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Gaseous nitriding of additively manufactured maraging steel; nitriding 
kinetics and microstructure evolution 
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Department of Mechanical Engineering, Technical University of Denmark, Produktionstorvet, Building 425, 2800 Kongens Lyngby, Denmark   
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A B S T R A C T   

The nitriding response of additively manufactured M300 maraging tool steel was investigated through a series of 
nitriding treatments at different temperatures in the range 360–480 ◦C for a duration of 40 h. The interaction 
between nitrogen and alloying element nitrides (Ti and Mo) and intermetallics (Ni3Ti and Ni3Mo) was studied by 
comparing nitriding responses of as-solution treated and subsequently aged specimens. The nitriding behavior 
was found to depend strongly on the initial condition of the material and the nitriding temperature applied. 
Ultra-low temperature nitriding at 360 ◦C was found to be feasible as it resulted in a nitrided case, albeit with 
incomplete precipitation hardening of the bulk structure, thus resulting in a softer core. The application of a post- 
ageing treatment resulted in full bulk hardening and distinctly changed the appearance of the hardness profile.   

1. Introduction 

Metal additive manufacturing (AM) is increasingly gaining mo-
mentum towards industrial application as more engineering metals are 
becoming manufacturable with this technology. One of the most popular 
metal AM technologies is laser powder-bed fusion (L-PBF). In this pro-
cess, a layer of metal powder is uniformly distributed on the build 
platform and selectively melted by a high-power laser. The rapid 
movement and short energy pulses of the laser create very high cooling 
rates as the pool of melted metal is kept very small. These high cooling 
rates are known to produce non-equilibrium microstructures in well- 
known alloys, such as a cellular sub-grain structure in austenitic stain-
less steel [1] or a fully martensitic microstructure in Ti-6Al-4V [2]. The 
L-PBF processing of high strength carbon-containing tool steels is 
limited by their propensity to crack during printing, because the volume 
misfit and concomitant stresses associated with (brittle) martensite 
formation. Therefore, predominantly carbon-free steels, such as AISI 
316L or 17–4 PH, are reliably processed by L-PBF [3,4]. The options for 
high strength carbon-free steels are currently limited to the group of 
maraging steels, which after L-PBF have a microstructure consisting of 
soft bcc martensite. Subsequent ageing of martensite leads to hardening 
by the precipitation of intermetallic phase [3]. Maraging steels are often 
applied in aerospace and tool industries, where, in addition to excellent 
mechanical properties, often complex geometries are required [5]. 
Geometrical freedom is the main advantage of AM over conventional 

manufacturing. Thus, maraging steel is a promising material for the L- 
PBF process [6]. The most widely applied maraging steel for AM is the 
M300 alloy, which contains high contents of nickel (18–19 wt%) and 
cobalt (8.5–9.5 wt%) as well as molybdenum (4.7–5.2 wt%) and tita-
nium (0.5–0.8 wt%). 

Additively manufactured M300 in the as-built condition consists of a 
cellular-dendritic microstructure. The solidification of primary fcc 
austenite grains follows the direction of the largest heat flow, causing 
the growth of grains elongated in the build direction and a cellular so-
lidification structure, which is typical for L-PBF produced materials. 
After transformation of austenite into martensite this cell structure is 
retained. The overall microstructure consists of coarse martensite laths 
and melt pools visible from the printing process [6–8]. While M300 is 
usually fully martensitic after conventional processing, AM M300 con-
tains a residual amount of austenite sandwiched in-between martensite 
laths. This retained austenite has been attributed to residual thermal 
stresses formed during the high cooling rates involved in L-PBF pro-
cessing. Compressive stresses would mechanically stabilize the meta-
stable fcc crystal lattice in the material, because it has a smaller specific 
volume than bcc [7]. Alternatively, the presence of retained austenite 
has been attributed to micro-segregation of alloying elements such as Ni 
and Co in inter-cellular regions, thus stabilizing austenite at these lo-
cations [9]. Furthermore, since the martensite start temperature is grain- 
size dependent, such that it is lower for small grains, the fine structure of 
L-PBF materials could result in more retained austenite [10,11]. 
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The ageing response of L-PBF processed M300 has been thoroughly 
investigated in the literature. Kim et al. found that it is possible to 
harden the material to maximum hardness at an ageing temperature as 
low as 450 ◦C, using either direct ageing after L-PBF or ageing after a 
solution annealing treatment of the as-built condition. They found that 
direct ageing retains a high degree of mechanical anisotropy, which can 
be reset by a solution treatment preceding ageing [12]. On the other 
hand, Mutua et al. found that a solution treatment before ageing of the L- 
PBF maraging steel is necessary to achieve the optimal microstructure 
and mechanical properties [13]. Bai et al. suggested a higher ageing 
temperature of 520 ◦C for 6 h to achieve maximum hardness [14]. Yin 
et al. found that in order to avoid over-ageing, the ageing temperature is 
more important than the ageing time [15]. After a stage of precipitation 
hardening where the hardness increases with ageing time, the hardness 
response remains constant on prolonged ageing; ageing above approx-
imately 550 ◦C results in significant over-ageing [15]. Over-ageing oc-
curs when the ageing temperature or time is increased excessively, 
thereby reducing both hardness and strength of the material by pre-
cipitate coarsening [14,16]. Even though maximum hardness can be 
important, a high hardness can have an adverse effect on other me-
chanical properties, such as ductility. Therefore, the hardness should be 
tailored to obtain optimal performance in the specific application of the 
material. 

An inherent consequence of depositing additional layers during L- 
PBF is intrinsic ageing during cyclic reheating of the material. The 
precipitates developing in M300 during ageing are Ni3Ti, Ni3Mo and/or 
Fe2Mo. Ni3Ti precipitates more rapidly than Ni3Mo, due to the required 
diffusion of Mo towards the formation of Mo-containing precipitates 
[17]. After prolonged ageing, Ni can be expelled from the precipitates to 
the matrix, thereby transforming the precipitates into Fe2Mo. The 
redissolved nickel stabilizes the matrix austenite phase [6,13,18,19]. 
The precipitation of the strength-enhancing intermetallic phases in 
M300 is rather sluggish. Jägle et al. found some clustering of Ti atoms 
after L-PBF of Ti-containing maraging steels, indicating that the early 
stages of precipitation had occurred [20]. Other research by the same 
research group did not show clustering of atoms [21]. Overall, the effect 
of intrinsic ageing during additive manufacturing of this alloy is 
considered rather inefficient. 

