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Abstract

Selective laser melting (SLM) is a widely used additive manufacturing method for 3D-printing metal
parts. This study investigates how SLM parameters affect the density, microstructure, and mechanical
properties of maraging steel 300. A process window was developed, revealing that maximum density
and minimal porosity are achieved when laser energy density exceeds 50J/mm?. Optimal
parameters—100 mm/s scan speed, 20 um layer thickness, 0.15 mm hatch distance, Stripe scanning
strategy, and XZ build direction—were identified. Optimal processing reduced porosity, increased
martensite content, and enhanced strength, reaching 1064 MPa and improving by 75% to 1862 MPa
after aging and solution treatment. Strength gains were attributed to the uniform dispersion of nano-
sized precipitates (such as Ni(Mo)s and Ni(Ti, Al);) within the martensitic matrix. Additionally, it was
found that higher cooling rates further improve the mechanical strength of heat-treated parts.
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1- Introduction

Typically, metal parts are produced using two methods: forming methods such as casting, shaping, welding,
and reduction methods such as machining. In recent decades, powder metallurgy methods have also been used
to produce complex and special parts. Although these methods are widely used, each has its own limitations,
and different manufacturing methods are chosen for different parts based on these limitations [1]. The additive
manufacturing (3D printing) method, which is somehow similar to the powder metallurgy method, has many
advantages over the previous conventional methods. Materials such as metals, ceramics, plastics, and
composites can be used in this process. Through computer integration and innovative ideas, additive
manufacturing has created an impressive and extensive industrial transformation that many have referred to as
one of the major axes of the fourth industrial revolution [2-5].

Additive manufacturing method of maraging steel alloys plays an important role in making complex parts
and structures that are difficult or in some cases impossible to build using traditional methods. In general, the
additive manufacturing method has many advantages such as cost savings, weight reduction, production based
on demand, reduction of manufacturing time and integration for parts used in automotive [6], biomedical
(implants, prostheses) [7-9], aerospace (aerospace structures, tank, combustion chamber and nozzle) [10-12],
power plant (turbine blade) [13-15], petrochemical (ceramic catalyst base) [16] and instruments [17]. Maraging
steels have excellent mechanical properties (high strength at ambient temperature and high temperature, and
good toughness), are heat treatable, and have good machining and forming properties. There are two main
alloy groups of maraging steel: those with cobalt and those without cobalt. They are more expensive than other
steel alloys due to the presence of many alloy elements (Ni, Co, W, Mo). The high strength is attributed to the
strengthening of precipitates compounds (such as FesMo, NiAl, Ni3(Ti, Al, Mo), Ni(Al, Fe)) with
homogeneous distribution in the matrix after thermal aging. The high toughness and ductility are due to the
relatively soft martensitic background in the absence of carbon, which makes it optimally malleable. Maraging
alloys have very good welding properties due to their low interstitial elements (such as carbon) [18-21].

Over the last few years, a lot of research has been done on how additive manufacturing and heat treatment

affect maraging steel's metallurgical and mechanical properties [12, 18]. These parameters include laser power,
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powder (morphology, size, production method) [22, 23].

scanning speed, hatch distance, strategy, layer thickness, manufacturing direction, laser source, and type of

Table 1 Research conducted on the parameters of additive manufacturing of Maraging 300 steel

