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ARTICLE INFO ABSTRACT

Selective laser melting (SLM) is an additive manufacturing and 3D printing technology which offers flexibility in
geometric design and rapid production of complex structures. Maraging steels have high strength and good
ductility, and therefore have been widely used in aerospace and tooling sectors for many years. This work aims
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XBD to study the influence of aging temperature and aging time on the microstructure, mechanical property (hard-
Mlc'rostructur'e ness, strength and ductility) and tribological property of SLM maraging 18Ni-300 steel. The results reveal that
Ultimate tensile strength (UTS) . .. . e . . .

Wear rate the aging conditions had a significant impact on the strength and wear-resistance of the SLM maraging steel. The

optimal aging conditions for the SLM maraging steel produced in this work were 490 °C for 3h under which
strength and wear-resistance were maximised. Lower or higher aging temperature led to under-aging or over-
aging phenomena, reducing the strength and wear-resistance performance. Shorter or longer aging time also
resulted in the decrease of strength and wear-resistance performance of the SLM maraging steel as compared
with the optimal conditions. The variation of the mechanical and tribological properties is primarily due to
changes in phase compositions and microstructures of the SLM maraging steels.

1. Introduction

Selective laser melting (SLM) is an additive manufacturing and 3D
printing technology, which is predominantly used for the production of
metal-based components (i.e., pure metals, alloys and metal matrix
composites). With SLM, a high-power laser beam is used to selectively
melt powder feedstock according to a pre-defined computer-aided de-
sign (CAD) model. The liquid melt pool created by the laser rapidly
cools to form a solid track which when combined with neighbouring
tracks and layers, can form near-net-shape components [1]. SLM offers
several unique advantages over other conventional manufacturing
processes, such as flexibility in geometric design, rapid production of
components with complex geometry and high spatial resolution (e.g.,
turbine disc and cellular lightweight structures), customization of
products at an acceptable cost (due to the lack of tooling), and little
material waste through the recycling of unprocessed powder [1-3].
Components fabricated via SLM under optimized manufacturing para-
meters can be almost fully dense and have equivalent mechanical
properties as compared with wrought counterparts. SLM is hence well
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recognized as a novel manufacturing technology of the future.

Steels have excellent mechanical properties such as high strength,
toughness and good machinability, and have been widely used in the
modern industry. Due to their excellent wettability and low reflectivity,
steels are candidate alloys of high interest for SLM [1,2]. To date, a
number of studies have been carried out to study the microstructure
and properties of SLM steels, such as austenitic stainless steels [4-19],
precipitation hardenable stainless steels [20-23] and maraging steels
[24-35]. Among these, high-strength and high-ductility maraging steels
have been widely used in aerospace and tooling sectors which has re-
sulted in these alloys being a focus of SLM studies in recent years.
Studies demonstrated that high-density and high-performance mara-
ging steels can be produced through SLM using optimized laser para-
meters and scanning strategies [29,34-36]. SLM maraging steels typi-
cally have very fine cellular structure in the as-fabricated state due to
the very high cooling rates and rapid solidification during manufacture
[37-39]. Therefore, SLM maraging steels generally have higher yield
strength, tensile strength and hardness as compared with wrought
counterparts [28,29]. However, such high strength and low ductility
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also results in a low transition fatigue life of the SLM maraging steel
[40].

Aging treatment is known to be an effective way to improve the
hardness and strength of precipitation hardenable alloys due to the
formation of intermetallic precipitates [41,42]. In terms of SLM mara-
ging steels, studies have confirmed that the microstructure and me-
chanical properties of SLM maraging steels can be improved through
proper aging treatment [20,22,24-30,33]. The aged SLM maraging
steels can have much higher strength than the as-fabricated steels with
reduced ductility. Although existing studies have demonstrated the
importance of aging treatment in improving the mechanical perfor-
mance of SLM maraging steels, systematic investigations on the aging
parameters (aging temperature and aging time) for SLM maraging steels
are not prevalent. In addition, maraging steels are mainly used in
aerospace, tooling and mold industries where the working environ-
ments are normally aggressive and excellent wear-resistance perfor-
mance is necessary. Hence, investigations on the tribological properties
of SLM maraging steels are also greatly needed. Considering the
aforementioned points, this paper aims to explore the influence of aging
temperature and aging time on the microstructure, mechanical prop-
erties (hardness, strength and ductility) and tribological property of
SLM maraging steels.

