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A B S T R A C T   

Maraging steel grade18Ni300 produced by powder bed fusion (PBF) in its as built condition was plasma nitrided 
at three different temperatures. The aim of the work was to investigate the impact of the nitriding temperature on 
the microstructural changes as well as on the surface properties such as hardness, wear and corrosion resistance. 
The microstructural features in the bulk as well as in the nitride layer were investigated using electron- 
backscatter diffraction (EBSD), transmission electron microscopy (TEM) and X-Ray diffraction (XRD) analysis. 
The bulk microstructure consists of martensite with a small amount of retained austenite, the amount of which 
increases with a higher nitriding temperature. The nitriding process also causes the formation of precipitates and 
can therefore also act as an aging treatment. A specific lamellar structure occurs on the surface during the 
nitriding process, which in the majority of cases consists of the Fe4N phase. The retained austenite also trans-
forms during nitriding to the nitride phase Fe4N. It was found that nitriding at higher temperatures leads to the 
formation of cracks in the nitride layer. The crack formation is related to nano and micro segregation during the 
LPBF. These segregations lead to austenite formation, which also takes place along the grain boundaries and 
transforms during nitriding to Fe4N. Higher nitriding temperatures lead to a thicker nitride compound layer and 
to better wear resistance. The impact of the cracks on the static mechanical properties is negligible. However, the 
corrosion resistance is governed by the formation of cracks at higher nitriding temperatures.   

1. Introduction 

Maraging steels belong to the class of low-carbon, nickel-rich 
martensitic steels that exhibit a unique combination of high strength and 
hardness together with good toughness, ductility and weldability [1–3]. 
Therefore, they are applied as tool steels in the tool-and-die-making 
industry as well as in automotive, aerospace and military [4,5]. The 
martensitic microstructure responsible for the high toughness and 
ductility is not achieved with a high amount of carbon as in most tool 
steels, but by a high concentration of nickel. The ultra-high strength of 
maraging steels is derived from a strengthening mechanism caused by 
the precipitation of nanometre-sized intermetallic phases (Ni3Ti, Fe2Mo, 
NiAl) during appropriate aging heat treatments [6,7]. These particles 
are homogeneously distributed in the low-carbon, soft martensitic 
microstructure. In addition to the precipitation, austenite reversion can 

also take place during aging [8,9]. The amount of reverted austenite 
depends on the alloy composition and is formed around a region of 
retained austenite, which remains in the microstructure after quenching. 
Austenite reversion is important for the magnetic properties of the steel, 
while retained austenite, on the other hand, deteriorates the mechanical 
properties [9]. 

Maraging steels possess some disadvantages in terms of surface 
mechanical properties, especially poor wear and corrosion resistance 
[10–12], especially in comparison to other tool steels or stainless steels. 
Therefore, a thermochemical treatment such as plasma nitriding is an 
effective and widely used method to improve the surface mechanical 
properties of conventionally manufactured maraging steel. Due to the 
similar process parameters of the plasma nitriding and aging heat 
treatment (temperatures between 430 and 520 ◦C, times of 1–6 h), it is 
also possible to combine both processes in a unique single step, 
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important especially in terms of cost and time saving [13,14]. 
Due to their characteristics, maraging steels, especially 18Ni300 

(also known as C300 grade maraging steel), have gained a lot of atten-
tion in the field of additive manufacturing (AM) technologies, in 
particular directed energy deposition (DED) and powder bed fusion 
(PBF). There are two main reasons for it being well suited to PBF [8]: (i) 
the rapid solidification and high cooling rate of the PBF process enable 
the formation of the martensite matrix and (ii) the use of maraging steel 
for aerospace and tooling components, where the fabrication of complex 
geometries and small quantities are required. These are demands that 
can easily be achieved with PBF. 

High cooling rates and rapid solidification during PBF generate a 
very fine, cellular structure, consisting mainly of martensite with no 
precipitates [8]. Thus PBF-processed maraging steels have, in their as 
built state, high yield and tensile strengths and hardness, but low 
ductility and toughness [15–17]. For most applications of PBF-processed 
maraging parts is therefore necessary to guarantee a similar combina-
tion of these properties as they are obtained by conventional processing. 
A number of studies have already confirmed that PBF-processed mar-
aging steel has to be heat-treated after the PBF as well to obtain the 
desired mechanical properties. A solution treatment, an aging treatment 
or a combination of both are the heat-treatment processes that can 
improve the microstructure and mechanical properties of the parts from 
PBF. However, the heat-treatment processes for PBF-processed marag-
ing steel can differ from the conventional ones due to the difference in 
the microstructure of the conventional (cast or wrought) and PBF- 
produced maraging steel [18]. Bai et al. [19] carried out a compre-
hensive numbers of heat-treatment experiments (including solution 
treatment, direct aging treatment and solution+aging treatment) at 
different temperatures and for different times to investigate their in-
fluence on microstructure evolution and mechanical properties (micro-
hardness, tensile properties, toughness). Several authors [4,20–23] 
focused on the importance of a proper aging treatment for improving the 
mechanical performance of PBF-processed maraging steels by inducing 
the precipitation of different kinds of precipitates. Besides the precipi-
tation hardening, an austenite reversion is another important phenom-
enon occurring during aging, which significantly influences the 
microstructure and the mechanical properties of PBF-processed parts 
and was reported by Conde et al. [6] and Jaegle et al. [8]. 

