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Selective laser melting is one of the additive manufacturing technologies that have been known for building
various and complicated shapes. Despite numerous advantages of additive manufacturing technologies,
they strongly influence the microstructure and typically show a relatively high surface roughness. In this
study, maraging steel was produced by selective laser melting (SLM), and its microstructure, hardness and
corrosion behavior before and after heat treatment were studied and compared to traditionally manu-
factured ones (wrought, forged samples). In addition, the effect of electropolishing on the surface roughness
was evaluated. The microstructural study was carried out by scanning electron microscopy equipped with
electron backscattered diffraction in three different sections: parallel to the top surface (xy), transverse
cross section (xz) and longitudinal cross section (yz). The same characterization was applied to heat-treated
samples, austenitized and quenched as well as the aged ones. The results showed that selective laser melting
produced a fine grain martensitic structure (in the as-printed condition) with a surface roughness (Ra) of
about 10 lm. There was no sign of preferred texture or anisotropy in the microstructure of as-print SLM
materials. The SLMmicrostructure was similar in all 3 sections (xy, xz and yz). Despite finer microstructure,
nano-hardness and corrosion behavior of SLM and conventional wrought maraging steel in heat-treated
conditions were similar. Aging resulted in the maximum nano-hardness and the minimum corrosion
potential values. Precipitation has the main role in both hardness and corrosion behavior. Electropolishing
was optimized and reduced the surface roughness (Ra) by 65%.

Keywords corrosion behavior, electropolishing, maraging steel,
microstructure, SLM, surface roughness

1. Introduction

Additive manufacturing (AM), also known as three-dimen-
sional printing (3D printing), is a family of technologies that
fabricates objects directly from a 3D model by printing layers
by layers (Ref 1, 2). Computer-aided design (CAD) data is used
to derive the cross section for each layer. AM is classified into
different types according to ASTM52900. For metal powder
materials, powder bed fusion (PBF), which includes selective
laser melting (SLM) or electron beam melting (EBM), is the

most widely used 3D printing technology (Ref 1, 3, 4). In the
selective laser melting process, the powders are locally melted
by the laser radiation, forming molten pools, which then
solidify and metallurgically bond to the previously molten layer
(Ref 3, 5, 6).

Maraging steels are mainly applied in the aerospace and
tool-manufacturing industries, which often need components
with complex geometry and excellent mechanical properties in
relatively small quantities (Ref 7, 8). Maraging steel has also
been used for the manufacturing of molds for plastic products.
For this application, SLM is a useful technique which, in
contrast to the conventional cast, can produce molds with
complex internal cooling channels even located close to the
surface.

Since the functionality and properties of materials are
determined by their microstructure (Ref 9, 10), it is vital to
consider the microstructure of the material produced by AM.
Due to the rapid cooling rates and layered solidification in AM
processing, the material microstructure is different from its cast
and wrought counterparts (Ref 11, 12). Anisotropic and non-
equilibrium microstructures, including metastable phases,
porosity, unmelted powder and gas entrapment, have been
observed for AM materials (Ref 1, 4, 13-15). Due to the planar
movement of the heat source and uniaxial movement of the
build plate, achieving a homogenized microstructure and
isotropic mechanical properties in as-printed maraging steel is
challenging (Ref 14). Different researchers such as Kempen
et al. (Ref 16), Casalino et al. (Ref 17), Tan et al. (Ref 7), Bai
et al. (Ref 8) and Suryawansi et al. (Ref 18) have focused on the
influence of SLM process parameters and heat treatment on
mechanical properties of maraging steel, while there have been
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less comprehensive studies on the microscopic features of
maraging steel produced by SLM. In addition, the effect of the
microstructure of maraging steel manufactured by SLM on
corrosion behavior remains unclear.

Apart from the different microstructure than cast samples,
AM samples are known to have relatively rough surfaces.
Different parameters such as powder size, layer thickness,
scanning parameters and laser energy can affect the surface
roughness of the samples. Surface quality in AM parts is
greatly affected by the ‘‘stair-step’’ effect, which is the stepped
approximation by layers building inclined surfaces. The layer
thickness can be reduced to improve the surface finish.
Moreover, if layer thickness is comparable to particles diam-
eter, the particles stuck along step edges can fill the gaps
between consecutive layers, hence affecting the actual surface
roughness (Ref 19). High scan speed can result in some
unmelted powders, which affect the surface roughness as well.
During the SLM process, the laser molten track possesses a
shrinking tendency to decrease the surface energy. Thus, the
balling phenomenon happens during the SLM process, which is
detrimental to the quality (Ref 20). Selective laser melting is
one of the additive manufacturing processes that can produce
samples with a lower surface roughness than the rest (Ref 21-
24). However, in general, additive manufacturing samples have
higher surface roughness than conventionally produced sam-
ples (Ref 25).