2. Experimental methodology
2.1. Manufacturing procedure

Spherical maraging 18Ni-300 steel powder (EOS GmbH, Germany)
with a size range of between 33 and 40 pm was used as the feedstock.
Fig. 1a shows the surface morphology of the maraging steel powders
observed by scanning electron microscope (SEM, Carl Zeiss ULTRA,
Germany). Fig. 1b shows the cross-section of a maraging steel powder
after etching. It can be seen in Fig. 1b that the microstructure of the
maraging steel powder is dendritic which is a typical microstructure of
rapidly cooled steels. EOS M290 SLM system (EOS GmbH, Germany)
was used to produce the maraging steel samples. Experiments were
performed in a nitrogen environment with substrate preheating to a
temperature of 40 °C. Optimized scanning parameters were used in this
experiments with a laser power of 285 W, a hatch distance of 110 um, a
laser beam speed of 960 mm/s, a laser spot diameter of 100 um, and a
layer thickness of 40 um [29]. The laser scanning trajectory follows a
zigzag pattern with an angle of 67° between adjacent layers. Fig. 2
shows a photograph of three SLM maraging 18Ni-300 steel samples
manufactured using the optimized parameters, highlighting the relia-
bility of these parameters. Note that these samples were only produced
for demonstration purposes rather than mechanical or tribological
testing. Following the manufacture of the maraging steel samples, aging
treatment was carried out under various temperatures (from 390 to
590 °C) and time (from 1 to 7 h) without pre-solution treatment. The
aging parameters were chosen based on the findings of previous studies
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Fig. 2. Photo of three SLM maraging 18Ni-300 steel products manufactured
using the optimized parameters.

[24,26,36]. Aging treatment and sample cooling were both performed
in air.

2.2. Materials characterization

The relative density of the SLM maraging steel samples was mea-
sured by an analytical balance (ABZ 200C, PCE instruments, Germany)
based on Archimedes principle using the following formula:

PsLm Pwater *THSLM (air)

Pstandard Pstandard * (msym (ain~MsLM (Waler)) (@)
where, pg  is the density of SLM sample; o, 4. iS the standard density
of maraging steel; mgy v (air) is the weight of SLM sample in air; mspmwater)
is the weight of SLM sample in water; p,., iS the density of water.
Three samples were tested and averaged to determine the relative
density. The cross-sectional microstructure of the SLM samples was
studied using an optical microscope (OM) and SEM. As a preparation
for the microstructure analysis, the samples were polished using stan-
dard metallographic procedures with the final polishing applied using
0.06 um silica solution. Polished samples were etched with a modified
Fry’s reagent of 1 g CuCl,, 25 ml HNO3, 50 ml HCL and 150 ml water to
observe and study the grain structure. To examine the phase transfor-
mation after aging treatment, the SLM samples were examined by an X-
Ray diffractometer (XRD, Siemens D500, Germany) with the Co
(A = 1.789 A) source at a current of 40 mA, voltage of 35kV, scanning
step of 0.02° and scanning speed of 6 s per step. In order to accurately
analyse the phase fraction of SLM maraging steels before and after
aging, Rietveld analysis was conducted using JADE 6.0 software based
on the measured XRD spectrum through phase retrieval, pattern fitting
and Rietveld refinement.

Fig. 1. Maraging 18Ni-300 steel powders used in the experiments. (a) surface morphology, and (b) cross-sectional view after etching.
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2.3. Mechanical property test

The microhardness of the SLM maraging steel samples before and
after aging treatment was tested using a Vickers hardness indenter
(Mitutoyo, Japan) with a load of 500 g and dwell time of 10s. Ten lo-
cations were tested on each sample, and the average value was con-
sidered as the microhardness. The tensile strength of the SLM maraging
steel samples was measured by a universal tensile strength system
(Instron 8801, UK) at a displacement rate of 10 mm/min as per ASTM
E8 specification. The tensile specimens were produced in a dog-bone
shape by SLM directly with a gauge length of 25 mm, gauge width of
5mm and thickness of 2.2 mm. Ultimate tensile strength (UTS) and
break elongation (EL) before and after aging treatment were de-
termined based on the average value of three tensile samples for each
aging parameter. The surface morphologies of the fractured tensile
samples were then studied by SEM.