Conventionally, nitriding of maraging steels has been applied to 
improve (high cycle) fatigue and wear properties [22–24]. Gaseous 
nitriding of maraging steels is usually conducted at relatively low tem-
peratures (below 455 ◦C) as compared to other tool steels due to its 
propensity to form reverted austenite, both as a temperature effect as 
well as the austenite stabilizing effect of nitrogen in ferrite [23,25]. As a 
rule of thumb the nitriding temperature is kept ~50 ◦C below the ageing 
temperature, as to prevent interference with the aged bulk material. 
Gaseous nitriding is carried out in an ammonia (NH3) or ammonia: 
hydrogen (NH3:H2) atmosphere, because the nitrogen atoms in molec-
ular nitrogen are too strongly bound (by a triple bond) to dissociate at 
temperatures below, say, 750 ◦C. Varying the process parameters of gas 
composition and temperature, allows the adjustment of the nitriding 
potential of the process and thereby suppressing or promoting the for-
mation of iron nitrides, such as ε-Fe2N1-z or γ’-Fe4N1-x [26]. Since the 
overall nitriding kinetics is diffusion controlled, the nitriding time and 
temperature determine to a very large extent the case depth that can be 
achieved in a certain steel [27]. The main strengthening mechanism in 
nitriding of maraging steels is the formation of nano-scale alloying 
element nitrides, which introduce compressive residual stresses in the 
material. The nitride forming alloying elements in the M300 alloying are 
primarily Mo and Ti. The compressive stresses are beneficial for the 
fatigue performance associated with nitriding of maraging steels, while 
the strengthening effect obtained by misfitting alloying-element nitrides 
enhances the yield strength, which also contributes to improved fatigue 
performance. Most research on nitriding of maraging steels has been 
conducted in the 450–520 ◦C temperature range [23–25,28–30], but 
other research has suggested temperatures up to 600 ◦C [22,31]. 

Hitherto, very little research has been conducted on nitriding at very low 
temperatures (~400 ◦C) and the ability to simultaneously nitride and 
age the material, as previously demonstrated for the stainless maraging 
steel Nanoflex® [32]. So far, the research on post-processing of addi-
tively manufactured maraging steels has been limited to the optimiza-
tion of the solution and ageing heat treatments, as well some studies on 
mechanical post-processing [33]. The present work focusses on applying 
a nitriding treatment to L-PBF M300 steel, while investigating the effect 
of prior ageing of the material as well as the potential for nitriding at 
lower temperatures than usually applied. 

2. Experimental 

Maraging steel M300 specimens were manufactured on a SLM So-
lutions 280 HL Twin-laser printer using powder provided by SLM So-
lutions with the standard composition provided in Table 1 and a median 
particle diameter of 32 μm. The parts were manufactured in a nitrogen 
atmosphere at ambient pressure, using a stripes scanning pattern. The 
applied parameters are provided in Table 2. 

Solution heat treatment was applied at 940 ◦C in a high vacuum of 
10− 6 mbar for 1 h. The solution treatment before nitriding is imperative 
to ensure both a homogeneous starting material and therefore an even 
nitriding response in the material as well as isotropic mechanical 
properties in the bulk material. Some specimens were subjected to the 
standard ageing treatment recommended by SLM Solutions, viz. 6 h at 
500 ◦C under high vacuum. 

Gaseous nitriding was performed in a Netzsch Simultaneous Thermal 
Analyzer (STA) 449 in an 80:20 NH3:H2 mixture for 40 h at 400, 440 and 
480 ◦C respectively. The nitriding treatment was preceded by oxidation 
in air for 1 h at 400 ◦C in a separate furnace. Solution treated as well as 
additionally aged specimens were nitrided. Moreover, an unaged spec-
imen was nitrided at 360 ◦C in pure NH3 for 40 h in the Netzsch STA. 
After nitriding, the 360 ◦C specimen was subjected to the recommended 
ageing treatment. 

Standard metallographic preparation was applied, and the specimens 
were etched with a 2 s swab of Kalling's reagent. Light optical micro-
scopy (LOM) was conducted on an Olympus GX41. Scanning electron 
microscopy (SEM) was conducted on a Zeiss Supra FEGSEM equipped 
with a backscatter electron (BSE) detector using an acceleration voltage 
of 20 kV and a 120 μm aperture. Micro-hardness indentations were 
conducted on a Future-Tech FM700 hardness indenter using a load of 10 
g and a dwell time of 10 s. For phase analysis X-ray diffraction (XRD) 
was conducted on a Bruker D8 Discovery diffractometer equipped with 
Cr Kα radiation, which has a wavelength of 2.29 Å. A symmetric coupled 
θ-2θ focusing principle was used to record diffractograms at 0.05 ◦2θ 
step size and 7 s measurement time per step in the scattering angle range 
35–160 ◦2θ. Electron probe micro-analysis (EPMA) was conducted in 
order to obtain nitrogen profiles applying 1 μm step size through the 
nitrided case. EPMA was conducted on a Shimadzu EPMA-1720 equip-
ped with five wavelength-dispersive X-ray spectrometers using a LSA70 
dispersive crystal. The incident electron beam was operated using an 
acceleration voltage of 15 kV and a beam current of 50 nA. 

3. Results and interpretation 

3.1. Microstructure of as-built and annealed conditions 

Light optical micrographs (LOM) of the as-built and the solution 
treated and aged condition are presented in Fig. 1. The as-built condition 
in Fig. 1a consists of a lath martensite microstructure, where the prior 
austenite grains are irregular. At higher magnification, Fig. 1b, it is 
observed that the microstructure in the as-built condition is cellular/ 
dendritic. The very high cooling rates involved in the L-PBF process 
promote the formation of a hierarchical cellular microstructure, which is 
characteristic for L-PBF of various alloy systems. This cellular structure 
is more easily identified with scanning electron microscopy. The BSE 
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micrographs in Fig. 2 show that the cell walls appear brighter than the 
cell interiors, indicating segregation of, particularly, Mo in the cell walls 
[33]. In Fig. 2a different orientations of the cells are observed. Cross 
sections of columnar cells appear either as equi-axed or parallel lines, 
depending on the angle of sectioning. The packets in the hierarchical 
microstructure of martensite are identified by the different patches of 
greytones in Fig. 2b and appear to extend across the cell boundaries. 