Laser Scan speed Hatch Layer Buildin Powders Ultimate
Researcher power P Distance thickness Strategy uraing size strength
direction
Watt mm/sec. mm mm pm MPa
. 100 130 300 400 0.05 0.07 1177*
Baietal [24] 166 190 500 600 009 0.1l 0.04 ) i 15-43 2163#
Becker et al. 600 800  0.075 0.105 Single Y 1205*
[25] 200 1000 0.135 0.03 Double Z 43 1850#
. 57 86 180 200 Randomly 1100*
Casal[‘;g] ctal 0.14 0.03 selected ; 40
100 220 sector -
de Souza et 600 900 0.045  0.055 X z 1232*
400 0.1 - 16.7 _—
al. [27] 1200 1500 0.065 0.075 45 -
Shamsdini et 285 960 0.04 . 1225*
al. [28] 305 1010 0.11 0.05 Bt X 40 ;
Huang et al. 180 220 500 700 0.08 0.11 0.020 0.035 i A 30 -
[29] 260 300 900 1100 0.14 0.17 0.050 0.065 -
80 100 200 300 0.030 i
M ; 120 140 400 500 0.045 Island
“ilw ‘E‘%ﬁa 160 180 600 700  0.105 - -
' 800 900 Stripe -
1000
40 60
80 100 500 -
Suzuki et al. 120 140 1000
[31] 160 180 1500 0088 ! ) ) )
200 220 2500 -
240 260
100 150 400 500 0.025 0.050 1125%
Mutua et al. 200 250 600 700 0.075 0.1 0.020 i X 20
[32] 300 350 800 900 0.125 0.150 ’ 20334
400 1000 0.200
Hu et al. [33] 300 920 0.110 0.050 1553 __1002*
' : : - i 1883#
Vishwakarma 1073*
et al. [34] 400 200 0.080 0.040 - - - 568 A
Yao et al. . X 1123*
[35] 380 960 0.110 0.040 Stripes 7 15-62 13777
Patil et al 180 800 0.08 0.02 1322*
[36] ’ 285 1000 0.10 0.04 Stripe - 10-48 -
390 1200 0.12 0.06
%
[37] 200-370 500-2300 0.050-0.150 0.040 zigzag X 42 %
Monkova et . 1200*
al. [38] 280 960 0.110 0.040 Stripe - - —2050#
K ¢ al 100 1000 0.050 -
a”?gg]" T14s 1500 0.080 0.045 - X - -
190 2000 0.110

* As built , # Solution treatment and aging
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Table 1 summarizes the research findings on how key parameters affect the metallurgical and
mechanical properties of maraging 300 steel parts. The results emphasize the need for a minimum
laser energy density to achieve optimal part density, while excessive energy can cause gas porosity
from metal vaporization. Among the energy density factors, laser power and layer thickness have the
greatest impact on reducing porosity and increasing density, whereas scan speed and hatch distance
play a lesser role. The scanning strategy also significantly influences porosity and residual stress
reduction. However, as a result of many cracks and pores inside the parts, the strength of maraging steels
produced by SLM cannot exceed 2000 MPa [24-39].

Understanding how process parameters affect relative density is vital in additive manufacturing,
which produces unique microstructures even after heat treatment. Optimization is challenging due to
variations in parameters, machines, and powders. This study examines the effects of scanning speed,
hatch distance, and build direction on the microstructure and mechanical properties of maraging 300
steel. A process map was developed to optimize parameters and improve part quality. The effects of
solution treatment, aging, and, for the first time, cooling rate on the mechanical properties of

optimized samples were also investigated.

2- Experimental procedure

Samples were produced using an EOSINT M250 machine (EOS), featuring a 200 W laser, 300 um
beam diameter, and 1060 nm wavelength. Figure 1 shows the schematic of the SLM process
parameters under study. Based on Table 1, scanning speed, melt pool center-to-center distance, and
beam direction were analyzed, while laser power and particle size remained constant. To limit sample
production, a single scanning strategy was chosen. MS1 steel powder (EOS, Germany) was used for

fabricating maraging 300 steel parts.
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Figure 1 Schematic of the selective laser melting process (left) and fabricated maraging 300
samples (right).

Table 2 presents the chemical composition and physical properties of maraging 300 steel. Test
samples, shaped as flat tensile specimens (Figure 2(a)), were designed in CAD software, saved in
STEP format, and prepared for printing with Materialise Slicer. After fabrication under argon,
samples were separated from the substrate via wire cutting. Tensile testing was performed using an
AUTOGRAPH AG-25TC machine (25 kN capacity) at a crosshead speed of 1 mm/min. Due to
surface roughness from printing, all samples were polished post-production. Hardness was evaluated
using Avery-Denison's AG-25TC device. Porosity, microstructure, and phases were analyzed using

a Leica DM 4000 M optical microscope (OM) and a MIRA3 TESCAN FESEM.

