are reduced and the surface roughness is increased. The tensile
characteristic shows quasi-cleavage fracture. With the increase in the defocus distance, the suitable energy density
and spot size are conducive to forming a good metallurgical bond between the adjacent weld channels and layers and
the sample’s mechanical properties are improved. Under the condition of 3.5 mm defocus distance, the sample’s
maximum cross-section and longitudinal-section hardness are 35. 94 HRC and 36. 82 HRC, respectively, and the
surface roughness is 7.315 pm. The tensile fracture mechanism is transformed into ductile fracture characteristics,
and the maximum tensile strength is 1218 MPa. Simultaneously, the sample’s mechanical properties are considerably
improved after the solution aging heat treatment due to the precipitation and precipitation strengthening effect of the
hard second phase NiAl. The maximum hardness of the cross section and longitudinal section is 43.17 HRC and 44.52
HRC, respectively, and the tensile strength is 1746 MPa, which is 43.35% higher than that of the printed sample.
When the defocus distance increases excessively, the laser energy density and penetration depth decrease and the
liquid melt’s diffusion and infiltration effects become poor. Unmelted metal powder is present between the layers,
resulting in the decrease of the density and mechanical properties of the sample.

Key words laser technique; selective laser melting; defocus distance; CX maraging stainless steel; mechanical
property
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