After solution annealing at 940 ◦C and ageing at 500 ◦C, the micro-
structure shows the typical hierarchical microstructure for lath 
martensite, see Figs. 1c and -d. The precipitates that have formed during 
ageing are too small to be resolved by LOM. 

The as-built condition was found to primarily consist of bcc 
martensite (α’) (Fig. 3). Low-intensity austenite peaks in the as-built 

condition are untransformed (retained) austenite or the result of 
austenite reversion by intrinsic heat treatment during the deposition of 
subsequent layers. Note that the diffractograms presented were acquired 
from the center of the specimen, where the material has experienced 
intrinsic heat treatment by repeated layer deposition during L-PBF. The 
X-ray diffractograms for solution treated and aged conditions in Fig. 3 
show that after solution treatment the steel is entirely martensitic; in the 
aged condition small (reverted) austenite peaks are distinguishable. It is 
noted that bcc peaks are shifted to higher scattering angles in the 
annealed states as compared to the as-built state. This is attributed to the 
presence of compressive residual stresses in the as-built condition, 
which relax during annealing. 

3.2. Microstructure of the nitrided condition 

Mass-gain (thermogravimetry) curves recorded during nitriding in 
the STA for the four different nitriding temperatures and the two 
annealing conditions (solution annealed and aged) are presented in 
Fig. 4. Here, the mass gain is plotted as a function of the square root of 
treatment time, which is why the curves appear as straight lines. Obvi-
ously, the mass-gain resulting from the dissolution of nitrogen into the 
specimens becomes more pronounced for a higher nitriding tempera-
ture. Systematically, the mass-gain during nitriding of the aged 

Table 1 
Standard composition of M300 powder.   

Fe Ni Co Mo Ti Al Mn Si P S C 

Min [wt%] Balance  18.00  8.50  4.70  0.50  0.05 – – – – – 
Max [wt%] Balance  19.00  9.50  5.20  0.80  0.15 0.10 0.10 0.01 0.01 0.03  

Table 2 
Production parameters applied.   

Bulk 

Layer height [μm]  50 
Laser power [W]  400 
Scan speed [mm/s]  805 
Hatch spacing [μm]  100 
Platform temperature [oC]  100  

Fig. 1. LOM micrographs; a) and b) as-built, c) and d) solution treated and aged.  
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condition is lower than for the solution annealed condition at the same 
nitriding temperature. Fig. 5 presents LOM micrographs of the cross- 
sections of the nitrided specimens. The locations of the surface and 
depths of the nitrided case are marked with horizontal dashed lines. 
Figs. 5a, -c and -e show microstructures obtained upon nitriding after 
solution treatment, while the microstructures in Figs. 5b, -d and -f were 
obtained by nitriding after ageing. Consistent with the mass-gain curves 
in Fig. 4, the depth of the nitrided case depends on the applied tem-
perature: the higher the nitriding temperature, the deeper is the case. 
Ageing before nitriding results in a shallower case. For both annealing 
conditions, near the surface a dark region appears after etching of the 
specimens nitrided at 440 and 480 ◦C. The nitrided case shows less 
etching response than the unnitrided core, especially after nitriding at 
400 ◦C. No differences were observed in the bulk martensitic micro-
structure between the different base conditions and temperatures. For 
the unaged specimen nitrided at 440 ◦C, there appears to be a shallow 
zone ahead of the bright, hardened case The core consists of martensite 
just as in the solution treated and aged specimens presented in Figs. 1c 
and -d. 

In Fig. 6, backscatter electron (BSE) micrographs, as obtained with 
scanning electron microscopy (SEM), are presented of the unaged 
specimens after nitriding at 400 ◦C, 440 ◦C and 480 ◦C at different 
magnifications. In Fig. 6a, the depth range where a slight change in 
contrast is observed corresponds with the depth range observed with 
LOM (Fig. 5a). After nitriding at 440 ◦C, cracks appear close to the 
surface and the surface is no longer flat as after nitriding at 400 ◦C 
(Figs. 6c and -d). Nitriding at 480 ◦C has led to a more uneven surface 
and more cracks (Figs. 6e and -f). Figs. 6d and -f show the presence of 
regions of parallel lines in a darker shade of grey than the surrounding 
martensite. These are interpreted as iron-based nitrides (hence the 
darker appearance) that have formed along preferred crystallographic 
orientations (see also X-ray diffraction evidence below). 

Fig. 7 shows the nitrided case on the rough printed surface at 
different nitriding temperatures in the unaged base condition. As seen 
for a ground surface (Fig. 5), the thickness of the nitrided case increases 
with increasing nitriding temperature. The nitrided case follows the 
rough as-built surface finish with a constant depth along the surface. 
This is an advantageous characteristic of gaseous nitriding, as it means 
that complex geometries can be nitrided, which is an important asset of 
AM. Furthermore, machining of L-PBF produced components is usually 
not practical or economically feasible, meaning that any post-processing 
treatments should be compatible with the as-built surface finish. Obvi-
ously, gaseous nitriding is compatible. 

3.3. X-ray diffraction 

X-ray diffractograms assessed at the surfaces of the nitrided speci-
mens are presented in Fig. 8 and show a clear influence of both the 
nitriding temperature and the annealing condition of the M300 steel. 

Fig. 2. BSE micrographs of the as-built condition.  

Fig. 3. X-ray Diffractograms for the as-built, solution treated and solution 
treated and aged conditions. γ = reverted or retained austenite, α’ = bcc 
martensite. * indicates a reflection from the α’ phase by diffraction of 
Kβ radiation. 