Table 2 Chemical composition and morphology of maraging grade 300 steel powder (MS1)

Element Fe Co Ni Mo Ti Al Cu Cr Si Mn C
% Balance  8.5-9.5 17-19 4.5-5.2 0.6-0.8 0.05-0.15 0.5 0.5 0.1 0.1 0.03
Mean particle size Maximum particle size Particle density
40 um 63 um 8-8.1 g/cm’
5
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3- Results and Discussion

3-1- Initial optimization of manufacturing parameters by Taguchi method

Porosity in selective laser melting (SLM) stems from mechanisms such as lack of fusion, keyhole
formation, gas entrapment, powder defects, improper layer thickness, and process instabilities which
understanding these is essential for enhancing part quality [40-41]. A previous study [42] showed that
porosity increased sharply as scanning speed rose from 70 to 130 mm/s, due to reduced energy density
(Inadequate energy input) causing incomplete melting of powder particles. Similarly, increasing layer
thickness from 20 to 60 um raised porosity, primarily because powder particles, averaging 50
microns, with some exceeding 60 (Irregular powder morphology), did not fully melt at greater
thicknesses, further worsened by declining energy density. Porosity increased notably as hatch
spacing widened from 0.2 to 0.3 mm, due to reduced overlap and Inadequate energy input (incorrect
hatch spacing) causing incomplete melting. Additionally, the stripe scan strategy showed lower
porosity than the chessboard pattern, likely due to more stable melt pools (scanning path errors) and
improved microstructural uniformity.

In our previous study [42], a Taguchi model was used to investigate scanning speed, layer thickness, hatch
distance, and scanning strategy. Samples produced with a scan speed of 70 mm/s, 0.2 mm layer thickness,
0.2 mm hatch distance, and a straight-line stripe scanning strategy showed the lowest porosity and highest

strength. Each parameter set was tested on three samples, and results were averaged. Higher energy densities
(>60 J/mm?) reduced porosity to below 0.5% (Figure 2(b)) and enhanced strength by minimizing
stress concentrations. Red areas in Figure 2(b) indicate unmelted powder or pores. These results
prompted further investigation into hatch distance, scanning speed, build direction, and heat

treatment.
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Figure 2 a) dimension of fabricated tensile specimen, b) the effect of energy density on the porosity

of parts made by SLM.

3-2- Hatch distance

Based on to the hatch distance parameter, the ultimate tensile strength value increased at hatch distances of
0.1 mm and 0.15 mm due to an increase in energy density and a decrease in porosity. According to the results,
the overlapping distance parameter had a greater effect than the laser scanning speed parameter. Thus, the
hatch distance of 0.15 mm had a relatively higher strength than 0.1 mm. Among the samples produced with a
0.15 mm hatch distance, the strength of samples S22 and S23 was nearly equal and higher than that of the other
samples. More detailed investigation indicated that a 70 mm/s scanned sample (S22) had surface burn
compared to a 100 mm/s scanned sample (S23). Therefore, to choose the optimal surface roughness, whose
mechanical properties, repeatability, standard deviation, and porosity were very close to each other, based on
the physical appearance of the samples produced on these two surfaces, S23 was the best. A comparison of the
mechanical and physical properties of the samples (optimal sample conditions) indicated that if the minimum
energy density number was around 50-60 J/mm?, the minimum porosity (less than 1%) was obtained as well
as optimal mechanical properties (Table 3). When the energy density was lower than 40 J/mm?, large pores

and unmelted particles appeared inside the part. When the energy density exceeded 70 J/mm?, the porosity did
7
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not decrease any further. Porosity was sometimes caused by the evaporation of the molten pool at high energy

density. Due to this, the mechanical properties of the parts were reduced.