Rough surfaces can cause premature fatigue failure due to
increased stress concentrations near the material surface (Ref
26-28). Moreover, rough surfaces can affect other functional
properties such as specific energy absorption, corrosion behav-
ior, fluid dynamics and optical properties (Ref 29, 30).
Therefore, surface quality has to be improved by suit-
able post-processing. Different post-processing methods such
as milling on maraging steel and high strength low alloy steel
(HSLA) and blasting on CoCr alloy, laser polishing and
chemical polishing on 316 stainless steel have been applied for
additive manufacturing parts (Ref 23, 31-33). However, they
might not be proper for complex geometries with undercuts or
inner structures. In most of the post-processing methods, the
external surface roughness can be modified while they cannot
access most internal surfaces, for instance, lattices. In addition,
some of the mechanical post-processing might break delicate
structures.

In this study, electropolishing was applied to reduce the
surface roughness of SLM maraging steel. Electropolishing
(EP) is an electrochemical process that is carried out in an
electrolytic cell, including two electrodes (anode and cathode),
a power supply and an electrolyte (Ref 34). The sample is
connected as the anode, and a high corrosion-resistant material
(such as stainless steel or platinum) is used as a cathode. The
anode and cathode are immersed in an electrolyte, and an
electric current is externally applied. As current passes through
the sample (anode), the protrusion of the surface, which has a
higher current density, will be corroded faster than the surface
valleys (Ref 35). Electropolishing has been applied to AM
samples to reduce surface roughness, especially for stainless
steel and Ti alloy components. Su et al. (Ref 22) obtained a
smoother, brighter and more corrosion-resistant steel by
electropolishing. Pyka et al. (Ref 36) reduced the surface
roughness of additive manufactured Ti6Al4V by electropolish-
ing technique. However, there has not been any literature on
electropolishing of SLM maraging steel. Therefore, this study
was designed to investigate the effect of SLM on the

microstructure and electropolishing as a post-processing
method on the surface roughness of maraging steel. Finally,
the corrosion behavior of maraging steel in the as-printed and
heat-treated condition was compared.

2. Materials and Experimental Methods

2.1 Materials and Characterization

The as-printed (AP) maraging steel with a dimension of
10 * 5 * 0.3 cm3 was fabricated by SLM (SLM Solutions 280
machine) at the University of Pretoria. Heat treatments were
applied on some of the samples categorized as AQ (austenitized
at 900 �C for 30 min and quenched in water) and AG (AQ and
then heating at 460 �C for 3 h). The samples were sectioned to
investigate the microstructure on different planes, xy, xz and yz
as shown in Fig. 1.

Conventional wrought maraging steel (cast, forged and AQ)
with a diameter of 4 cm and length of 1 m was provided by
Matmatch GmbH company as a benchmark representing a
traditional production route. The conventional samples were
cast and forged, then austenitized and quenched at 900 �C for
30 min. The AQ condition for SLM sample was chosen
according to the one that was commercially used for the
conventional sample, so they were comparable (Matmatch
GmbH). AG condition (heating 460 �C for 3 h) was chosen
according to the literature review (Ref 7, 37). The composition
of the as-print and conventional maraging steel was determined
by energy-dispersive spectroscopy (EDS), and the results are
listed in Table 1.

Conventional samples were cut from a bar, and since the
sample has cylindrical symmetry, in this study, just xy (bar
section) and yz (longitudinal section) planes were characterized.

The samples were mechanically polished, followed by
etching with two solutions, Nital (3 vol.%) and Fry�s reagent
(CuCl2: 5 g, HCl: 40 ml, H2O: 30 ml, C2H5OH: 25 ml) at room
temperature. Nital was used to preferentially etch the alloy-rich
segregations regions and remark the solidification substructure.
On the other hand, Fry�s reagent reveals the martensitic
morphology (Ref 38). The microstructures were observed
using OM (optical microscope, Olympus, GX71F) and SEM
(scanning electron microscope, SEM, JEOL 7001F), operating
at 15 kV with secondary electron and equipped with EDS
(energy-dispersive spectroscopy). The grain orientation was
analyzed by electron backscattered diffraction (EBSD) with a
0.05-lm step size. The density of SLM samples was measured
for three different samples, using the Archimedes principle, and
the porosity of the samples was measured according to Eq 1.

Porosity ¼ 100 ð1� q=qmÞ ðEq 1Þ

where qm is 8.1 g/cm3, and q is the density of the immersed
sample in distilled water.

The nano-hardness of the samples was measured by
Berkovich indenter (NanoTest� Vantage) at 100 mN for 10 s
dwell time. Fifteen measurements were run (on two samples
with the same conditions) on the center line of xy, xz and yz
planes (the same planes for microstructural analysis), and the
average and standard deviation values were reported. The
surface roughness of the samples on the xy plane before and
after electropolishing was measured by a contact surface
profilometer (Surtronic 3 plus). Two measurements on a 12.5-
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mm line parallel to x and y axes were done on each sample, and
the average value was reported as Ra. Surface roughness was
also measured on 0.49 cm2 area on xy plane by confocal
microscope (lSurf Explorer, Nanofocus). Two measurements
on two samples with the same conditions were done, and the
average values of surface roughness were reported. The edges
of the samples were not considered for the surface roughness
measurements.