Fig. 4. Mass gain during nitriding for different nitriding temperatures and 
ageing conditions. The mass gain is plotted as function of the square root of 
time. The aged condition allows an appreciable lower nitrogen uptake. 
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Nitriding of the solution annealed condition at 400 ◦C results in pro-
nounced asymmetric broadening of the bcc peaks to lower scattering 
angles. Note that the information depth of the applied CrKα-radiation in 
bcc ranges from 4.5 to 5.5 μm for the 110 (at 69 ◦2θ) and 211 (at 156 
◦2θ) reflections, respectively. Peak asymmetry is not observed for the 
aged condition nitrided at 400 ◦C, indicating that the presence of 
metallic alloying elements in solid solution, as after solution annealing 
before ageing, plays an important role in the appearance of asymmetric 
broadening. Evidently, the removal of particular alloying elements, 
most likely strong nitride-forming elements like Ti, from solid solution 
during ageing prevents asymmetric broadening. This means that the 
asymmetric broadening is caused by the formation of Ti and Mo nitrides. 
During nitriding of the unaged condition platelike nitrides are formed, 
which do not diffract independently; this causes a tetragonal distortion 

of the lattice and asymmetrical broadening of the bcc peaks. On nitriding 
of the aged condition platelike nitrides do not form and, accordingly, no 
tetragonal distortion is observed. All specimens nitrided in the unaged 
condition show a peak shift of the bcc phase to lower scattering angles. 
This is especially visible for the 211 peak, see Fig. 8. Thshift to lower 
scattering angle is caused by an expansion of the bcc lattice due to the 
presence of very small nitrides in the matrix as well as nitrogen in solid 
solution. Expanded martensite, as can develop in martensitic stainless 
steels, is not observed in this material due to the lack of elements in solid 
solution (in significant quantities) that enhance the lattice solubility of 
N, as for example Cr. 

Raising the nitriding temperature to 440 ◦C shows the appearance of 
γ’-Fe4N iron nitride, which also accommodates Ni, because it forms 
isomorphous nitrides [34]. Again, for the solution-annealed specimen 

Fig. 5. LOM micrographs of nitrided M300 specimens. a) Not aged +400 ◦C, b) Aged +400 ◦C, c) Not aged +440 ◦C, d) Aged +440 ◦C, e) Not aged +480 ◦C and f) 
Aged +480 ◦C. 
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the bcc peaks are asymmetrically broadened, albeit less pronounced 
than after nitriding at 400 ◦C. Furthermore, traces of ε iron nitride are 
observed. The occurrence of iron-based nitrides at higher nitriding 
temperature is explained from the correspondingly lower nitriding 

potential that is required to stabilize such nitrides at higher temperature 
(cf. the Lehrer diagram in ref. [35]). Increasing the temperature to 
480 ◦C, further promotes the formation of the Fe-based nitrides and 
further reduces the asymmetry of the bcc peaks for the solution annealed 

Fig. 6. BSE micrographs of the nitrided specimens, which were not aged before nitriding. a) and b) 400 ◦C, c) and d) 440 ◦C, e) and f) 480 ◦C.  

Fig. 7. LOM micrographs of nitrided specimens in the non-aged base condition. a) 400 ◦C, b) 440 ◦C and c) 480 ◦C.  
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case. The intensity of the α’ peaks decreases with increasing tempera-
ture, while peaks of the γ’-Fe4N iron nitride become more intense and 
dominant, implying that a larger volume fraction of the surface adjacent 
region is converted in to Fe-nitrides, while the bcc phase is present 
deeper in the specimen. Consistent with the presence of small austenite 
peaks in the aged condition (Fig. 3), the subsequently nitrided specimens 
show the presence of small austenite peaks, which appear to increase in 
intensity for a higher nitriding temperature. Apparently, more reverted 
austenite forms during nitriding. 

3.4. Micro-hardness profiles 

The hardness profiles developing upon nitriding are presented in 
Fig. 9; horizontal dashed lines indicate the hardness in the solution 
treated (at 940 ◦C) and aged (at 500 ◦C) condition. The hardness of the 
as-built condition was measured to 359 ± 6 HV0.01; this value is com-
parable to that for conventionally manufactured M300 [8,9,12]. Ageing 
is essential for obtaining the strength and hardness generally associated 
with the M300 alloy. The hardness of aged M300 ranges from 630 to 
730 HV0.01 depending on the ageing conditions. For the applied condi-
tions (6 h at 500 ◦C), a hardness of 631 ± 18 HV0.01 was obtained. The 
case depth is defined as the depth where the hardness after nitriding 
reaches the bulk hardness +50 HV0.01 and is given for all investigated 
specimens in Table 3. 

The hardness-depth profile that has developed after nitriding in the 
solution annealed condition at 400 ◦C is characterized by a plateau at 
~1050 HV0.01 for a depth up to 50 μm, whereafter the hardness de-
creases steeply to the level of the bulk is reached at ~75 μm depth. The 
bulk hardness corresponds to that for the applied ageing treatment, 
indicating that effective ageing occurred during 40 h nitriding at this 
relatively low temperature. Evidently, the pre-aged specimen shows a 
completely different hardness-depth profile after 400 ◦C nitriding. No 

Fig. 8. X-ray diffractograms for the differently nitrided conditions. γ’ = Fe4N 
iron nitride, ε = Fe2N iron nitride, γ = reverted austenite, α’ = bcc martensite. * 
indicates a reflection from the α’ phase by diffraction of Kβ radiation. 

Fig. 9. Micro hardness profiles for nitrided M300 specimens. Top, left: 400 ◦C nitriding. Top, right: 440 ◦C nitriding. Bottom: 480 ◦C nitriding. Dashed lines are 
provided to guide the eye. 

Table 3 
Case depth for different nitriding conditions and treatments. Case depth is 
defined as the depth where the hardness reached 50 HV above the core hardness.  

Treatment  Case depth [μm] 

Nitriding 400 ◦C Not aged  75 
Pre-aged  75 

Nitriding 440 ◦C Not aged  160 
Pre-aged  125 

Nitriding 480 ◦C Not aged  175 
Pre-aged  150 

Nitriding 360 ◦C Not aged  55 
Post-aged  65  
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hardness plateau is present, but a gradual decrease in hardness to the 
core level is observed, while the maximum surface hardness is reduced 
to below ~900 HV0.01. The core hardness attained after pre-ageing ap-
pears to be unaffected by the 400 ◦C nitriding treatment for 40 h. Also, 
upon nitriding at 440 ◦C, the solution annealed condition shows a 
hardness plateau at ~1050 HV0.01 and reaches a slightly higher surface 
hardness of ~1120 HV0.01. The hardness plateau extends deeper into the 
material than for the 400 ◦C treatment, while the hardness decrease, 
starting at ~90 μm, is not as abrupt as after nitriding at 400 ◦C, but more 
gradual. The bulk hardness reached at a depth of 175 μm is slightly 
higher, viz. 670 HV0.01, than for nitriding at 400 ◦C. For the pre-aged 
condition, nitriding at 440 ◦C shows an initially steep decrease from 
about 1100 HV0.01 to 950 HV0.01; after a gradual decrease a bulk 
hardness of 670 HV0.01 is reached at 150 μm. 