3-3- Build direction

The construction direction was studied after obtaining the optimal hatch distance and scanning speed.
Therefore, using 0.15 mm hatch distance, 100 mm/s scanning speed, 0.20 layer thickness, and stripe scanning
strategy, samples were made in three directions X-Y, X-Z, and Z-Y. There was almost no difference in the
ultimate tensile strength of the samples made in the XY and XZ directions, although the XZ direction exhibited
a slightly higher strength value than the XY direction. Three samples were compared based on their ultimate
tensile strength results, and the part fabricated in the X-Z direction had higher strength than the other two
(Table 3). Due to the lower contact surface of the powder melting zone with the metal substrate, the heat
transfer rate was lower in the ZX direction than it was in the other two directions. Because of this, less
martensite phase was formed (more austenite remains), thus reducing strength. Therefore, after checking the
above parameters, the optimal conditions are made in the form of 0.15 mm hatch distance, 100 mm/s scanning

speed, 0.02 mm layer thickness, stripe scanning strategy and X-Z direction.

Table 3 Examining results of hatch distance, scanning speed, layer thickness, strategy scan and build

direction parameters.

) . Layer Scanning Hatch Energy . Ultimate Hardness

»n = 4 . . : Porosity
; 5 g cgn § Thickness Speed Distance  Density Strength HB
% §' & = ﬁ mm mm/s mm J/mm?3 % MPa Transverse  Longitudinal
S19 70 0.1 142.9 0.6 948 322 351
S20 100 0.1 100.0 1.9 938 350 369
S21 130 0.1 76.9 1.7 938 363 378
S22 70 0.15 95.2 0.05 950 350 363
S23  X-Y 100 0.15 66.7 0.6 951 349 353
S24 Stripe 0.02 130 0.15 51.3 0.6 946 345 354
S1 ’ 70 0.2 71.4 0.5 885 371 349
S25 100 0.2 50.0 4.5 798 347 356
S4 130 0.2 38.5 6.5 729 305 297
S23  X-Y 66.7 0.6 950 349 353
S26 X-Z 100 0.15 66.7 0.4 964 299 283
S27  7-X 66.7 0.4 921 351 307

8
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Figure 3 shows the optical microscope image of the cross-section of the printed tensile sample in X-Y, X-Z
and Z-X directions. On the 200x optical microscope image of S23 and S26 samples (Figure 3(a), (d)), parallel
layers formed by laser melting scanning could be observed. The line illustrates the effect of turning on and off
the laser beam that is perpendicular to the layers (bead like). Layer traces and laser effect lines have a size of
25 to 35 um. Based on the higher magnification images (500x and 1500x), it could be seen that the thermal
gradient was perpendicular to the layers. It is due to the fact that the thermal flux was directed towards the
metal substrate under the powder (Figure 3(b), (e), (c), (f)). Since the ratio of G/R decreased from the melting
borders to the center of each bead, a columnar structure generally appeared from the sides of the melting
borders to the coaxial structure inside. Therefore, the observed microstructure consists of columnar structure
(perpendicular to the bottom metal base plate) along with cellular structure. As a result of low heat input and
rapid cooling, martensite forms in additive manufacturing methods. In parts S23 and S26, martensite lath (light
color) dominates the microstructure probably with a small amount of retained and reverted austenite (Figure
3(c), (f)). Sample S26 differs from sample S23 only in the direction of the print layers affected by the scan
lines of the molten pool, which could be observed with a 90° angle (Figure 3(a), (d)). Both cellular and
columnar microstructures could be seen on both sides of the melting line. Based on the comparison of samples
S23 and S26 (Figure 3(c), (f)), it is evident that sample S23 contains significantly more martensite phase and
columnar solidification structure than sample S26, which is due to the greater contact surface in the XY
direction of the sample with the metal substrate, which transfers more heat and causes the part to cool faster.
The results of the X-ray diffraction (XRD) test indicate that the primary phase formed in Sample No. 26 (the
optimized sample without heat treatment) consists of martensite and, to some extent, austenite (Figure 4).

The optical microscope image of the printed tensile sample in the Z-X direction (200x) does not show any
layer effects (layer tracks) because the optical microscope shows the surface of the layer (Figure 3(g)). It is
evident from the image with higher magnification (500 and 1500 times, Figure 3(h), (i)) of sample S27 that
due to the area of the lower surface of the sample in the Z-X direction at the point of contact with the metal
substrate under the samples, the heat transfer rate is reduced, and directional solidification has been replaced

with more coaxial solidification (cellular solidification structure).
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Figure 4 The XRD results of the sample of S26.