2.4. Tribological property test

The tribological property of the SLM maraging steel samples was
measured using POD-2 pin-on-disc tribometer (CSEM Instruments,
Switzerland) at room temperature. For accurate measurement of the
wear rates, the sample surfaces were polished using silicon carbide first,
followed by 6 um diamond solution prior to the test, and the samples
were then mounted on a carrier disc. A tungsten carbide ball with a
diameter of 5mm was used as a counterpart under a constant load of
5N. The disk rotated at a linear speed of 10 mm/s. The material volume
loss was calculated according to ASTM G 99 standard [43]. The wear
rate was then calculated as the volume loss per unit load per traverse
distance. The sliding distance and track diameter were set as 200 m and
5 mm, respectively. Three cross-sections were selected along the wear
track and used to calculate the average wear rate.

3. Results and discussion
3.1. Microstructure of the as-fabricated SLM maraging steel

Fig. 3 shows the OM imaging of the etched cross-section of the as-
fabricated SLM maraging steel in the horizontal (vertical to building
direction, BD) and vertical planes (parallel to BD). During SLM, the
cooling rate is inhomogeneous within a molten pool; the maximum
cooling rate is located at the boundary of the molten pool where soli-
dification is much faster than inner zones. This results in the occurrence
of segregation, making the molten pool boundaries visible after etching
[36]. From Fig. 3a, laser tracks with a width of approximately 80 um
and inter-track angle of 64° can be seen on the horizontal cross-section.
In addition, semi-elliptical structures with a height of approximately
45 pum can be observed on the vertical cross-section from Fig. 3b, re-
flecting the shape of laser molten pool. The characteristics visible on the
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etched cross-sections are in agreement with the defined scanning
parameters.

Fig. 4 shows SEM images of the cross-section of the as-fabricated
SLM maraging steel (before and after etching) and the XRD spectrum.
As can be seen in Fig. 4a, the SLM maraging steel exhibited very dense
structure with few micro-defects. Defects are typically caused by un-
melted powders and entrapment of gases in the molten pools during
solidification [7,28]. The density measurement showed that the relative
density of the SLM maraging steel was 99.22 + 0.32%, which is quite
close to the fully-dense bulk maraging steel. The etched cross-section in
Fig. 4c and the high-magnification view in Fig. 4d reveals the grain
structure of the as-fabricated SLM maraging steel. It is clearly shown
that the microstructure of the as-fabricated SLM maraging steel is
present in the form of very fine cellular structure with an intercellular
spacing of hundreds of nanometres, which is in contrast to the larger
microstructure of the feedstock powders (as shown in Fig. 1b). The
formation of the fine microstructure is due to the extremely high
cooling rate of the molten pool which prevents the formation of sec-
ondary dendrite arms during the solidification process [11]. The or-
ientation of cellular structures was not uniform across all grains as
shown in Fig. 4c where black dotted lines indicate the grain boundaries.
Note that the cells are 3D in structure and they can be observed as
either equiaxed or lath shaped in the 2D plane depending on the angle
of view. Such fine cellular structure is a typical microstructure of SLM
steels, which can lead to improvement of the hardness and strength of
SLM steels as compared with conventionally manufactured steels [2]. In
addition, from the XRD spectrum shown in Fig. 4b, a small fraction of
retained austenite was detected in the as-fabricated SLM maraging
steel. The retained austenite arose from the microsegregation of solute
elements (particularly Ni) at cellular boundaries during solidification.
The enrichment of Ni stabilizes the retained austenite [30], and thereby
allowing the detection of the austenite phase.