Confocal microscope measures surface profiles and rough-
ness by the white light interferometry. The software calculates
surface properties according to the ISO25718 standard. For the
quantitative analysis, the following parameters were deter-
mined; arithmetic mean height over the surface (Sa), Eq 2, root
mean square of height over the surface (Sq), Eq 3, the maximum
peak height (Sp), Eq 4, the maximum valley depth (Sv), Eq 5
and the maximum height difference between peak and valley
(Sz), Eq 6.

Sa ¼
1

A

Z ZA

0

Z x; yð Þdxdy ðEq 2Þ

Sq ¼
ffiffiffi
1

A

r Z ZA

0

Z2 x; yð Þdxdy ðEq 3Þ

Sp ¼ Max
A Z x; yð Þ ðEq 4Þ

Sv ¼ Min
A Z x; yð Þ ðEq 5Þ

Sz ¼ Sp þ Sv ðEq 6Þ

The corrosion behavior of the samples was measured by the
polarization technique (potentiostat, Ivium). For this purpose,
1 cm2 of xy plane of the samples was exposed to 0.5 M Na2SO4

at room temperature. Ag/AgCl (3M KCl, 0.21 versus SHE/V)

and platinum electrodes were used as the reference and counter
electrodes, respectively. The anodic potentiodynamic polariza-
tion was performed after 20 min delay in the potential range
� 50 mV to 1 V with respect to the open circuit potential
(OCP) with a scan rate of 0.2 mV s�1.

Besides, samples were immersed in 0.1 M NaCl for 1 day to
examine their pitting corrosion. After the immersion test, the
samples were rinsed with citric acid to remove corrosion
products, and the sample surfaces were examined by SEM.
Polarization and immersion tests were repeated at least twice
for each condition to have repeatable and valid results.

2.2 Electropolishing

Electropolishing was carried out in 60 vol.% phosphoric
acid, 30 vol.% sulfuric acid, 9.7 vol.% DI water with glycerol
(0.3 vol.%) at 60 �C. Maraging steel was the anode, and a
conductive oxide net was chosen as the cathode. A magnetic
stirrer with 1 cm length and 4 mm diameter was used to stir the
electrolyte at 150 rpm, and the distance between the anode and
cathode was 4 cm. Electropolishing was carried out for
different potentials (1.5-6 V) and time (10, 20 and 30 min)
on as-printed samples. For each condition, 3 experiments were
carried out, and the average surface roughness was reported.

3. Results and Discussions

3.1 Optical and SEM Microscopy

Optical images of different sections in SLM and conven-
tional samples are shown in Fig. 2 and 3. AP samples (Fig. 2a,
d, g) showed a very fine microstructure, and after AQ, the
martensitic microstructure was revealed (Fig. 2b, e, h). SLM
process includes a rapid cooling rate during and after solidi-
fication (up to 106 �K s�1) which can result in the martensite
microstructure of AP maraging steel. Thinner and denser

Fig. 1. Schematic of different sections in (a) SLM, building direction was along z axes, (b) conventional maraging steel; all the units are in
mm

Table 1 Chemical composition (wt.%) of conventional and SLMed maraging steel

Processing method Fe Ni Mo Co Ti V Si S Mn

SLM 69.6± 0.6 15.8± 0.5 3.2± 0.4 7.6± 0.5 0.9± 0.2 0.3± 0.0 1.70± 0.30 0.1000± 0.0000 0.4± 0.1
Conventional (UNS K93120) 72.2± 0.6 17.1± 0.1 2.7± 0.2 6.4± 0.2 1.2± 0.0 … 0.04± 0.00 0.0018± 0.0000 0.3± 0.0
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martensite laths were formed by AG than by AQ (Fig. 2c, f, i).
Each lath in the martensitic structure is a result of a
homogeneous shear, the basic laths are generally aligned
parallel to each other in groups that have been known as a
packet which includes a high density of tangled dislocations,
and several packets can be found within a prior austenite grain
(Ref 39).

Conventional samples (Fig. 3a, c) have similar martensitic
microstructure with coarser and less density of martensite laths
to the one in AQ, SLM samples (Fig. 2b, e, h). In addition,
some coarse grains besides thin martensites can be observed in
AQ conventional samples. The difference in the martensitic
microstructure of SLM and conventional samples is due to the
different thermal gradients and cooling rate of the manufactur-
ing processes. Solution treatment before aging is necessary for
the maraging steel manufactured by casting and forging
methods to prepare the martensite matrix for precipitation
strengthening. While for maraging steel produced by SLM, due
to the rapid cooling, the martensite matrix has been achieved

during SLM manufacturing process (Ref 8, 40). This initial
microstructure also affects the final martensitic microstructure
after AQ. Aging produced thinner martensite laths than AQ in
the conventional sample. For a better comparison between the
microstructure of SLM and conventional samples after aging,
EBSD analysis was used, which have been discussed in Sect.
3.2.