After nitriding the solution annealed condition at 480 ◦C, the 
hardness-depth profile does no longer show a plateau. Instead, the 
hardness decreases gradually from a surface hardness of 1120 HV0.01 to 
a bulk hardness of ~730 HV0.01 at a depth of 200 μm. The bulk hardness 
reached is higher than for nitriding of the solution annealed condition at 
lower temperatures, so more efficient ageing occurred during nitriding 
at 480 ◦C. Similarly, ageing prior to nitriding at 480 ◦C shows a gradual 
decrease of the hardness from 1120 HV0.01, albeit more drastically than 
for the solution annealed condition. The bulk hardness reached at ~175 
μm is ~650 HV0.01, which is comparable to the bulk hardness of the 
solution treated and aged condition. 

3.5. Electron probe micro-analysis 

EPMA was employed to investigate the nitrogen diffusion profiles for 
some of the most relevant treatment conditions. In Fig. 10 the nitrogen 
profiles for the specimens nitrided at 440 ◦C in both aged and unaged 
conditions are presented. Consistent with the mass gain curves pre-
sented in Fig. 4, the unaged condition has a larger nitrogen uptake. The 
nitrogen content in the diffusion zone is consistently higher in the 
unaged condition and the nitrogen containing case is also thicker. 
Furthermore, the aged condition has a more gradual transition from the 
nitrided case to the bulk, while the unaged specimen has a sharper case- 
core transition. The difference between the two specimens is more 
pronounced for the hardness profiles in Fig. 9. The very high nitrogen 
contents in a narrow zone near the surface of both specimens is 
explained by the presence of iron nitrides (cf. XRD results in Fig. 8). 

3.6. Ultra-low temperature nitriding 

In order to investigate the effect of an ultra-low nitriding tempera-
ture, an additional nitriding experiment was performed at 360 ◦C in pure 
ammonia for 40 h. This treatment temperature is much lower than 
conventionally applied to maraging steel. No ageing was performed 
prior to nitriding, only solution annealing. Fig. 11 shows the LOM mi-
crographs of the specimens nitrided at 360 ◦C in both the as-nitrided 
condition and after a post-ageing treatment. It is not obvious that a 
case has developed after nitriding, because the etching responses in the 
case and the core appear identical (cf. Fig. 5a, where a similar effect is 
observed, albeit less pronounced). Only a slight difference in etching 
response is observed and the transition is marked by the horizontal 
dashed line. After post-ageing of the nitrided condition, the micro-
structure is reminiscent of the nitrided specimens in Figs. 5b-f. It appears 
that post-ageing at 500 ◦C leads to the development of two distinct zones 
in the case. The outer, brighter part of the case is similar in depth as the 
nitrided part in the non-aged specimen in Fig. 10. The light grey zone 
has developed during ageing under the influence of continued inward 
diffusion of nitrogen that was incorporated during the nitriding step at 
360 ◦C. 

The X-ray diffractograms for the specimens nitrided at 360 ◦C in the 
solution treated condition and the post-aged condition of this nitriding 
treatment are given in Fig. 12. The diffractogram of the unaged condi-
tion is similar to the unaged condition at 400 ◦C (Fig. 8), as anticipated 
on the basis of the similarity of the LOM micrographs (compare Fig. 5a 
for 400 ◦C and Fig. 11a). The bcc martensite peaks are again strongly 
asymmetrically broadened and shifted to lower scattering angles. Post- 
ageing does not annihilate the asymmetry, but it leads to a reduction 
of the peak shift observed after nitriding. As expected, post-ageing again 
induces the formation of reverted austenite, which is further promoted 
by the dissolution of nitrogen in the prior nitriding treatment. 

Micro-hardness profiles for the as-nitrided and post-aged specimens 
are provided in Fig. 13. Hardness of the as-nitrided condition decreases 
from ~1100 HV0.01 at the surface to ~550 HV0.01 at a depth of ~45 μm. 
A lower hardness in the core than for the profiles in Fig. 9 indicates that 
40 h nitriding at 360 ◦C is insufficient to realize simultaneous full age- 
hardening in the core. Post-ageing results in an additional hardening 
of the bulk to the level observed in Fig. 9, and a change of the hardness 
profile to a plateau at ~980 HV0.01, with an initially steep decline 
changing into a gradual decrease to the core level. The hardness plateau 
extends over the entire depth range of the bright zone in Fig. 11b; the 
initially steep decline marks the transition to the light grey zone in 
Fig. 9b. This light grey zone has developed during ageing by continued 
inward diffusion of nitrogen incorporated during the nitriding step at 
360 ◦C. 

EPMA was also conducted for the specimens nitrided at 360 ◦C with 
and without post-ageing, see Fig. 14. The same trend as for the hardness 
profiles in Fig. 13 is observed, where the nitrogen content of the as- 
nitrided specimen is much higher at the surface but decreases rather 
quickly to the bulk. The application of post-ageing causes the nitrogen to 
both redistribute and diffuse deeper into the material, creating a deeper 
hardened case. The differences between the nitrogen contents are here 
larger than the measured differences in hardness. 

4. Discussion 

Nitriding of maraging steels is known to improve fatigue, wear and 
corrosion performance. Solution treatment is considered a requirement 
to have a homogenous material before nitriding and thereby provide a 
homogeneous nitriding and ageing response. Gaseous nitriding, as 
compared to plasma-nitriding, is particularly beneficial for AM com-
ponents with a complex geometry and rough surface finish. 