3.2. Microstructure of the aged SLM maraging steel

To investigate the microstructure of the aged SLM maraging steel,
Fig. 5 shows the SEM imaging of the etched cross-section of the SLM
samples under various aging parameters. The XRD spectrum (Fig. 6)
and the corresponding Rietveld Refinement analysis (Table 1) of the as-
fabricated and aged SLM samples were also provided to assist the
analysis. As can be seen from Fig. 5a-c, the aging temperature sig-
nificantly influenced the microstructure of the SLM maraging steel. The
microstructure under the lowest aging temperature of 390 °C (Fig. 5a)
exhibited a similar cellular structure to the as-fabricated component
(Fig. 4c). Precipitations in this circumstance were known to be mainly
p-, S- and X- intermetallic phases [44,45]. The volume fraction of
austenite slightly increased from 1.6% in the as-fabricated state to 1.9%
due to the occurrence of austenite reversion during aging treatment. As
the aging temperature increased to 490 °C, the boundary of the cells

Fig. 3. Etched cross-section of the as-fabricated SLM maraging steel observed by OM. (a) horizontal view, and (b) vertical view.
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Fig. 4. Characterization of the as-fabricated SLM maraging steel. (a) cross-sectional SEM image before etching, (b) XRD spectrum, (c) cross-sectional SEM image after
etching, and (d) high-magnification view of the cellular structure. Black dotted lines indicate grain boundaries.

became non-continuous as shown in Fig. 5b. Such changes were due to
the precipitation of Ni-rich intermetallic phases (e.g., Ni3Ti, NizMo,
NizAl), and the enhanced phase transformation of martensite to aus-
tenite (3.1%) at the cellular boundaries under high aging temperature
[26,29,46]. The NizMo is formed initially upon aging due to its im-
proved lattice fitting with the martensite. The Ni3Ti is also rapidly
formed during the aging due to the interaction between Ti and Ni. The
Ni3Al was formed through the substitution of the remaining Ti by Al
[29]. Further increasing the aging temperature to 590 °C resulted in the
obvious over-aging phenomenon. The microstructure exhibited very
thick boundaries as shown in Fig. 5c due to the extremely prominent

reversion of martensite to austenite [44]. The volume fraction of aus-
tenite phase increased to 65.8% when aged under 590 °C. In addition,
the decomposition of Niz(Mo, Ti) phases and consequent precipitation
of FeoMo phase occurred at the same time, which also contributes to the
austenite reversion [24,44].

As compared with increasing the aging temperature, increasing
aging time posed a less significant impact on the microstructure. As can
be seen from Fig. 5b and d—f, the microstructure of the SLM maraging
steel under different aging times demonstrated a similar pattern,
showing cellular structures with non-continuous cell boundaries. The
cell boundaries became less defined with increasing the aging time.

s
0°C-3h

Fig. 5. SEM images of the etched cross-section of the aged SLM maraging steel under various aging temperatures and times. (a) 390 °C for 3 h, (b) 490 °C for 3 h, (c)

590 °C for 3h, (d) 490 °C for 1 h, (e) 490 °C for 5h, (f) 490 °C for 7 h.
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Table 1

Fig. 6. XRD spectrum of the aged SLM maraging steel under (a) various aging temperatures and (b) various aging times.

The volume of martensite (o) and austenite (y) of the as-fabricated and aged
SLM maraging steel under various aging conditions.

a phase (%) y phase (%) Error
As-fabricated 98.4 1.6 < 4.4%
Aged (390°C, 3h) 98.1 1.9 < 4.8%
Aged (490°C, 3h) 96.9 3.1 < 4.8%
Aged (590°C, 3h) 34.2 65.8 < 5.0%
Aged (490°C, 1h) 97.1 2.7 < 3.0%
Aged (490°C, 5h) 90.2 9.8 < 3.7%
Aged (490°C, 7h) 85.6 14.4 < 2.2%

This may be due to the enhanced reversion of martensite to austenite at
longer aging time as listed in Table 1. However, significant over-aging
did not occur. Even with the longest aging time of 7h, the volume
fraction of austenite was only 14.4%, much lower than in the case of
590 °C aging for 3 h. This fact clearly suggests that the microstructure
and phase transformation of the SLM maraging steel is more sensitive to
aging temperature than aging time.