Maraging steels are materials for severe environments like the tool-
ing and mould industries, where superior wear and corrosion resistance 
are required [24]. Thermochemical treatments such as plasma nitriding 
can therefore represent a promising step forward for improving the 
surface properties of PBF-produced maraging steels. Nevertheless, there 
are only a few studies reporting the use of plasma nitriding and its 
beneficial effect for PBF [12,25,26]. Godec et al. [26] performed a 
comparison of wear and corrosion properties after the plasma nitriding 
of PBF-processed and conventionally manufactured 18Ni300 maraging 
steel. Hong et al. [12] investigated the characteristics of plasma 
nitriding in combination with various heat treatments for 18Ni300 
maraging steel. On the one hand, both investigations proved an 
improvement of the surface properties after plasma nitriding. On the 
other hand, it became obvious that the plasma nitriding of PBF- 
processed materials remains ambiguous, especially in terms of 
temperature-dependent nitride-layer formation as well as in the pre-
cipitation behaviour in the nitride layer and in the bulk. It therefore 
needs further investigation. 

In this work, as built PBF-18Ni300 steel was plasma nitrided at three 
different temperatures to investigate the influence of the nitriding 
temperature on the formation and the thickness of the nitride layer. One 
of the main aims of this work was to investigate the tribological and 
corrosion properties, such as wear and corrosion resistance which are 
among the most important surface properties, and their dependence on 
the plasma nitriding temperature. The second aim was to understand the 
microstructure evolution in the nitride layer where cracks were formed 
during higher temperature nitriding and to propose the explanation for 

cracks formation. The last but not the least aim was to understand 
microstructure changes in the bulk during nitriding process. 

2. Materials and methods 

2.1. Material preparation 

Maraging steel grade 18Ni300 with the chemical composition (wt%) 
of 17.8% Ni, 8.8% Co, 5.0% Mo, 0.80% Ti, 0.04% Mn, ≤ 0.1% Cr, ≤
0.10% Si, ≤ 0.003% C, ≤ 0.001% S and the balance of Fe, was produced 
by an industrial powder-bed fusion system EOS EOSINT M280. The 
feedstock for the PBF process consists of gas-atomized powder particles 
with sizes between 15 and 45 μm. Commercial PBF process parameters 
(a laser power of 285 W, a laser speed of 960 mm/s, distance between 
the laser paths 0.11 mm, hatching in x and y, alternating and rotating) 
were used to build the samples of dimensions of 30 × 30 × 30 mm3. An 
atmosphere of 99.5% purity nitrogen was used during the additive 
manufacturing. 

Prior to the plasma nitriding, the as built samples' surfaces were 
mechanically prepared by grinding and finally polished down to Sa =
0.18 μm with a suspension of 1-μm diamond to remove any surface 
deformations. Afterwards, the samples were plasma nitrided in a gas 
atmosphere of 75 vol% H2 and 25 vol% N2 at three nitriding tempera-
tures: N1 = 440 ◦C, N2 = 480 ◦C and N3 = 520 ◦C for 6 h, resulting in 
somewhat increased surface roughness of SaN1 = 0.25 ± 0.02 μm, SaN2 
= 0.23 ± 0.01 μm and SaN3 = 0.23 ± 0.02 μm, respectively. The plasma 
nitriding was conducted in a Metaplas Ionon HZIW 600/1000 cold-wall 
reactor. Table 1 presents the labels and the conditions of investigated 
samples. 

2.2. Microstructural characterization 

The microstructural characterization was performed on cross- 
sections, prepared by standard metallographic techniques (mounting 
in conductive Bakelite resin, grinding, polishing and final etching in 
Nital (2% nitric acid in ethyl alcohol). The microstructure was observed 
using the light microscope Nikon Microphot FXA with installed digital 
camera Olympus DP73. A field-emission scanning electron microscope 
(FE-SEM), ZEISS CrossBeam 550 FIBSEM, equipped with an EDAX 
Hikari Super EBSD camera, was used for the detailed microstructural 
characterization with EDAX TEAM software. Secondary-electron imag-
ing (SEI), energy-dispersive spectroscopy (EDS) and electron- 
backscatter diffraction (EBSD) were carried out on FE-SEM. SE images 
and EDS analyses were performed using a 15-kV accelerating voltage 
and a 2.0–5.0 nA probe current, while the EBSD measurements were 
carried on 70◦-tilted samples with a 7.0-nA probe current for the phase 
composition. 