According to optical images (Fig. 2, 3), the microstructure
of different sections (xy, yz and xz) has comparable martensitic
microstructure in both SLM and conventional samples even
after applying heat treatments.

Figure 4 shows SEM graphs of different sections of the AP
specimen. The boundaries of melt pools are well noticeable
(Fig. 4a) after etching with Nital. During SLM, the maximum
thermal gradient is at the leading edge of the laser beam and the
thermal gradient influences the scan track growth (Ref 41).
Hence, faster cooling happens at the leading edge of the laser
beam, and it leads to a semi-elliptical shape (Ref 7, 41). Melt
pools have 98± 15 and 58± 5 lm depth and width, respec-

Fig. 2. Optical micrograph images of SLM samples, (a, d, g) AP, (b, e, h) AQ, (c, f, i) AG, (a-c) xy, (d-f) yz, (g-i) xz. Samples were etched
with Fry�s solution.
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tively. The size of melt pools depends on several parameters,
such as the input power, exposure time, spot distance and the
beam size at the focal point (Ref 42).

The fine cellular substructure is depicted along with
elongated cells (shown by arrows) in Fig. 4(b). Since cooling
rates in SLM can be in the high order of 106-107 K s�1 (Ref 7),
materials experience fast solidification far from equilibrium
conditions due to the severe temperature gradients. This
complicated thermal process leads to a complex microstructure
(Fig. 4c), including columnar dendritic structures at the bottom
of the molten pool, cellular microstructures in the middle of the
molten pool and coarse equiaxial crystal at the border between
the molten pools. The columnar dendrites grow according to
the thermal gradient, and the solute enrichment of the liquid in
front of the solid–liquid interface determines the constitutional
undercooling (Ref 17). The microstructure depends on the ratio
between the temperature gradient and the solidification rate;
therefore, a cellular dendritic structure is formed along with the
heat flow. The coarse equiaxial crystals are formed at the
borders between the molten pools since this region is affected
by the heat flux of the subsequent laser irradiation (Ref 7).

After AQ, the traces of the scan tracks and solidification
disappeared, and the cellular structure was replaced by massive
martensite microstructure, as seen in Fig. 4(d). Tan et al. (Ref

43) also observed the same microstructure changes by heat
treatment.

3.2 EBSD

Figure 5 represents an inverse pole figure (IPF) map of the
samples. The representative colors in the IPF map correspond
to the crystallographic orientations normal to the observed
plane, as indicated by the stereographic triangle in the picture.
In the IPF map, melt pools cannot be recognized since grains
cross the melt pool boundaries due to epitaxial growth (shown
by arrows in Fig. 5b). During the melting of adjacent beads,
partial remelting happens, which allows the formation of new
grains with the same crystallographic orientation as the nearby
grains (Ref 44). Epitaxial growth of new grains from remelted
zones, following maximum temperature gradient directions,
was also observed in Fig. 4(b) (shown by arrows).

Figure 5(c) shows the phases map detected by EBSD, which
indicates a martensitic microstructure. There is a low fraction of
retained austenite in the structure (green areas) distributed
mainly in melt pool boundaries. The presence of austenite can
be due to the re-transformation of martensite to austenite during
subsequent melting of an overlying powder layer which causes
a constant heat flow from the molten regions to the building
platform (Ref 45). Jägle et al. (Ref 46) reported that austenite

Fig. 3. Optical micrograph images of the conventional wrought sample (a, c) xy (b, d) yz (a, c) AQ, (b, d) AG. Samples were etched with Fry�s
solution
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appears in the interdendritic regions since interdendritic areas
are enriched with Ti, Mo and Ni due to microsegregation. The
amount of martensite-to-austenite transformation depends on
the local composition. Even though Ti and Mo are ferrite
stabilizing elements, it was shown that austenite is stable to
lower temperatures than ferrite in interdendritic zones (Ref 46).

The IPF orientation maps, obtained through EBSD, of
different planes (xy, yz and xz) of the AP sample are seen in
Fig. 6. The grain boundaries of AP samples exhibit a high
degree of tortuosity, which has been seen in materials
containing a consistent distribution of grain boundary precip-
itates and/or eutectic constituents. The precipitations and
eutectic constituents pin the grain boundary motions and
prevent grain growth (Ref 47, 48).

For a better demonstration of grains, grain boundaries maps
are shown in Fig. 6(d)–(f) Since martensite laths follow a
specific orientation relationship with prior austenite grains, they
maintain a small misorientation within a block. Hence, the
rotation angle of the substructure boundaries of lath martensite
is below 5� (red lines in Fig. 6d–f). Blocks subdivided from
packets maintain relatively larger misorientation with respect to
laths and contribute to the formation of LAGBs (rotation angle
ranges from 5� to 15�, green lines), while packets formed along
different habit planes in an austenite grain typically exhibit
remarkable crystallography misorientations, the HAGBs (rota-
tion angle ranges from 15� to 180�, blue lines). Therefore,
HAGBs were constituted of both packets boundaries and prior
austenite boundaries (Ref 45).