Nitriding of ferritic/martensitic steels relies on the ingress of nitro-
gen into the solid and brings about the formation of an iron-based nitride 
scale at the surface (the non-uniform compound layer), and the forma-

Fig. 10. EPMA profiles of nitrogen content for the specimens nitrided at 440 ◦C 
in the solution treated condition and in the solution treated and aged condition. 
Dashed lines are provided to guide the eye. The baseline level is adjusted to 
account for measurement uncertainties 
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tion of alloying-element nitrides dispersed in the bcc matrix (the diffu-
sion zone). The development of iron-based nitrides was observed in the 
present experiments as γ’ and ε nitrides for nitriding at 440 ◦C and above 
(Figs. 6 and 8). In principle, the formation of these nitrides can be 
prevented by reducing the nitriding potential, i.e. pNH3

/
pH

3 /

2
2 

(with pJ 

the partial pressure of component J), as follows from the widely known 
Lehrer diagram [31]. Since a high nitriding potential was applied in the 
present investigations, iron-nitride formed in the surface-adjacent re-
gion. The volume expansion associated with iron-nitride formation is 
held responsible for the occurrence of cracking and for the hardness 
values up to 1100 HV0.01 in the nitrided pre-aged specimens. The 
remainder of the discussion will not address the iron-based nitrides that 
form at the surface, but will focus on the development of alloying 
element nitrides in the martensite matrix. 

Generally, distinction can be made between strong, intermediate and 
weak nitride formers [36,37]. A strong nitride former is characterized by 
a strongly negative Gibbs energy of formation and the possibility for 
coherent precipitation in the bcc lattice. A typical example is Ti. A weak 
nitride former can have a strongly negative Gibbs energy of formation, 
but its precipitation is postponed by a high nucleation barrier, for 
example because no coherent interface can be formed between the 

Fig. 11. LOM micrographs of specimens nitrided at 360 ◦C. a) As-nitrided and b) nitrided and post-aged.  

Fig. 12. X-ray diffractograms for the differently nitrided conditions. γ =
reverted austenite, α’ = bcc martensite. * indicates a reflection from the α’ 
phase by diffraction of Kβ radiation. 

Fig. 13. Micro hardness profiles for specimens nitrided at 360 ◦C with and 
without post-ageing (+A). Dashed lines are provided to guide the eye. 

Fig. 14. EPMA profiles of nitrogen content for the specimens nitrided at 360 ◦C 
in the solution treated condition with and without post-ageing. Dashed lines are 
provided to guide the eye. The baseline level is adjusted to account for mea-
surement uncertainties 
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precipitate and the matrix. A typical example is Al. Intermediate nitride 
formers have a not too strongly negative Gibbs energy and a favorable 
interfacial energy with the matrix. Their precipitation behavior becomes 
stronger the higher their content in the solid state. Cr and also Mo are 
typical examples of this. Thus, the M300 maraging steel under investi-
gation contains both a strong and an intermediate nitride former, Ti and 
Mo, respectively, see Table 1. Both Ti and Mo tend to form their nitrides 
as small (nano-scale) platelets along the {001} planes of the bcc lattice, 
which leads to a tetragonal distortion of the lattice [37]. A peculiar 
aspect of the plate geometry of the nitrides concerns the amount of ni-
trogen that can be dissolved. Obviously, nitrogen is accommodated in 
the nitride itself, but is also present at the nitride/matrix interface and in 
solid solution in bcc. The amount of nitrogen that can be adsorbed or 
“stored” at the interface depends on the thickness of the platelets; the 
thinner the platelets the larger is the total number of interfacial sites for 
nitrogen in the system. The content of nitrogen that can be stored in the 
bcc matrix has been demonstrated to deviate from the expected theo-
retical, very low, solubility of N in bcc. This surplus in lattice solubility 
of nitrogen is referred to as excess nitrogen, which arises from the strain 
imposed on the bcc lattice by the misfitting nitride platelets and the 
adsorbed interfacial nitrogen. The nitrogen atoms dissolved in the bcc 
lattice, i.e. the theoretical solubility and the excess nitrogen, are mobile 
and can be reversibly retracted; nitrogen atoms bound in alloying 
element nitrides and interfacial nitrogen are generally immobile 
[27,29,36]. 

In the M300 alloy the nitride-forming elements Ti and Mo are also 
the elements that provide strengthening by the precipitation of in-
termetallics during ageing. This has implications for the nitriding 
behavior of the solution-annealed condition as well as for the addi-
tionally aged condition. Since the nitriding response of the aged con-
dition is most straightforward, this will be dealt with first. 

4.1. Nitriding behavior of the aged condition 

For the solution annealed and additionally aged condition all Ti and 
Mo has precipitated as intermetallics in the ageing stage. Since the ni-
trides are thermodynamically more stable than the intermetallics a 
(gradual) conversion into nitrides is anticipated. This is supported by 
CALPHAD (Calculation of Phase Diagrams) modelling in Thermo-Calc, 
where it can be found that the intermetallic Ni3Ti phase is suppressed 
when the nitrogen content surpasses ~0.18 wt%. The TiN nitride is 
stable at very low nitrogen contents. This means that when the nitrogen 
content is sufficiently high at a certain nitriding depth, the Ni3Ti in-
termetallics from the ageing treatment are no longer thermodynamically 
favorable. A conversion implies that the forming nitrides inherit the 
shapes of the nano-scale intermetallic particles, which are spherical 
and/or rod-like [6,38]. Nickel will be expelled from the nitride into the 
matrix material. The geometry of the formed nitrides has important 
implications for the amount of nitrogen that can be accommodated. This 
applies in particular for the nitrogen that is accommodated as interfacial 
nitrogen and for the excess nitrogen. Furthermore, the coherency of the 
nitrides is important as no interfacial nitrogen and consequently no 
matrix-dissolved excess nitrogen is expected when the interface is 
incoherent. As follows from a comparison of the mass-gain curves in 
Fig. 4 for the solution annealed and the aged conditions, the nitrogen 
uptake is slower and less nitrogen can be accommodated in the aged 
condition. The lower overall nitrogen content is attributed to fewer 
interfacial nitrogen atoms and in particular a lower content of excess 
nitrogen [29]. Furthermore, a shallower case depth develops in the aged 
condition (Table 3 and Fig. 5). The X-ray diffraction results in Fig. 8, 
show that, after nitriding of the aged condition, the α’ reflections are 
shifted to smaller scattering angles and are broadened. The shift is 
largest for the specimen nitrided at 400 ◦C and is caused by the disso-
lution of nitrogen in the bcc lattice and, likely, the introduction of 
compressive residual stresses in the expanded case [29]. The broadening 
is ascribed to lattice distortions associated with the presence of the 

nitrides. Since the precipitates are spherical or rod-like, the lattice dis-
tortions are not tetragonal, as for nitride platelets (discs), but more 
isotropic. This is reflected by the near symmetrical broadening of the bcc 
reflections for the solution treated and aged conditions as compared to 
the strongly asymmetrical broadening observed for the solution 
annealed condition. 