3-4- Heat treatment effect

The effects of heat treatment on SLM maraging steel on its microstructural and mechanical properties
changes are investigated and discussed in this section. Based on the design of the experiments conducted in
this section, the experiments were conducted in three parts, with the final goal of obtaining the optimal
mechanical properties for the solution and aging heat treatment. After solution treatment at 820°C for an hour,
each sample was aged at 420°C, 480°C, and 540°C for 5 hours, in order to investigate the effect of aging
temperature. Figure 5 shows the microstructure of heat-treated samples at different aging temperatures. Unlike

the images in Figure 3, where the samples have not been heat treated and the melting boundary of the layers is

11
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clearly visible (sample S26), the melting boundary of the layers is not observed in the heat-treated samples
(samples of S30, S31 and S32).

At the appropriate solution temperature and time, these melting boundaries (layer track) dissolve and
disappear. The conducted research showed that due to the low solubility of Mo and Ti in the solid phase
compared to the liquid phase and rapid solidification of the melt in the additive manufacturing method, these
two elements remain at the grain boundary and Mo and Ti rich areas were formed. Furthermore, the broken
bonds in the grain boundaries created more space for soluble elements in the grain boundaries. These
boundaries include solidification grain boundaries, martensite plate boundaries, and austenite-martensite
boundaries. When the solution treatment was occurred, it caused molybdenum and titanium to find enough
energy to penetrate into the grains, so the melting track and grain boundaries began to break and dissolve [43-

46).

12
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Figure S The microstructure of the samples produced in the optimal state in the XZ direction for three
solution treatment samples at a temperature of 820°C, cooled in water and aged at a temperature of
540°C (S30), 480°C (S31) and 420°C (S32).
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On the other hand, the dissolution of Mo and Ti in solution heat treatment stage causes the formation of a
supersaturated solid solution in the matrix after fast cooling of the sample (water quenching) and the formation
of martensite. The aging treatment causes the formation of intermetallic precipitations consisting of Mo and
Ti with appropriate distribution and size in the matrix. The formation of these precipitations increases the
strength of maraging steel alloy by almost twice the initial value, after heat treatment (Table 4).

This is one of the reasons that the samples fabricated by additive manufacturing are better not to be directly
aged. Hence before aging, they undergo a solution heat treatment in order to dissolve the alloy elements such
as Mo and Ti to make them uniform in the matrix phase. Figure 6 shows the EDS analysis at the points marked
with capital letters. In sample S31 (Figure 6(d), (e)), the best barrier for the movement of dislocations is
obtained due to the precipitation of particles with the optimal size and population. The highest ultimate tensile
strength with 1670 MPa was obtained at 480°C (S31). According to the Orowan mechanism, coarsening of
particles leads to a decrease in precipitation population (dissolving of smaller particles) and an increase in
precipitation distance, thereby reducing dislocation hindrance [47].

The sample S30 which was age hardened at temperature of 540°C lost its strength due to coarsening of
intermetallic precipitations such as Ni3(Mo) in the matrix (Figure 6(b)), resulted in an increase in the distance
between formation precipitations, so dislocations pass more easily between these precipitated particles. The
ultimate tensile strength of the sample was 1413 MPa (S30) which was lower than S31 sample. When age
hardening occurs at 420°C instead of 480°C, the thermal energy required to penetrate elements such as Mo and
Ti to continue the growth of precipitated particles is insufficient, and the particles are not able to reach the
ideal size as a result. Therefore, dislocations could easily shear and pass through precipitation due to their small
size and greater distance from each other (Figure 6(g)). Thus, this sample (S32) has a lower ultimate tensile
strength as compared with samples age hardened at temperatures 540°C (S30) and 480°C (S31).

According to the chemical composition percentage (Table 5), fine precipitations are mostly Nis(Ti, Al, Mo)
and NizsMo (intermetallic compounds). In austenite or martensite phase, Fe and Ni is a major element of the

matrix chemical composition.

14
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Table 4 The effect of heat treatment parameter on the mechanical properties of the optimal additive

manufacturing sample.