(Scanning) Transmission electron microscopy ((S)TEM) analysis was 
performed in a Cs-corrected JEOL ARM 200 CF equipped with SSD JEOL 
EDS spectrometer and Gatan dual electron energy loss spectroscopy 
(EELS) Quantum spectrum-imaging filter. 

A Panalyitical X'PERT Pro PW 3040/60 goniometer with Bragg- 
Brentano geometry (XRD) was also used for the phase composition. 
The samples were analysed using a 2θ goniometer 15◦–90◦ with a step 
size of 0.002◦ and a scan step time of 100 s at each step. Cu with (Kα =
0.154 nm) anode was used with a current of 40 mA and a potential of 45 
kV. 

Table 1 
Labels and the sample conditions.  

Label Sample description 

AM Additive manufactured 18Ni300 as-built 
AM+N1 Additive manufactured 18Ni300 as-built and nitrided at 440 ◦C 
AM+N2 Additive manufactured 18Ni300 as-built and nitrided at 480 ◦C 
AM+N3 Additive manufactured 18Ni300 as-built and nitrided at 520 ◦C  
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2.3. Wear tests and hardness measurements 

The tribological behaviour (wear volume and coefficient of friction) 
of the as built and nitrided samples was analysed by reciprocating dry- 
sliding wear tests on a tribometer with the ball-on-disc contact geome-
try. To simulate sliding wear and concentrate the wear on the maraging 
steel disc, a harder Al2O3 ball with a diameter of 20 mm was selected as 
the oscillating counter-body. For each sample, three parallel tests at 
room temperature were carried out. The following test parameters were 
used: normal load of 20 N, corresponding to the nominal contact pres-
sure of 800 MPa, amplitude of 4 mm and frequency of 15 Hz, resulting in 
an average sliding speed of 0.12 m/s, a testing time of 1000 s and a total 
sliding distance of 120 m. 

A high-resolution 3D confocal focus variation microscope (Alicona 
InfiniteFocus G4 3D) was used to analyse the wear tracks and to measure 
the wear volumes. The coefficient of friction was measured continuously 
as a function of the testing time and the average steady-state value was 
calculated. 

The bulk hardness and the surface hardness of the nitrided layers 
were measured with an Instron B2000 Rockwell hardness tester (HRC). 
The depth profiles of the nitrided layers were measured with an Instron 
Tukon 2100 B Vickers hardness tester (HV0.01). 

2.4. Electrochemical measurements 

Potentiodynamic measurements were performed in a 3.5% NaCl 
solution at room temperature. The electrochemical cell consisted of the 
investigated sample as a working electrode, a reference electrode (a 
saturated calomel electrode – SCE, 0.242 V vs. SHE) and a platinum- 
mesh counter electrode. The measurements were performed using a 
BioLogic® SP-300 Model Potentiostat/Galvanostat/FRA and EC-Lab® 
V11.27 software. Prior to the experiment, the samples were stabilised at 
the open-circuit potential for 1 h and the measurements were repeated 

three times to obtain statistically relevant results. 

3. Results and discussion 

3.1. Microstructures 

The samples of PBF-manufactured maraging steel were plasma 
nitrided in their as built condition. The plasma nitriding was performed 
at three temperatures (N1 = 440 ◦C, N2 = 480 ◦C, N3 = 520 ◦C) for 6 h. 
Nitriding primarily caused the formation of a nitride layer due to N 
penetration as well as to changes of bulk microstructure due to heating 
of the samples during the nitriding. As the nitriding temperatures are 
similar to the aging temperatures, nitriding can also act as the aging. 
That means that both processes are carried out simultaneously. 

According to the Thermo-Calc Software (version Thermo-Calc 
2021b, database TCFE11) calculation (Fig. 1) the microstructure of 
maraging steel consists of the bcc (martensite) and a small amount of fcc 
phase (austenite). The amount of austenite phase in the equilibrium 
increases with the temperature and is 26% to 35% in the temperature 
range from 440 ◦C to 520 ◦C. Therefore, it is expected that nitriding will 
increase the amount of austenite phase and will be higher at higher 
nitriding temperatures. In the temperature range of nitriding, pre-
cipitates are also present: ~10% of Fe2Mo and ~ 4% Ni3(Ti, Mo) 
[27,28]. 