3.3. Mechanical properties

Fig. 7a shows the effect of aging temperature on the hardness of the
SLM maraging steel. It is clear that the hardness increased immediately
after aging treatment due to the occurrence of precipitation hardening

(a) 800

Aging time: 3h
700
600 o
500 o

400

300+

Hardness (Hv)
=

200 4

100

under aging over aging

T F T T T T T T
0 100 200 300 400 500 600 700

Aging temperature (°C)

[24-26]. The peak hardness was achieved when the aging temperature
was 490 °C due to the precipitation of Ni3(Ti, Mo). Lower aging tem-
perature (390 °C) resulted in under-aging featured by the precipitation
of p-, S- and X- intermetallic phases, while higher aging temperature
(590 °C) led to over-aging featured by the decomposition of the Nis (Ti,
Mo) [44,45] and the formation of extensive revered austenite phase as
listed in Table 1. Both phenomena can result in the reduction of
hardness compared to the peak value. Fig. 7b shows the effect of aging
time on the hardness of the SLM maraging steel. The hardness increased
rapidly after aging for 1 h and marginally increased at an aging time of
3h after which the hardness slightly reduced. This is because the
shorter aging time resulted in less precipitations and therefore in-
sufficient strengthening effect, while longer aging time led to more
austenite phase and thus reduced strengthening effect. The variation of
the hardness with the aging temperature and time is in agreement with
the above microstructure and phase analysis.

Figs. 8 and 9 shows the effect of aging temperature and time on the
stress-strain curves and tensile properties of the SLM maraging steel,
respectively. As can be seen from Figs. 8a and 9a, under-aging at the
temperature of 390 °C and over-aging at the temperature of 590 °C re-
sulted in lower UTS. The UTS reduced after reaching the peak value at
the aging time of 3h as shown in Fig. 9b. The trend of the UTS first
increasing to a peak and then decreasing with the aging temperature
and time are similar to that of the hardness data in Fig. 7. It also can be
seen in Figs. 8 and 9 that the increment in the UTS came with a re-
duction in the ductility. EL exhibited an inverse trend when compared
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700
600
500

400 /

300

Hardness (Hv)
-

200 —

100

o+
o 1 2 3 4 5 & 7 8

Aging time (h)

Fig. 7. Effect of (a) aging temperature and (b) aging time on the hardness of the SLM maraging steel.
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Fig. 8. Effect of (a) aging temperature and (b) aging time on the stress-strain curves of the SLM maraging steel.

to the UTS, reducing through with both aging time and aging tem-
perature. A reduction in the EL with an increase in the UTS is typical of
metals and cannot be prevented. Fig. 10 shows the comparison of the
fractographic images of the tensile tested SLM maraging steel samples
in the as-fabricated state and aged at 490 °C for 3h (resulting in the
highest UTS and lowest EL). The fracture surface of the as-fabricated
sample reveals dimple-like features as shown in Fig. 10a, indicating
ductile fracture mechanism. In the case of aged sample as shown in
Fig. 10b, the fracture surface was characterized by both cleavage-like
and dimple-like features, which suggests that the fracture mechanism
was a combination of brittle and ductile fracture. This explains why the
EL of the SLM maraging steel was reduced after aging. In addition,
micro-sized balling defects formed during the SLM process can be seen
on the fractured surface, which have been reported to have no sig-
nificant effect on the properties of SLM components [47].

3.4. Tribological properties

In order to study the tribological properties of the SLM maraging
steel before and after aging treatment, Fig. 11 shows the effect of aging
temperature and time on the wear rate. The general variation trend of
the wear rate with the aging parameters is inverse to that of the
hardness and strength shown in Figs. 7 and 9. The wear rate of the SLM
maraging steel reduced significantly after aging treatment due to the
precipitation-strengthening, suggesting the improved wear-resistance
performance. The best wear-resistance performance was achieved at the
aging condition of 490 °C for 5h. Lower aging temperature and shorter
aging time resulted in higher wear rate due to reduced strengthening
effect associated with these treatments. Note that aging at 490 °C for 3h

resulted in a slightly higher wear rate but would be a more economical
aging treatment when considering the higher cost of a longer aging
time. However, the small difference between these two tests may be
caused by uncertainty during experimentation rather than differences
between the effects of the aging process on the materials. In addition,
aging at 490 °C for 3 h led to the highest hardness and tensile strength.
Given these considerations, aging at 490 °C for 3 h is considered as the
optimal aging parameters herein. It has to be noted that the proposed
optimal aging parameter is not a strict optimal condition because it is
obtained based on the limited testing parameters used in this work.
However, this optimal parameter can be regarded as a reference for the
future aging treatment of SLM maraging 18Ni-300 steel.