Judging from the hardness-depth profiles, the nitriding behavior 
should be characterized as weak to intermediate, implying that not all 
nitrogen entering the specimen is directly bound as nitrides. Ideally, 
strong nitriding behavior tends to form a very sharp hardness transition 
[27]. The hardness profiles for the aged condition resemble the classical 
complementary error function distribution expected for composition- 
independent diffusion into a semi-infinite medium with constant sur-
face concentration and an initial concentration that is uniform 
throughout the medium. The standard solution to Fick's second law for 
these boundary conditions, i.e., the complementary error function, was 
fitted to the data while taking the diffusivity, surface hardness1 and core 
hardness as fitting parameters. Excellent convergence was obtained for 
the three temperatures. The apparent diffusivities obtained from the fits 
are 1.3, 3.2 and 3.9 10− 14 m2⋅s− 1, for 400, 440 and 480 ◦C, respectively. 
These values are a factor 40–65 smaller than the actual diffusivity of N in 
bcc at these temperatures [39], which indicates that the evolution of the 
hardness profile is not governed by the diffusion of nitrogen in ferrite. 
For this reason there is no purpose in interpreting the temperature 
dependence of the above “apparent diffusivities” in terms of an activa-
tion energy. 

As was demonstrated by Selg, et al. [29] for a Ti-free (so only Mo- 
based nitrides) maraging steel, the assumption of a constant surface 
concentration does not apply, because at the surface the nitrogen con-
tent increases with nitriding time, as expected for a gradual conversion 
of intermetallic phases into nitrides. Furthermore, it is possible that 
several effects in the maraging steel will contribute to the lowered 
diffusion coefficient as compared to ferrite. This is possibly a combina-
tion of a so-called labyrinth effect, where nitrogen diffusion is retarded 
by the presence of nano-scale precipitates (which is represented in the 
aged condition) [40] as well as a successive trapping and de-trapping of 
nitrogen without the formation of nitrides (which is the case in the so-
lution treated condition) [41,42]. Both of these phenomena will lead to 
an effectively lower (apparent) diffusion coefficient of nitrogen [29]. 
Nevertheless, the present fitting results are consistent with the inter-
pretation that a gradual conversion of the nano-scale intermetallic phase 
into nitrides occurs. 

4.2. Nitriding behavior of the solution annealed condition 

For the solution annealed condition there will be a competition be-
tween the formation of alloying element nitrides and intermetallic 
compounds. Close to the surface where nitrogen enters the steel, the 
nitride formers Ti and Mo will react with N and form platelets. Deeper in 
the steel ageing occurs, because the ingress of nitrogen is diffusion 
controlled, and thus, insufficiently rapid as compared to the relatively 
fast precipitation of intermetallic phases. Thus, simultaneous nitriding 
and precipitation hardening occur, as is also reflected by the constant 
high hardness in M300, beyond the depth where nitrogen has penetrated 
(cf. the hardness profiles in Fig. 9 for the solution annealed specimens). 
In a certain depth range, (partial) precipitation of intermetallics has 
occurred before nitrogen arrives at this location. This will lead to a 
mixture of nitrides which are platelike and nitrides with spherical/rod- 
like shape as they will inherit the shape of previously formed in-
termetallics. At higher nitriding temperatures, the nitrided case becomes 
deeper and the nitride formation changes from direct nitride formation 

1 Recognizing the presence of iron-nitrides in the surface region, the surface 
hardness was taken as the first value at or below a hardness of 900 HV0.01 in the 
hardness profile. 
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as platelets to conversion of intermetallic precipitates, because the ki-
netics of intermetallics precipitation is promoted as the temperature 
increases. This is (partly) a consequence of a relatively large increase in 
diffusivity of substitutionally dissolved elements because of the rela-
tively high activation energy for diffusion of substitutionals as compared 
to interstitials. This change in nitriding kinetics is reflected by the 
change from a plateau-like hardness distribution at 400 and 440 ◦C, 
which is typical for strong interaction during nitriding, to a more 
gradual hardness decline towards the core hardness at 480 ◦C, as is 
typical for intermediate to weak interaction (see Section 4.1). This 
means that the previously formed intermetallics cause weak/interme-
diate nitriding behavior of essentially strong nitride formers. Comparing 
the hardness profiles (Fig. 9) for the 440 ◦C nitriding temperature to the 
measured nitrogen profiles (Fig. 10), confirms this difference in 
behavior. As expected, a higher nitrogen content is contained in the 
specimen nitrided in the solution treated condition, however the dif-
ferences are more exaggerated in the hardness profiles reflecting the 
combined effects of the prevailing strengthening mechanisms. This is 
related to the incorporation of the nitrogen in the material. In the so-
lution treated condition, the nitrogen is incorporated as fine plate-like 
nitrides, which are capable of storing a larger amount of excess and 
interfacial nitrogen than the nitrides transformed from intermetallics in 
the solution treated and aged condition. Hence, the strengthening effects 
from incorporation of nitrogen appear to be more effective for the so-
lution treated condition, viz. formation of small plate-like nitrides. 

XRD showed that the α’ reflections are strongly asymmetrical (Fig. 8) 
and the low-angle side is shifted more to lower scattering angles than for 
the aged condition. The strong asymmetry is attributed to the tetragonal 
distortion of the bcc lattice caused by the misfitting nitride platelets. The 
large shift to lower 2θ angles indicates that also expansion of the bcc 
lattice has occurred, implying that there is a relatively high content of N 
in solid solution. This is consistent with the expected high content of 
excess nitrogen, which is higher for the only solution treated condition 
as compared to the solution treated and aged condition (as was 
demonstrated experimentally by Selg et al. for Ti-free maraging steel 
[29]). The asymmetry and peak shift become less severe for higher 
nitriding temperature. This can be interpreted as more and more 
competition from the precipitation of intermetallics and thus fewer 
nitride platelets. 