In our previous work, about 3% of austenite was detected in the AM 
sample [26] with EBSD measurements. Fig. 2 shows microstructures 
with EBSD IPF Z combined with phase maps of the bulk of maraging 
steel after being subjected to nitriding at three different temperatures. 
EBSD maps (Fig. 2a-c) show a typical AM microstructure with columnar 
grains of lath martensite with some amount of austenite. After the PBF 
the microstructure consists of martensite and a small amount of retained 
austenite [26]. Due to the higher stability of the austenite at higher 
temperatures, the amount of austenite increases and consists of retained 

Fig. 1. ThermoCalc thermodynamic calculation for thermodynamically stable phases in 18Ni300 for the temperature range of nitriding.  
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and reverted austenite. The amount of reverted austenite does not 
change much at the nitriding temperatures of 440 ◦C and 480 ◦C, and is 
2.7%, 3.9%, respectively (Fig. 2d-e). A higher nitriding temperature 
(520 ◦C) leads to a significant increase of austenite, i.e., 11.9% (Fig. 2f). 
The morphology of the martensite remains almost the same during the 
nitriding process at all three temperatures. 

The bulk microstructure at the nitriding temperature of 520 ◦C was 
also investigated by TEM to reveal the microstructure and particularly 
the precipitates (Fig. 3). The selection of the highest nitriding temper-
ature is based on the following: a higher amount of austenite, the for-
mation of cracks and a larger amount and size of precipitates. Fig. 3a 
shows a STEM ADF image taken at a smaller magnification exhibiting 
many precipitates, including some grey areas and also some darker 
spherical particles. Fig. 3b is an enlarged area from the yellow square 
marked in Fig. 3a and showing one larger spherical particle, some 
smaller precipitates in a quasi-spherical and needle-like shape. Fig. 3c 
corresponds to one of the grey areas oriented in the zone axis to analyse 
the atomic structure, which is shown in Fig. 3d. The corresponding fast 
Fourier transform (FFT) shown in Fig. 3e revealed that the distances 
identified from the lattice planes matched the austenite phase, which 
was also observed by EBSD (Fig. 2c). From the EDS maps (Fig. 3f) it is 
evident that the large particle has a Ti-Mo-N ring and the core of Al-Ti-O- 
N. These kinds of particles are inclusions formed during the PBF process 
where the local temperatures are high enough to melt the powder par-
ticles as well as the (non)-metallic inclusions inside the powder particles. 
The small, quasi-spherical precipitates of size 20–30 nm are (Mo, Fe)- 
rich, while the small needle-like precipitates of length 30–50 nm and 
up to 10 nm thick are (Ni, Ti)-rich and Co depleted (an example is 
marked with an arrow in Fig. 3f). Based on literature data the observed 
precipitates are Ni3(Ti, Mo), Fe2Mo [27,28] and at longer aging times 
Fe7Mo6 [29–31]. The dashed white line in Fig. 3a shows the cellular 
structure formed during AM [32]. There are a higher amount of dislo-
cations on cell borders with Ni, Ti, and Mo positive segregation [18]. 
During nitriding, this area (cell border) starts transforming to the 
austenite phase because these areas contain more γ-stabilizing elements. 
From the EDS maps it is evident that this area is rich in Ni and Mo and 
fewer precipitates are formed due to the higher solubility in the fcc 

phase. From the literature [33], it is known that some nano oxides are 
formed on cell borders in stainless steel; therefore, it is expected that 
titanium aluminides are formed in maraging steel during AM (observed 
as black spots in Fig. 3a) and located at the cell borders. 

The microstructure (cross-sections) of the maraging steel samples is 
presented in Fig. 4a-c as light micrographs and in Fig. 4d-f as SE images. 
The sample geometry with the indicated building direction (z-axis), 
position of nitride layer and the cross-section for the microstructural 
characterization are illustrated in the inset of Fig. 4a. The bulk micro-
structure and the nitride layer on the top of the samples are seen on all 
images. 

A typical AM cellular solidification structure with visible melt pools 
(Fig. 4) is observed on all samples. Some of the microstructural features 
were already described in a previous publication [26]. The nitride layers 
consist of a very thin compound layer on the top of the sample and the 
diffusion layer beneath. The thickness of the nitride layer is temperature 
dependent and increases with a higher temperature. The compound 
layer is very indistinct, almost invisible for samples AM+N1 (Fig. 4a) 
and with an estimated thickness of ~2 μm and ~5 μm for the samples 
AM+N2 (Fig. 4b) and AM+N3 (Fig. 4c), respectively. The diffusion layer 
beneath the compound layer is seen as a dark area. An exact estimation 
of its depth is not possible due to the etching effect. The SE images 
(Fig. 4d-f) show some interesting features. The nitride layers exhibit a 
unique microstructure (inset in Fig. 4f) resulting from the combination 
of additive manufacturing plus nitriding, described also by Hong et al. 
[12]. It can be described as an interlaced lamellar structure consisting of 
coarse and fine lamellas. Such a microstructure is observed at all 
nitriding temperatures, but it is more pronounced at higher tempera-
tures and is not observed after the nitriding of conventionally manu-
factured maraging steel. 