- Hardness
@ =g = 5 : 5 2 5 < g Ultimate - g
_g Heat Treatment Parameters 2 g Z =z B2 3 g Xg Strength E o
3 S 2 F "% g Z  MPa g g
=& 2 2 & i B
% * & B
$26  Without heat treatment . nout heat 0.4 964 299 283
treatment
S.T. 820°C, W.Q.,
530 Aging 540°C 0.4 1413 445 465
S.T. 820°C, W.Q., Effect of aging
831 Aging 480°C temperature 0.4 1670 505 521
S.T. 820°C, W.Q., g
S32 Aging 420°C X-Z _§~ 0.02 100 0.15 0.4 1182 451 445
S31 S'& 8.20 SégyCQ’ 0.4 1670 505 521
ging Effect of cooling
S.T. 820°C, A.C., rate on solution
S33 Aging 480°C treatment 0.4 1300 455 461
S.T. 820°C, F.C., temperature
S34 Aging 480°C 0.4 1265 448 455

S.T. : Solution Heat Treatment , W.Q. : Water Quenching

Fine precipitations are mainly scattered in the matrix, Mo is more visible at grain boundaries, hence even

after heat treatment, some Mo remains at the grain boundary and forms precipitations of NizMo (Figure 6(e)).

It is observed that the particle size of the aged hardening sample (S31) at 480°C is mainly less than 20 nm,

while the particle size of the aged hardening sample (S30) at 540°C is mainly larger than 50 nm. A comparison

of the nickel content in the matrix phase of the sample hardened at 540°C with that of the other two samples

shows that the sample age hardened at 540°C (Figure 6(a)) has a more reverted austenite phase (Figure 6(c),

()) which can be seen as white piecemeal regions. Additionally, precipitation particles change from spherical

to worm- or rod-shaped (S30) as aging temperature increases (Figure 6(b)). Figure 7 shows EDXS maps of the

heat-treated sample (S31). According to the EDXS map of the hardened sample at 480°C, Mo, Ni, Co, and Fe

elements are evenly distributed. The presence of more Mo, Ti, and Al elements in certain areas indicates that

the Niz(Mo, Ti, Al) intermetallic particles have been precipitated.

15
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Figure 6 Scanning electron microscope images of the sample produced in the optimal state in the XZ
direction for three solution treatment samples at a temperature of 820°C, cooled in water and aged at a

temperature of 540°C (S30), 480°C (S31) and 420°C (S32).
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Table S Chemical composition of (yellow arrowed) the employed powder determined by EDX

analysis.
Atomic percent
Sample Point . . Compound
Ni Ti Al Mo Co Fe
1745 047 051 7.90 7.12  66.54 Precipitation - Niz(Mo)
S30 (Aged at 540°C) -
19.55  0.71 0.55 7.59 741  64.19 Matrix
15.95 0.4 0.41 9.45 8.15 6931 Matrix

1479  4.61 3.15 6.65 7.56  63.24 Precipitation - Ni3(Ti, Mo, Al)
16.19 146  0.98 5.69 810  67.58 Precipitation - Ni3(Ti, Mo, Al)
16.05 0.66 0.44 5.97 835 6853 Boundary

16.19  2.14 1.19 6.27 7.89  63.32 Precipitation - Ni3(Mo, Ti, Al)
1495 282  0.55 5.62 834  67.72 Precipitation - Niz(Mo, Ti, Al)

S31 (Aged at 480°C)

$32 (Aged at 420°C)

T | > |O|OQ|T > |T| >

w -
SEM HV: 15.0 KV WD: 12.60
SEM MAG: 15.0 kx Det: SE
View fled: 13.8 ym _ Date(midly): 10125/23

b 2pm 515KV 1prode=1nA

Figure 7 EDXS map of sample solution treated at 820°C, cooled in water (S31) and aged at 480°C.