According to Fig. 6, the microstructure of AP in all xy, yz
and xz sections mainly consists of refined grains, but some

coarse grains also exist due to the heat from the subsequent
layer deposition (Ref 45). In addition, the length of LAGB and
HAGB is comparable for xy, yz and xz sections which means
the martensite�s laths, blocks and packets have similar size as
well.

There is no preferred texture in SLM samples according to
Fig. 6 since the texture intensity (for all sections), which
demonstrates the intensities of the number of hkl planes in the
reflecting condition, is less than 4. Texture evolution related to
the thermal process parameters such as heat flow direction,
cooling rate and temperature gradient and these parameters
depend greatly on SLM process parameters (Ref 49). The
absence of preferred texture can be due to the rotation of laser
scanning between the layers that changed the heat flux
direction. The same results were also obtained by Suryawanshi
et al. (Ref 18), who observed the absence of cubic texture along
build direction in 3D printed maraging steel by 90� rotation of
laser scanning between successive layers. Casati et al. (Ref 42)
also reported that rotation of scanning direction by 67� after
each layer results in an almost isotropic polycrystalline
material.

The IPFs of xy plane after heat treatment (AQ and AG)
are shown in Fig. 7, which display the lath martensite
structures with sharp boundaries in heat-treated samples. In
addition, prior austenite grains with martensite packets
inside can be seen. Aging refined the microstructure with
respect to AQ condition. Conde et al. (Ref 12) observed
complete austenitization by tempering at 690 �C; also,
grain refinement was promoted when compared to the as-
built condition.

Fig. 4. SEM images of SLM sample, yz plane (a) melt pool boundaries, AP, (b, c) high magnification of the melt pools, AP (d) after AQ
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To compare the effect of heat treatment on the microstruc-
ture, the average grain size of the samples was calculated. The
mean grain size of the lath martensite structure was estimated
by the equivalent grain size, which is calculated by the total
length of the HAGB per unit area (Ref 50). According to Ueji
et al. (Ref 51), there is a relationship (Eq 7) between Sv (the
length of HAGB per unit area) and the mean intercept length
(L) for any three-dimensional shape of masses.

Sv ¼
2

L
ðEq 7Þ

where L can be considered as the mean grain size of the lath
martensite structure. The grain size values for different samples
are summarized in Table 2.

According to the data in Table 2, the minimum grain size
was in AP condition, and by AQ, the grain size was increased
while AG refined the microstructure of AQ one. The increase in
grain size after AQ can be attributed to relief of internal stress
induced during SLM processing after heat treatment as well as
grain growth during austenitizing. While by aging due to the
precipitation, the movement of the grain boundaries is limited,
and the grain growth is reduced, which decreased the grain size.
In the study by Mutua et al. (Ref 52), almost the same average
grain size for the as-built and aged specimens was obtained
while the martensite grains in the matrix were grown in solution
treatment/aging.

IPFs of conventional samples are shown in Fig. 8, which
demonstrate coarse grain structure with respect to SLM ones

due to the lower cooling rate in the casting process. The grains
in xy and yz sections have a similar orientation. Since there was
no difference in the microstructure of different planes in AQ
conditions, only xy plane is reported after aging (Fig. 9).
According to Fig. 9, aging did not affect the microstructure
noticeably (similar mean grain size value to AQ one, Table 2),
while the texture intensity decreased to 1.9. It should be noted
that many previous investigations (Ref 49, 53, 54) reported that
post-annealing weaken or even randomize the texture.

Table 2 summarizes the mean grain size and the austenite
fraction of the samples in different conditions. A higher amount
of the austenite in SLM sample with respect to the conventional
one can be due to the formation of retained austenite.
According to Callister et al. (Ref 55), the occurrence of
retained austenite is more possible at grain boundaries where
the atomic arrangement is irregular, and further growth of
martensite is not possible. Gao et al. (Ref 56) also found more
austenite in SLM maraging stainless steel than in the conven-
tional one. They ascribed this observation to the finer
microstructure and larger residual stress, which provides a
larger driving force for austenitic transformation and, therefore,
reduces the austenite finish temperature. Sarkar et al. (Ref 57)
also agreed that finer microstructure promotes the retained
austenite formation. Moreover, they found more austenite in the
solution treated samples than in the SLM ones. A higher
amount of austenite in the solution treated sample can be
attributed to the formation of the reverted austenite as a result of
the non-diffusive martensite-to-austenite transformation during

Fig. 5. (a) SEM, (b) IPF, (c) phase map (martensite with red color and austenite with green color) images of etched AP sample, yz plane
(Color figure online)
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Fig. 6. IPFs and grain boundary images of AP samples, (a, d) xy, (b, e) yz, (c, f) xz (Color figure online)
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subsequent aging. Therefore, higher austenite was found in
aged sample since it includes both reverted austenite and
retained austenite which cannot be distinguished by XRD and
EBSD analysis because of the same face-centered cubic (FCC)
crystalline structure. Reduction of retained austenite by solution
annealing and formation of reverted austenite by aging were
also observed by other researchers (Ref 57-59). However, the
difference in the fraction of austenite in different conditions is
not significant.