The nitriding at higher temperatures (N2 and N3) causes the for-
mation of cracks (Fig. 4e and f). In sample AM+N1 no cracks were 
observed, even for a detailed observation of a larger area. It is well 
known that the AM process due to rapid solidification causes internal 
stresses [34,35], which can lead, depending on AM parameters and 
materials, to the formation of cracks. Usually, the material is post- 
process heat treated to release the internal stresses and to avoid 

Fig. 2. EBSD IPF Z and phase maps in the BD direction of samples: (a) AM+N1, (b) AM+N2, (c) AM+N3.  
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cracking. The investigated as built samples were crack-free. The 
nitriding was performed without prior heat treatment; therefore, it is 
assumed that the samples contain internal stresses. Higher nitriding 
temperatures cause more cracks, mostly along grain boundaries. The 
combination of internal stresses and N penetration is the most likely 
explanation for the origin of the cracks' formation. On the one hand, the 
crystal structure is enlarged due to interstitial N incorporation, while on 
the other hand, the excess of N causes the formation of th eFe4N phase, 
which has a larger volume. 

The EDS depth profiles of the elements through the nitride layer were 
measured to obtain information about the penetration depth of the ni-
trogen and the distribution of other alloying elements and to compare 
the depth of diffusion zone for all three nitriding temperatures (Fig. 5). 
The dashed lines in all three images represent the SEI darker area of 
diffusion layers, which corelate with the depth of nitrogen and range 
from 55 μm in the sample AM +N1, to 90 μm in sample AM+N2 and 125 
μm in sample AM+N3. The EDS line profile for Ni is smooth in samples 
AM+N1 and AM+N2, while in the sample AM+N3 the Ni line is more 

serrated, which can be explained by the larger amount of austenite 
phase. Ni solubility is higher in the austenite phase than in the 
martensite phase since Ni is the γ-stabilizing alloying element. A similar 
phenomenon occurs with N, which is also a γ-stabilizing alloying 
element. Therefore, the measurements show a higher concentration of N 
in the austenite as well. The maximum EDS line peaks of Ni and N 
corelate well with the minimum EDS peaks of Fe. 

The microstructure of the nitride layer in sample AM+N3 investi-
gated with TEM is presented in Fig. 6. The FIB-thinned TEM specimen 
was extracted from the region set about 4 μm from the surface, close to 
the boundary between the compound and diffusion layers, albeit still 
inside the compound layer. The lamellar structure observed as dark and 
bright lamellas (BL and DL) in the STEM ADF image from Fig. 6a also 
contains small dark spherical inclusions of similar composition to the 
ones already described for the bulk (Fig. 3f). At the cellular borders, 
similar morphologies of the structures (phase X) are observed as in the 
bulk, which were detected as austenite. An EDS analysis (Fig. 6b) was 
performed in the region marked by a yellow square in Fig. 6a. The 

Fig. 3. (a) STEM ADF image taken from the bulk area of sample AM+N3, (b) STEM BF image corresponding to the EDS mapping region, (c) a grey area in zone axis, 
(d) STEM ADF high resolution image from the grey area, (e) corresponding FFT showing an austenite structure. (f) ADF and EDS mapping of Fe Kα, Al Kα, Ti Kα, Mo 
Lα, Ni Kα, N Kα and Co Kα. 
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elemental distribution of different phases shows that the bright lamellas 
have an excess of Co, while the dark lamellas correspond to Co deple-
tion. Phase X is N-rich, but also contains Ti and Mo, while Ni is 
concentrated on the border. An EELS analysis was performed in the 
lamellar structure in order to verify the presence of N. As can be seen 
from Fig. 6c, the regions containing N correspond to the dark lamellas, 
while the regions that are N depleted but contain Co correlate well with 
bright lamellas from the ADF image. Fig. 6d and Fig. 6e are high- 
resolution ADF images with the corresponding fast Fourier transform 
(FFT) indicating plane distances identified as martensite and Fe4N phase 
from the bright and dark lamellas, respectively. Fig. 6f and Fig.6g are 
TEM images and diffraction patterns from phase X and the matrix. The 
structures identified in phase X correspond to overlapping TiN and Fe4N. 
Based on these observations, it is evident that retained austenite trans-
forms during nitriding to a nitride phase (Fe4N). The matrix consists of 
bright and dark lamellas, whereas the dark lamellas transform to Fe4N, 
the bright lamellas most probably remain as martensite or partly 
transform to reverted austenite, as discussed in detail in the XRD results. 

Compared to the bulk structure in the same sample there are no 
precipitates. The formation of the compound layer occurs typically by 
growth due to the penetration of nitrogen during the nitriding process 
and therefore it is expected that the compound layer is free of 
precipitates. 