A maraging steel alloy's strength is significantly affected by the cooling rate from the solution heat
treatment stage. The matrix rich in Ni, Co, Ti, Mo, and Al can precipitate secondary phases when cooled with
water at the maximum rate immediately after leaving the furnace due to a supersaturated solid solution (SSSS).
As aresult, the number of precipitated particles and their distribution will be the best. Additionally, due to the

high cooling rate (Figure 8(a), (b)), the martensite phase also reaches its maximum value, resulting in the
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1  strength of sample being at its highest value after aging, compared to samples cooled at a lower rate. In fact, a

2 low cooling rate (air (Figure 8(c), (d)) or furnace cooling (Figure 8(e), (f))) causes less martensite to form

3 during cooling, resulting in more austenite remaining (retained austenite). As the austenite content in the

4 sample increased, the sample's strength decreased.

5
M-IRAJ ;CAN' SEM HV: 15.0 kV WD: 11.97 mm . 1| 1 MIRA3 TESCAN SEM‘ HV: .':.D kv Wwb: ‘.12.02 mm
SEM MAG: 5.00 kx Det: SE 10 pm SEM MAG: 5.00 kx Det: SE 10 pm
RMRC FESEM I, 71\{[87%1 ﬁeld: l1.5‘ pm 7Da_(i(mldly)}i!25]23 _ RMR? FESEM J \Llew ﬁelf: 4“5 ",m, Date(r}\ldly): ﬂ)IZSEJ

SEM HV:'1 5.0 kV WD: 12.60 mml | MIRA3 ‘I'ESCAN‘ SEI'A HV: 150 kv 3 WD: 11.9; r;;m | ) : MIRAJ:TESCAN ‘éEM H 5.0 kV WD:V1‘2.02 mm MIIRAG TES!;A

SEM MAG: 15.0 kx Det: SE 2pm SEM MAG: 25.0 kx Det: SE 2pm SEM MAG: 25.0 kx Det: SE
6 View field: 13.8 ym Date(m/dly): 10/25/23 RMRC FESEM View field: 8.31 pm Date(m/dly): 10/25/23 RMRC FESEM View field: 8.31 pm Date(m/dly): 10/25/23 RMRC FESEM
7 Figure 8 Scanning electron microscope micrographs of samples solution treated at 820°C, cooled in water (S31),
8 air (S33) and furnace (S34) and aged at 480°C.
9 4- Conclusions

10 This paper investigates the selective laser melting (SLM) process parameters in relation to heat

11  treatment, with a focus on precipitation morphology under various heat treatment conditions. A series
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of SLM parameters, including hatch distance, scanning speed, layer thickness, scanning strategy, and

build direction, were applied to maraging steel samples produced via SLM. The study explores the

evolution mechanisms of microstructure, tensile properties and microhardness under different heat

treatment regimes. The following conclusions can be drawn from this work:

)

2)

3)

4)

5)

To achieve a structure with minimal porosity and eliminate unmelted particles, the energy density must
be at least 50 J/mm?. At this threshold, porosity remains below 1%.

Among the tested laser scanning speeds (70, 100, and 130 mmy/s), the highest tensile strength is
achieved at 100 mm/s. Porosity increases with higher scanning speeds. For hatch spacings of 0.1, 0.15,
and 0.3 pm, the optimal strength is obtained at 0.15 pum, though porosity consistently increases with
wider hatch spacings. As layer thickness increases from 0.2 to 0.6 um, both ultimate tensile strength
and overall part density decrease due to the rise in porosity.

Using a stripe scanning strategy results in a 35% increase in tensile strength, a 12% increase in
hardness, and a 45% reduction in porosity compared to the chessboard strategy. The ultimate tensile
strength varies with build orientation: 950 MPa in the XY direction, 964 MPa in the XZ direction, and
921 MPa in the ZX direction.

Heat treatment significantly enhances mechanical properties, increasing ultimate tensile strength by
approximately 75% —from 964 MPa to 1670 MPa. The optimized sample after heat treatment exhibits
a microstructure consisting of cellular and acicular martensite, along with some retained austenite.
Intermetallic precipitates, such as Ni(Mo); and Ni(Ti, Al)s, are uniformly dispersed within the matrix,
contributing to the increased strength.

The highest tensile strength is achieved by rapidly quenching the sample in water after solution

treatment at 820 °C, followed by aging at 480 °C.
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