3.3 Nano-Hardness

The nano-hardness values of SLM samples were measured
at 100 mN load, and the results are listed in Table 3. Since there
was no significant difference in the hardness values of different
sections in SLM and conventional samples, only the results
related to xy are shown. Higher nano-hardness values in AP
samples than the AQ can be related to the smaller mean grain
size and stress-relieving effects of AQ. In AP samples, during

Fig. 7. IPFs of (a) AQ, (b) AG SLM sample, xy plane

Table 2 Mean grain size of the lath martensite and austenite fraction in SLM and conventional materials at different
conditions

AP, SLM AQ, SLM AG, SLM AQ, C AG, C

Mean grain size of the lath martensite, lm2 0.64± 0.1 1.58± 0.1 1.05± 0.3 2.85± 0.5 2.26± 0.7
Austenite fraction 0.32 0.49 0.56 0.07 0.32
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the rapid solidification process, internal stress and high
concentration of dislocation at the subgrain boundaries along
with relatively high LAGB were obtained, which was be
reduced by AQ. Similar nano-hardness values for AQ samples
(SLM and conventional) were obtained, even though their
mean grain size is different.

Aging for 30 min resulted in the maximum nano-hardness
values (6 GPa) in both SLM and conventional samples. The
increase in the nano-hardness values by aging has also been
observed by others (Ref 14, 60) which can be attributed to the
formation of fine precipitates of intermetallic compounds such
as Ni3Ti in the martensite matrix (Ref 52).

Conventional and SLM samples have similar nano-hardness
values regardless of the larger mean grain size in the
conventional sample. According to the nano-hardness results,
precipitation hardening is the main strengthening mechanisms
in maraging steel regardless of the manufacturing process.

The elastic modulus of the sample, Es, was calculated from
the reduced Young’s modulus (Er) according to Eq 8 (Ref 61,
62).

1

Er
¼ 1� t2s

Es
þ 1� t2i

Ei
ðEq 8Þ

Er considers that elastic displacements occur in both the sample
and the indenter, Ei,s and mi,s are the elastic modulus and
Poisson�s ratio for the indenter and the sample, respectively. In
this study, Ei is 1140 GPa, and mi and vs are 0.07 and 0.3,
respectively (Ref 63). Table 3 summarizes the elastic modulus
of the samples. It can be seen that even by changing the nano-
hardness values via heat treatment, the elastic modulus did not
change, not only in SLM samples but also in conventional ones.
Bao et al. (Ref 64) found a relation between Er and hardness
(H), according to Eq 9.

Er ¼ 0:6647
ffiffiffiffiffiffiffiffiffi
HRS

p
ðEq 9Þ

where Rs is recovery resistance and is defined by Eq 10.

Rs ¼
Pm

H2
s

ðEq 10Þ

Pm is the maximum load in nanoindentation, and Hs is the depth
of elastic recovery. According to these equations (Eq 8, 9) and
the values in Table 3, the recovery resistance of maraging steel
was decreased by aging in both SLM and conventional

Fig. 8. IPFs of AQ conventional samples (a) xy, (b) yz
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samples. As a result, higher hardness in aged samples did not
result in higher elastic modulus.

3.4 Corrosion Behavior

The corrosion behavior of the mechanically polished (MP)
samples on the xy plane was tested in 0.5 M Na2SO4 by
polarization method, and the results are plotted in Fig. 10.
According to Fig. 10(a), SLM maraging steel behaved like an
active material and was corroded at a slow rate (icorr:
4.79 10�6 A cm�2). Heat treatment reduced the corrosion
potential (Ecorr) while corrosion current density (icorr) was not
affected, and AG sample has the minimum Ecorr (see Table 4). It
was reported that the austenitic phase formed during the aging
thermal treatment was detrimental to the corrosion behavior of
the 18Ni 300-grade maraging steel (Ref 65). Maraging steel is
prone to corrosion mainly due to the martensitic matrix with
intermetallic precipitates, such as Ni3(Ti, Al, Mo). A galvanic
coupling forms between the precipitates and the matrix, in
which the a-Fe with lower potential plays as the anode and the
precipitates act as the cathode. The micro-galvanic corrosion
increased the dissolution rate of the matrix in AG samples.
However, the average corrosion rate of AG SLM is similar to
AP one (Fig. 10a), and this can be due to the formation of fine

precipitates in these samples. SLM sample has a similar
behavior as the conventional one (Fig. 10b).