The XRD analyses were performed for the phase confirmation formed 
during PBF process as well as those formed during nitriding (in the 
nitride layer and in the bulk). Therefore, XRD spectra were measured on 
the AM sample, on the surface of the nitride layer of all the nitride 
samples (AM+N1 surf., AM+N2 surf., AM+N3 surf.), as well as in the 
bulk of the nitride samples (AM+N1 bulk, AM+N2 bulk, AM+N3 bulk) 
where the nitride layer was removed by grinding and polishing (Fig. 7). 
The thickness of the removed surface layer was over 500 μm in order to 
reach the bulk area. The AM sample's spectra reveal martensitic 
microstructure with a small amount of retained austenite, which cor-
relates with our previous findings [26]. The spectra (AM+N1 bulk, 
AM+N2 bulk and AM+N3 bulk) show that the amount of retained 
austenite increases with a higher nitriding temperature, proved also by 
the EBSD measurements in Fig. 2. In the XRD spectra of the samples' 
surface, the formation of nitride (Fe4N) is observed with the higher 
temperature increment. The peaks of Fe4N are broadened due to the 
nano/sized nitrides in the structure [36]. The nitride peaks become 
narrower and higher with the nitriding temperature due to the growth of 
nitrides. The penetration of nitrogen into the fcc structure shifts the 
peaks of martensite to lower 2θ degrees due to crystal lattice expansion 
(larger d values) and, at the same time, broadened peaks [37]. It seems 
that some retained austenite is formed during nitriding at the highest 
temperature. The peak is very broadened and weak. The TEM results 

Fig. 4. Light micrographs and SE images of samples: (a) AM+N1, (b) AM+N2, (c) AM+N3. The white dashed lines represent the thickness of the diffusion layer. The 
inset in (a) shows the sample geometry and the inset in (c) shows the typical lamellar structure of the nitride layer. 

Fig. 5. EDS line profile on SE images of (a) AM+N1, (b) AM+N2 and (c) AM+N3. The diffusion zone is marked with a dashed white line.  
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indicate the possibility of TiN formation in the nitride layer, but the 
amount is very small due to there being only 0.8% of Ti in the chemical 
composition. However, the XRD detection of the TiN is below the 
detection limit; therefore, no TiN peaks are present. 

Based on the SEM, TEM and XRD results the explanation of the crack 
formation in the nitride layer can be possible. Under the same nitriding 
conditions, no cracks were observed in the conventional material [26]. 
Therefore, it is the PBF process that creates internal stresses in the ma-
terial and leads to crack formation. From Fig. 4e-f it is evident that most 
of the cracks start at the surface at the grain boundaries and propagate 
along the grain boundaries. A typical feature of the AM process is to form 
a cellular structure with nanosegregation. Jaegle et al. [18] also re-
ported Ni, Mo and Ti segregation along the cellular borders in directed 
energy deposition. The results of this paper show the segregation of the 
same elements during the PBF process, which is in some way expected, 
but the cellular structure after PBF is much finer. The cellular structure is 
clearly visible in the etched cross-section shown in Fig. 4f, marked by 
arrow 1. The cellular boundaries have the segregation of Ni, Mo and Ti 
and are therefore less etched, which is seen as a set of cells. Similar, less- 
etched areas are visible along the dendrite sub-grains, the dendrite 
grains [38] as well as the grain boundaries. The segregation along the 
grain boundaries is evident in Fig. 4f, marked by arrow 2, where the 
crack and its propagation along the grain boundary is seen as well. The 
negative formation enthalpy for TiN is larger than for Fe4N [39] and, 
therefore, TiN is formed primarily on the segregation areas. The 

formation of TiN causes a larger expansion of the volume than the for-
mation of Fe4N. This is one of the possible reasons for the crack for-
mation together with the internal stresses in the PBF-processed material. 
At the nitriding temperature of 440 ◦C no cracks were observed. 
Therefore, it is assumed that the main reason is the thinner compound 
layer, the slower diffusion rate and fewer larger nitrides that are formed. 

3.2. Hardness and wear resistance 

Hardness measurements are one of the important assessments of 
surface properties for the nitride layers. The depth profiles through the 
nitride layer in cross-section were measured as well as the hardness on 
the nitride layer's surface (Fig. 8). The surface of the nitride layer is 
rough because the compound layer grows during nitriding, therefore a 
measurement of the Vickers hardness with low loads is not suitable. The 
hardness from the top was measured by Rockwell, where the hardness of 
the bulk also contributes to the result due to a very thin nitride layer. 
The HRC values are 54.3, 54.9 and 51.3 for the samples AM+N1, 
AM+N2 and AM+N3, respectively. It is surprising that the lowest 
hardness was obtained in the sample that was nitrided at the highest 
temperature (AM+N3) where the nitride layer is the thicker. Similar 
results were obtained during the Vickers depth-profile measurements. 
The highest hardness was obtained for the sample AM+N1. The drop of 
the hardness correlates with the nitriding depth. The same correlation of 
the hardness drop can also be seen for samples AM+N2 and AM+N3. 