4.3. Ultra-low temperature nitriding 

In the light of the discussion above, nitriding the solution annealed 
condition at a very low temperature as 360 ◦C is anticipated to mainly 
lead to direct nitride formation as platelets and less competition with the 
precipitation of intermetallic phases. A core hardness well below the 

level for an aged condition also suggests a limited contribution of pre-
cipitation of intermetallics in the bulk as well as the diffusion zone (see 
Fig. 15). Nevertheless, the hardness profile over the case does not reflect 
a hardness profile that generally is considered characteristic for strong 
interaction, which would be a plateau with an abrupt case-core transi-
tion [37]. The absence of a plateau and the presence of the gradient in 
the hardness profile for the solution annealed specimen is interpreted as 
a consequence of the difference in nitriding response of the two nitride- 
forming alloying elements. The strong nitride former Ti is anticipated to 
develop TiN first, while the formation of the weaker nitride Mo2N can be 
expected to proceed more sluggishly, both for thermodynamics reasons 
(smaller driving force) and for kinetic reasons (slow diffusion of Mo as 
compared to Ti). Also, the presence of nitrogen in the bcc martensite and 
trapping by alloying element nitrides (without nitride formation) could 
cause an expansion of the lattice, which contributes to strengthening. 
This expansion is expected to be isotropic. Furthermore, relatively slow 
dissociation kinetics of ammonia at the steel surface [35] could 
contribute. Thus, a gradient in the precipitated fraction of nitrides and a 
gradient in the solid solubility of nitrogen in the bcc matrix will result. 
The presence of nitride platelets and the associated localized tetragonal 
lattice distortion is evidenced by the strongly asymmetrical bcc peaks 
(Fig. 12). Interestingly, upon ageing, the strong asymmetry of the peaks 
persist and the peaks are shifted to higher 2θ values. This indicates that 
the localized tetragonal distortion is retained, while the nitrogen content 
in solid solution is reduced. These changes are manifested in the hard-
ness profile by the development of a hardness plateau at a level well 
above that for nitriding of pre-aged M300 (cf. Figure 9 where the 
hardness in the nitrided pre-aged specimens is maximally about 900 
HV0.01, because higher hardness values in Fig. 8 for pre-aged specimens 
are caused by the presence iron nitrides). The hardness plateau develops 
under the redistribution of nitrogen on ageing (Fig. 13) leading to more 
Mo2N formation and leveling of the gradient in mobile nitrogen in the 
bcc lattice. Accordingly, it is in particular the excess nitrogen that es-
tablishes continued nitriding. This is confirmed by the nitrogen 
composition profiles in Fig. 14, where it is observed that nitrogen has 
diffused deeper into the material during post-ageing. Again, the differ-
ence between the hardness and nitrogen profiles is related to how the 
nitrogen is incorporated in the material. In the as-nitrided condition, the 
nitrogen is mainly present as titanium nitrides and excess nitrogen, 
while the post-ageing likely leads to the formation of molybdenum ni-
trides. These additional nitrides will raise the hardness more than the 
excess nitrogen. This follows from the relatively low nitrogen content in 
the nitrided case of the post-aged specimen causing a relatively high 
hardness, in this case of ~980 HV0.01. 

Ultra-low temperature nitriding followed by a post-ageing treatment 
appears an interesting alternative for nitriding of M300. The nitriding 
step could be considered a boost step to bring nitrogen into the steel, 
while the ageing is essentially also a diffusion step. In the present in-
vestigations the ageing step was taken at 500 ◦C and the duration of 6 h 
established a hardness plateau. Other combinations of ageing tempera-
ture and ageing time than the current standard treatment of as-solution 
annealed M300 are worth exploring. 

5. Conclusions 

Specimens of M300 maraging steel were manufactured using laser 
powder-bed fusion (L-PBF) and subjected to different nitriding treat-
ments in different heat treatment conditions. Nitriding was conducted at 
temperatures in the range 400–480 ◦C for 40 h after initial heat treat-
ment. Two different heat treatment conditions were applied: solution 
treatment only and solution treatment followed by ageing. Additionally, 
ultra-low temperature nitriding was conducted at 360 ◦C on solution 
treated specimens which subsequently were subjected to post-nitriding 
ageing. The following conclusions can be drawn: 

Fig. 15. Micro hardness profiles for specimens nitrided at 400 ◦C and 360 ◦C in 
the solution treated condition. Dashed lines are provided to guide the eye. 
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– Nitriding of additively manufactured M300 is a feasible and highly 
promising post-processing treatment to obtain deep hardened case 
and high surface hardness. Gaseous nitriding is especially suitable for 
complex geometries and provides uniform case depths.  

– Increasing the nitriding temperatures results in an increase of the 
case hardening depth. Augmenting the treatment temperature to a 
value that approaches the recommended ageing temperature of 
M300 results in competing precipitation of intermetallics and ni-
trides. Since the nitrides and intermetallic precipitates both rely on 
Ti and Mo a less favorable hardness profile results.  

– Ageing the specimens before nitriding resulted for all treatment 
temperatures in shallower hardened cases due to limited availability 
of nitride forming elements (Ti and Mo) bound in intermetallics. 
Furthermore, the overall nitrogen uptake is lower in this condition.  

– Ultra-low temperature nitriding of the solution treated condition 
resulted in limited precipitation of intermetallics as a consequence of 
the low temperature, which resulted in insufficient hardening of the 
bulk. A significant nitrided case depth could be achieved. Post ageing 
following ultra-low temperature nitriding gave rise to a thicker 
hardened case with a hardness profile exhibiting a plateau simulta-
neously with precipitation hardening of the bulk. This route is 
considered an worth exploring to tailor case/core properties. 
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[20] E.A. Jägle, Z. Sheng, L. Wu, L. Lu, J. Risse, A. Weisheit, D. Raabe, Precipitation 
reactions in age-hardenable alloys during laser additive manufacturing, JOM 68 
(2016) 943–949, https://doi.org/10.1007/s11837-015-1764-2. 
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