It was reported that 3D printing could enhance the corrosion
behavior of CoCr and CoCrW dental alloys; the opposite was
noted in the Ti-6Al-4V alloy, which was attributed to its
microstructure (Ref 1, 4, 52, 66). The better corrosion behavior
of 3D printed Al-12Si alloy in 3.5 wt.% NaCl solution was also
observed due to ultrafine eutectic Si particles in the microstruc-
ture, which stabilize the oxide layer that forms during the
corrosion process (Ref 6). The improved corrosion behavior of
3D printed stainless steel in NaCl with different concentrations
(0.1 and 0.6 M) has attained due to the reduction of inclusion
concentration (Ref 6). On the other hand, the breakdown
potential of 3D printed 316 L stainless steel in 3.5 wt.% NaCl
solution was reduced, which was attributed to the pre-existing
pores that get attacked preferentially during corrosion (Ref 67).
Preferentially corrosion attack around porosities was also
confirmed by other researchers (Ref 6, 68-70). In this study,
the porosity of the SLM sample after AQ was 0.3%± 0.1,
while in conventional samples after AQ was 0.1%± 0.1. Since
the amount of porosity was negligible, they did not affect the
corrosion behavior of SLM maraging steel.

According to the results obtained by other researchers, 3D
printing can enhance the corrosion resistance of passive
materials, while maraging steel is an active metal with a low
corrosion rate. This study showed that SLM could not enhance
the corrosion resistance of the active materials. It should be
considered that SLM maraging steel has more grain boundaries
and three times higher porosity fraction which all can
deteriorate the corrosion resistance. In contrast, the corrosion
resistance did not decrease.

The as-printed and heat-treated samples were immersed in
0.1 M NaCl, and pitting was observed on all samples after one
day of immersion. Figure 11 demonstrates the SEM images and
EDS maps of the corroded surfaces after rinsing with citric
acid. Pits were observed on the surface of the samples.
Figure 11(a) shows that pitting initiated at the melt pool
boundaries on SLM sample where dendritic structure and the
solute segregation happens. SEM and EDS maps (Fig. 11b–e)
show the pit on AG, SLM sample, which exhibit that pitting
started around Ti, Mo and V elements. The corrosion mor-
phology (Fig. 11a) along with the EDS maps (Fig. 11c–e)
confirms the segregation of Ti, Mo and V elements on the melt
pool boundaries, which was not recognized by the EBSD phase
map. Similar corrosion morphology was observed in conven-
tional samples.

3.5 Electropolishing

As mentioned before, SLM sample has higher surface
roughness than the conventional one. Bouzakis et al. (Ref 71),
in their study, showed that maraging steel (18Ni-C300) round
bar after turning and drilling had a surface roughness (Ra)
around 1.2 lm, while the SLM sample had Ra value of around
11.8 lm. In this study, electropolishing was applied on SLM
samples to investigate the surface roughness (Ra) reduction. For
this purpose, polarization in electropolishing electrolyte was
performed on xy plane of SLM samples to determine the proper
potential for electropolishing. The relationship between current
density (i) and electrochemical potential (anodic polarization) is
shown in Fig. 12.

Anodic polarization curves have three distinct regions: the
first stage showing a rapid increase in current with increase in

Fig. 9. IPF of AG conventional sample, xy
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potential, the second region, the plateau region, where current
increases slowly with increase in potential, followed by the
third region at higher potentials where there is a rapid increase
in the current (Ref 72, 73).

Anodic dissolution begins during the first stage, and by
increasing the voltage in the second stage, a steady state is
reached where an oxide film forms on the maraging steel
surface. Mass-transfer control is dominating in the second
stage, where the rate of dissolution is limited due to the
formation of the oxide film and indicates the optimal potential
range for electropolishing (Ref 72, 74). Material removal is
mainly even and constant during the plateau region (second
region). By a further increase in potential, severe oxygen gas
(O2) evolution takes place and results in localized dissolution
on the maraging steel surface.

SEM images in Fig. 13 demonstrate the effect of electropol-
ishing potential on the surface morphologies of SLM samples.
As-printed sample surface (Fig. 13a) possesses irregular
features with isolated particles partially melted and adhered to
the surface (Ra: 9.2 lm). At potentials lower than 3 V versus
Ag/AgCl (Fig. 13b), polishing did not happen even though
some rough areas were dissolved (Ra: 8.4 lm). In the potential
range of 3-4 V versus Ag/AgCl (Fig. 13c), smoother surface
was achieved, while due to unevenly distributed oxide film, the
sample was not polished uniformly (Ra: 6.5 lm). The polished

surface was obtained by polishing at 5 V versus Ag/AgCl
(Fig. 13d, Ra: 3.2 lm), while higher potential, 6 V versus Ag/
AgCl (Fig. 5e, Ra: 8.1 lm), leads to localized dissolution and,
therefore, rougher surfaces.

According to the polarization curve (Fig. 12), conventional
electropolishing for maraging steel should be run in the
potential range of 0.05-2 V versus Ag/AgCl. While in this
study, the polishing was negligible even by applying the
maximum potential (2 V).