SEM images of the worn surface of the as-fabricated sample and
aged sample (490 °C for 3h) are provided in Fig. 12 to aid with the
understanding of the wear mechanism of the SLM maraging steel before
and after aging. For the as-fabricated sample, the worn surface was
characterized by deep grooves and fragmented debris. EDX point ana-
lysis indicates that the fragmented debris was maraging steel. The worn
features show that the as-fabricated sample experienced severe de-
formation and material peel-off during the sliding test, which indicates
that abrasion was the primary wear mechanism [48]. Other features are
evident for the aged sample indicating that a different wear mechanism
is causing material removal. In contrast to the deep grooves, the worn
surface is covered with an adhesion tribofilm. EDX point analysis
confirms that the tribofilm was composed of both maraging steel and
tungsten, which indicates that the pin ball was subject to severe wear
during the sliding test due to the increased hardness of the aged SLM
maraging steel. Such tribofilms can easily smear during the sliding test
and protect the underlying surface from further wear [49]. Due to the
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Fig. 9. Effect of (a) aging temperature and (b) aging time on the ultimate tensile strength and elongation of the SLM maraging steel.
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Fig. 10. Fractographic images of the SLM maraging steel tensile samples: (a, b) Fracture surface of as-fabricated maraging steel and magnified view, (c, d) Fracture
surface of aged maraging steel and magnified view. White arrows indicate balling defects.

lubricating effect of the tribofilm, the coefficient of friction (COF) of the
aged sample is always lower than that of the as-fabricated sample
during the entire sliding test as shown in Fig. 13. As a consequence, the
aged sample has a much lower COF (0.586 + 0.071) than the as-fab-
ricated sample (0.629 + 0.061). Therefore, the wear mechanism of the
aged sample is adhesion tribofilm.

4. Conclusions

Selective laser melting (SLM) is an additive manufacturing and 3D
printing technology. In this work, experiments were carried out to study
the influence of aging temperature and aging time on the micro-
structure, mechanical property (hardness, strength and ductility) and
tribological property of SLM maraging 18Ni-300 steel. The main con-
clusions drawn from this work are listed below:
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1 Dense maraging steel can be produced using SLM. The as-fabricated
SLM maraging steel had a fine cellular microstructure with the in-
tercellular spacing of hundreds of nanometres. A small fraction of
austenite phase was found in the as-fabricated SLM maraging steel
due to the microsegregation of solute elements during the solidifi-
cation process.

2 Aging treatments have been shown to modify the phase composition
and microstructure of the maraging steel produced with SLM.
Increasing aging temperature and aging time resulted in more re-
versed austenite, different precipitations and thus different micro-
structures. In addition, the phase transformation and microstructure
are more sensitive to aging temperature than aging time.

3 Aging treatment improved the strength of SLM maraging steel.
There exists an optimal aging condition (490 °C for 3 h in this work)
which can guarantee the highest strength of the SLM maraging steel.
Lower or higher aging temperature led to under-aging or over-aging
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Fig. 11. Effect of (a) aging temperature and (b) time on the wear rate of the SLM maraging steel.
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Fig. 12. Worn surfaces of the (a) as-fabricated and (b) aged SLM maraging steel (490 °C for 3h) and (c, d) the corresponding EDX analysis. The atomic fraction of

each element is also included in the figure.
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Fig. 13. Coefficient of friction of the as-fabricated and aged SLM maraging
steels (490 °C for 3 h).

phenomena, reducing the strength of the SLM maraging steel.
Shorter or longer aging time also resulted in the decrease of the
strength of the SLM maraging steel as compared with the optimal
aging time.

4 Aging treatment improved the tribological properties of the SLM
maraging steel. Under the optimal aging conditions (490 °C for 3h
in this work), the SLM maraging steels had the best wear-resistance
performance due to the improved hardness and strength. The wear
mechanism of the SLM maraging steel changes from abrasion wear
in the as-fabricated state to adhesion tribofilm in the optimally aged
state.
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