Fig. 6. (a) STEM ADF image in the compound nitride layer of sample AM+N3, (b) STEM ADF from the corresponding EDS mapping region and signals from Fe Kα, Al 
Kα, Ti Kα, Mo Lα, Ni Kα, N Kα and Co Kα, (c) ADF and EELS mapping corresponding Co + N, N, Co, Fe and Ti distribution, (d) High-resolution ADF image and FFT 
from the bright lamella region displaying a martensite structure, (e) High-resolution ADF image and FFT from the dark lamella region showing a Fe4N structure, (f) 
TEM image and diffraction pattern from the phase X morphology region, the identified structure corresponds to overlapping of TiN and Fe4N, (g) TEM image and 
diffraction pattern from the matrix identified as Fe4N. 
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The hardness profile of sample AM+N3 has, in the most part, the lowest 
values. The explanation of such strange hardness behaviour lies in the 
formation of the reverted austenite during nitriding. Higher nitriding 
temperatures favour the austenite content, and at the same time N 
penetration at the surface stabilizes the austenite. 

Wear test results in the form of wear rate, calculated as the ratio 
between wear volume in mm3 and the product of the normal force and 

the total sliding distance in Nm are shown in Fig. 9a, and the coefficient 
of friction during the first 50 s (initial) and the average value for the 
steady-state conditions in Fig. 9b. For all the tested samples, regardless 
of the nitriding temperature used, abrasive wear was the dominant wear 
mechanism (Fig. 10), also resulting in the same steady-state friction of 
0.72. However, the initial friction during the first 50 s of sliding does 
depend on the nitriding temperature. The highest nitriding temperature 

Fig. 7. XRD spectra of as built PBF sample, and nitrided samples in the bulk and on the surface.  

Fig. 8. Microhardness HV0.01 depth profile for nitride samples (AM+N1, AM+N2 and AM+N3).  
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of 520 ◦C (AM+N3) results in a lower initial coefficient of friction of 
~0.4 (starting at 0.15 and increasing to 0.65 in the first 40–45 s), which 
then increases to 0.6 (starting at 0.45 and increasing to 0.65 in the first 
10–20 s) as the nitriding temperature drops below 500 ◦C (AM+N1 & 
AM+N2, Fig. 9b and Fig. 11). The best wear resistance and wear rate of 
4.5 × 10− 6 mm3/Nm is shown by the AM+N3 specimens, nitrided at the 
highest temperature of 520 ◦C. Reducing the nitriding temperature leads 
to higher wear. The wear rate for specimens AM+N2 (480 ◦C) increased 
to 5.1 × 10− 6 mm3/Nm and for specimens AM+N1, nitrided at the 
lowest temperature of 440 ◦C up to 6.1 × 10− 6 mm3/Nm. Although 
without a statistically significant difference, as determined by one-way 
ANOVA [40] (F(2,6) = 4.260, p = 0.07), wear test results do show 
decreasing wear rate trend with increased nitriding temperature 

(Fig. 9a). In the current case the prevailing wear mechanism was abra-
sive wear, where the surface resistance to scratching and ploughing, 
provided by the hard surface layers, i.e., the compound layer, plays the 
dominant role. On the other hand, the presence of micro-cracks is not 
detrimental or crucial in such cases. The thick, hard compound layer, 
obtained at the highest nitriding temperature (AM+N3), thus provides 
the best wear resistance as well as a low initial friction, although some 
drop in the core hardness might take place. As long as the compound 
layer is thick enough to carry the load, the substrate/core hardness has 
only a negligible effect on wear resistance. However, as the compound- 
layer thickness is reduced (AM+N2) and becomes worn out or even 
absent (AM+N1), wear takes place within the diffusion zone. In this case 
the hardness depth distribution becomes important, with higher 

Fig. 9. (a) Wear rate and (b) coefficient of friction of samples AM+N1, AM+N2 and AM+N3.  

Fig. 10. Typical scar from abrasive wear (AM+N2).  

Fig. 11. Typical coefficient of friction curves for AM+N1 and AM+N3 samples.  
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material core hardness in general resulting in better abrasive-wear 
resistance. In the current case, the wear depth for the samples nitrided 
at the highest nitriding temperature (AM+N3) was within the com-
pound layer zone (< 5 μm), and extended inside the bulk material 
(diffusion zone) for the specimens nitrided at lower temperatures, i.e., to 
7.5 μm for AM+N2 and over 10 μm for AM+N1. Compound layer and 
diffusion zone thickness for the three nitriding temperatures (AM+N1, 
AM+N2 and AM+N3) were < 1 μm and ~ 55 μm, ~2 μm and ~ 90 μm, 
and ~ 5 μm and ~ 125 μm, respectively. 

Our previous findings [26] show the beneficial role of heat treatment 
prior to nitriding in terms of a slightly better wear resistance and 
avoiding crack formation in compound layer. However, the present 
study shows that cracks can be avoided by nitriding at lower tempera-
tures, but at the expense of diminishing wear resistance. On the other 
hand, for AM material a heat treatment before any surface thermo-
chemical treatments is almost always valuable due to internal stress 
release and to homogenise the microstructure. The AM process with 
rapid solidification in most cases leads to nano/micro segregations and 
sometimes segregations along grain boundaries, which can contribute to 
new phase formations and in specific cases to the formation of cracks. 