The surface roughness of the SLM parts consists of two
types of surface profiles. One surface profile is due to the
balling and staircases which depend on SLM process param-
eters (the reduced hatch spacing and powder layer thickness
reduce the surface roughness) (Ref 20, 75, 76). The other
surface profile is related to partially melted metal particles
sticking on the as-printed side surface. The combination of
these two surface profiles increases the difficulty in polishing
SLM parts. Therefore, the conventional electropolishing pro-
cess (which occurs in the second region of the polarization
curve) might not be practical for SLM parts. As a result,
overpotential electropolishing (by applying potential in the
third region of polarization curve) is needed to face the high
roughness and specific profile to remove the sticking particles.
Macropolishing is based on the concept of Wagner number Eq
11 (Ref 77).

Table 3 The average values of nano-hardness and elastic modulus of xy plane of SLM and conventional samples at
different conditions

Conditions

AP AQ AG

SLM SLM Conventional SLM Conventional

Nano-hardness, GPa 4.1± 0.1 3.5± 0.1 3.7± 0.21 6.5± 0.6 6.3± 0.2
Elastic modulus, GPa 208± 11 220± 13 230± 22 233± 6 226± 14

Fig. 10. Polarization curves in 0.5 M Na2SO4 for xy plane of (a) SLM sample, (b) conventional sample

Table 4 Corrosion current density and potential of SLM and conventional samples in 0.5 M Na2SO4 solution

Samples conditions AP, SLM AQ, SLM AG, SLM C, AQ C, AG

icorr, A cm�2 2.79 10�6 5.39 10�6 4.29 10�6 3.09 10�6 4.49 10�6

Ecorr, V versus Ag/AgCl � 0.36 � 0.40 � 0.46 � 0.43 � 0.47
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Wa ¼
kb
Liave

ðEq 11Þ

where k is electrolyte conductivity, b is the Tafel coefficient, L
is the characteristic length, and iave is the current density of the
electropolishing process. Wagner number displays the ratio of
faradic kinetic to electrolyte resistance. A higher Wagner
number results in uniform current density distribution, which
means the secondary current distribution (related to the
dissolution) is dominated. At a lower Wagner number, the
primary current distribution (controlled by the electrolyte
resistance and therefore the surface geometry) dominates.
Primary current distribution results in non-uniform current
density on the sample surface, with higher dissolution rates on
the peaks and lower in the valley, fostering a leveling effect.

According to Eq 11, a higher iave reduces the Wa, and
therefore, the primary current distribution is dominant, which is
favorable for electropolishing.

Fig. 11. SEM and EDS maps of the corroded xy plane after immersion for 1 day in 0.1 M NaCl, (a) AP, SLM, (b-e) AG, SLM, EDS map of
(c) Mo, (d) Ti, (e) V

Fig. 12. Anodic polarization curve of SLM sample in
electropolishing electrolyte at 60 �C
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Figure 14 displays the 2D profilometer images of the as-
printed and electropolished (EP) samples. Confocal analysis
was used on 0.79 0.7 cm2 area to collect data from a large
area. The results are listed in Table 5. Confocal analysis results
disclosed that as-printed sample has Sa value of around
10.5 lm while by electropolishing at 5 V versus Ag/AgCl for
20 minutes, Sa value reduced to 3.7 lm.

There was a noticeable variation (Sz: 133 lm) in the height
and depth of the surface features of the as-printed sample.
According to Table 5, electropolishing for 20 min leads to the
maximum polishing with a Sz value of 68 lm.

Results show a 23% thickness reduction after electropol-
ishing. Even though surface roughness reduced by 65%, there
is a challenge of geometry offset during part design and
manufacturing.

4. Conclusions

In this study, maraging steel with a fine cellular structure
was produced by the SLM process, and the following results
were obtained.

1. The microstructure of the SLM sample possessed fine
martensite without any strong texture, and there was no
sign of anisotropy on different sections of the SLM sam-
ple.

2. Grain size in SLM samples after AQ and AG was about
half of those in conventional wrought samples.

3. AQ increased the grain size of the SLM sample by 2.5
times, and by aging after AQ, the grain size was reduced
but not as much as the one in AP condition.

Fig. 13. SEM images of SLM samples (a) as-printed and after electropolishing for 20 min at (b) 3 V, (c) 4 V, (d) 5 V, (e) 6 V
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4. Despite the finer microstructure of SLM maraging steel,
similar nano-hardness values as conventional ones were
obtained, which revealed that precipitation is the main
strengthening mechanism in maraging steel.

5. Aging resulted in the maximum nano-hardness of marag-
ing steel (1.6 times that of in AP SLM), while it reduced
its corrosion resistance slightly. The corrosion rate was
increased around 1.5 times, and corrosion potential was
decreased 100 mV.

6. Higher porosity percentages and grain boundaries, along
with smaller intermetallic size, result in comparable cor-
rosion properties of conventional and SLM samples.

7. Melt pool boundaries, enriched with retained austenite
and intermetallics, were the susceptible places for corro-
sion in the SLM sample.

8. Surface roughness analysis proved that the electropolish-
ing process improved the overall roughness, smoothened
the profiles, and homogenized the peaks and valleys.

9. The smoothest surface was obtained by electropolishing
at 5 V versus Ag/AgCl for 20 min, which reduced the Ra

value of the AP sample by 65%.
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