3.3. Corrosion properties 

The corrosion performance of plasma-nitrided as built PBF-18Ni300 
steel with respect to nitriding temperature was evaluated by using 
potentiodynamic measurements and the results are presented in Fig. 12. 
The electrochemical parameters defined from the potentiodynamic 
curves, i.e., the corrosion potential – Ecorr, corrosion current density – 
icorr and corrosion rate – vcorr, are listed in Table 2. The icorr and the vcorr 
were calculated according to ASTM G102 – 89 (2015) [41]. Maraging 
steels are subjected to general corrosion predominantly due to the 
martensitic microstructure with Fe2Mo and Ni3(Ti, Mo) precipitates 
[42]. As was already shown in our previous study, the nitriding 
considerably improved the corrosion resistance due to the formation of 
corrosion-resistant compound layer [26,43]. The potentiodynamic 
curves of the nitrided samples also revealed a passive region, which was 
not observed for the samples prior to the nitriding [26]. The AM+A3 
sample exhibited a slightly broader passivation range with a breakdown 
potential (Eb) at approximately 100 mV(SCE), although shifted to higher 
corrosion-current densities, compared to Eb of around 0 mV(SCE) for the 

other two samples, AM+N1 and AM+N2. At higher nitriding tempera-
tures, a larger amount of austenite as well as a thicker nitride layer were 
determined. The interface between the austenite and the martensite 
enabled pitting corrosion. Furthermore, the cracks along the grain 
boundaries were observed in AM+A3 sample, which probably signifi-
cantly influenced the corrosion process, leading to the shift of poten-
tiodynamic curve to higher corrosion-current densities and increased 
corrosion rate. 

4. Conclusions 

In this investigation plasma nitriding was used to enhance the sur-
face properties of 18Ni300 maraging steel produced by powder bed 
fusion. The nitriding temperature was varied to find the correlation 
between the nitriding temperature and the surface properties as well as 
microstructure evolution. The following conclusions can be drawn: 

• The nitriding temperature influences the amount of retained/rever-
ted austenite and at the same time causes Fe2Mo and Ni3(Ti, Mo) 
precipitates to form. A higher nitriding temperature leads to a larger 
amount of austenite, which correlates with the Thermocalc simula-
tion at equilibrium for certain temperatures. 

• In the plasma nitride's compound layer, no precipitation was detec-
ted. The retained austenite transforms during nitriding mostly to 
Fe4N and a small amount of TiN, while Ni diffuses to the phase 
borders. At the same time the martensite becomes rich in N and 
transforms to Fe4N. A typical lamellar structure is observed, with 
segregation of the N and Co. The majority of the surface layer con-
sists of Fe4N with some martensite and austenite phases rich in N.  

• A higher nitriding temperature leads to a thicker compound layer, 
but also to the formation of cracks, mostly occurring at different 
grain boundaries. The origin of the cracks is the internal stresses due 

Fig. 12. Potentiodynamic curves for maraging steel AM in 3.5% NaCl after plasma nitriding at three nitriding temperatures: N1 = 440 ◦C, N2 = 480 ◦C and N3 =
520 ◦C for 6 h. 

Table 2 
Electrochemical parameters determined from the potentiodynamic curves.  

Material Ecorr (mV) icorr (uA/cm2) vcorr (um/year) 

AM+N1 − 230 ± 2 0.30 ± 0.02 3.5 ± 0.1 
AM+N2 − 264 ± 2 0.56 ± 0.04 6.4 ± 0.2 
AM+N3 − 314 ± 3 0.88 ± 0.05 10.0 ± 0.2  
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to the additive manufacturing process, enhanced by the formation of 
an iron nitride phase along the grain boundaries. During PBF, 
segregation along the boundaries is observed with such a chemical 
composition, which leads to austenite phase formation. In the 
austenite phase area, the iron nitride is formed preferentially and 
causes a volume expansion.  

• The sliding wear resistance with the dominated two-body abrasive 
wear mechanism increases with higher nitriding temperature where 
thicker compound layer is formed. Although surface cracks may be 
present, they do not have negative effect on sliding wear resistance. 
However, as the compound layer is worn out core hardness becomes 
the dominant factor in wear resistance of the nitrided surface.  

• In general, plasma nitriding enhances the corrosion resistance. Small 
cracks developing at higher nitriding temperatures have significant 
role in corrosion properties.  

• Based on the results, it can be concluded that a lower nitriding 
temperature is beneficial to avoid cracks, and at the same time the 
amount of austenite can be reduced. Depending on the specific ap-
plications, the nitriding time should be prolonged to obtain thicker 
compound layer and achieve optimal combination of surface 
properties. 
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