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ARTICLE INFO ABSTRACT

Keywords: The excellent mechanical properties of maraging steels are ascribed to nanometer-sized intermetallics which
Nitriding precipitate during aging in the ductile very low carbon Ni-martensite. Their wear and fatigue properties can be
Maraging steel improved by nitriding. The non-equilibrium precipitation reactions in Fe-Ni-Co-Mo maraging steels are studied
Precipitation

during an aging heat treatment executed in a nitriding atmosphere. The precipitates formed during the initial
stages of precipitation are characterized with transmission electron microscopy and atom probe tomography.
Spherical intermetallic precipitates having a diameter of around 3 nm were detected in the aged, bulk material.
These w-type precipitates formed during the early stages of aging, have a trigonal crystal lattice and their
chemical composition is close to (Fe,Ni);Mo,. In the nitrided layer, Mo-N disc-shaped nitrides on the {100}
martensitic lattice having a diameter of 3 to 4 nm were found but their exact crystal structure could not be
determined with microstructural characterization techniques. Density functional theory calculations confirmed
that a single layer of Mo atoms, substituting Fe on the {100} plane of the Fe-matrix, is stable and showed that the

Transmission electron microscopy (TEM)
Atom probe tomography (APT)
Density functional theory (DFT)

N atoms prefer to be in the Mo-layer, on the octahedral sites with Fe as nearest neighbors.

1. Introduction

One of the best combinations of high strength and toughness in
engineering alloys can be found in maraging steels. These very low
carbon Fe-Ni alloys are strengthened by homogeneously distributed
nanometer-sized intermetallics which are formed during the final aging
step [1]. After quenching, soft and ductile lath martensite containing a
high density of dislocations is formed. Nucleation of intermetallic pre-
cipitates during the aging step can occur quickly on these dislocations
and the growth can proceed by dislocations serving as diffusion chan-
nels for solute atoms from the matrix [2]. However, randomly dis-
tributed precipitates throughout the matrix were also reported in
maraging steels aged below 450 °C [3]. For several high performance
applications such as aerospace and tooling, Fe-Ni-Co-Mo maraging
steels are used due to their excellent mechanical properties and espe-
cially fatigue response even in the very high cycle fatigue domain [4].

A number of studies on aging in Fe-Ni-Co-Mo maraging steels have
been carried out [3,5,6], but the current knowledge concerning the
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precursor phases formed during the early stages of precipitation is not
yet complete. Main difficulties in the characterization are the ultrafine
scale of the microstructure, absence of stable equilibrium phases and
closely matching crystal structures and interplanar spacings of the
phases [6]. Observed intermetallics in these Ti-free maraging steels are
initially the metastable and coherent w-phase, followed by NizMo at the
earlier aging stage [1,7], and more stable Fe,Mog after prolonged aging
[8].

Due to the absence of carbides, one of the limitations of maraging
steels is the moderate wear resistance in comparison to conventional
tool steels [9]. To improve their performance in severe loading condi-
tions, the case can be additionally hardened e.g. by nitriding. During
this low temperature thermochemical treatment, atomic N diffuses into
the material, resulting in an increased surface hardness, wear and fa-
tigue resistance. In general, a compound layer consisting of ¢ and/or vy’
Fe-nitrides and an underlying nitrogen diffusion zone are formed during
nitriding. The compound layer improves tribological and anticorrosion
properties but it can be undesirable due to its porosity and brittleness.
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Therefore, in many industrial applications the formation of this com-
pound layer is minimized or avoided by controlling the process para-
meters, especially the nitriding potential in the case of gas nitriding
[10,11].

Steels containing alloying elements with a high affinity for nitrogen
form finely dispersed and hard alloying element nitrides in the diffusion
zone. These nitrides effectively contribute to the strengthening, while
diffused nitrogen in the supersaturated diffusion zone is only re-
sponsible for a very small solid-solution strengthening effect [12]. Due
to the volumetric misfit between the matrix and these fine nitrides,
strain fields surrounding the precipitates develop. In order to coun-
teract the desired expansion, compressive residual stresses evolve and
contribute significantly to improving the fatigue resistance [13]. The
alloying elements are classified by the Me-N interaction parameter,
defined as the ratio (per unit volume of precipitate) of the Gibbs energy
of formation of the precipitate and the misfit-strain energy induced in
the precipitate/matrix system [10]. Alloying elements such as Ti, V and
Cr having a strong Me-N interaction can instantaneously precipitate
[14], while alloying elements such as Al, Si and Mo have a weaker
interaction because of a large volume misfit. The latter will only pre-
cipitate when the N supersaturation in the surface layer is high enough
[12] and the precipitation proceeds through a sequence of metastable
phases until the equilibrium phase is reached [15]. Besides, the pre-
cipitation can be enhanced by the presence of dislocations in the matrix
[10].

Several studies on nitriding of Mo-containing steels have been
conducted and many different compositions of intermediate and equi-
librium nitrides were identified. It is reported that during nitriding, the
morphology of the precipitates changes from thin coherent platelets
through semi-coherent plates to incoherent spheres [16]. The sequence
of precipitation is proposed in [15] as changing respectively from bct
(Fe,Mo)16N, [17], to fcc (Fe,Mo)¢N, and finally fcc (Mo,Fe),N or
(Mo,Fe)N. Different compositions for the metastable interstitial-sub-
stitutional solute-atom clusters Fe,MoyN, can be found [18]. However,
some authors suggest that the presence of Fe in the nitrides might be
due to the limited spatial resolution of the field ion microscopy-atom
probe analyses, on which most of the composition data are based
[19-21]. The interaction of nitride precipitation and precipitation of
intermetallic compounds in the depth direction, e.g. [22] will not be
discussed in this paper.

Although the nitriding process is very well studied, there is little
research on the precipitation behavior of Mo-nitrides in Mo-containing
maraging steels, especially for short nitriding times. This is also the case
for the formation of the precursor phases during aging in these steels.
Information about the degree of coherency and the composition of the
precipitates helps to understand the microstructure-property relation-
ships in nitrided maraging steels. In this study, the precipitates formed
during an aging heat treatment executed in a nitriding atmosphere
during the initial stages of precipitation, are characterized with trans-
mission electron microscopy (TEM) and atom probe tomography (APT).
Density functional theory (DFT) calculations are used to confirm and
specify the atomic structure of the nitrides.

2. Experimental Setup and Calculation Details

The studied maraging steel has the following nominal composition
(wt%): 18 Ni, 16.5 Co, 5 Mo and balance Fe. Thin strips of this steel
were 50% cold rolled from the as-delivered sheet and air-quenched
after annealing at 840 °C in a protective atmosphere. This heat treat-
ment generates a fully martensitic structure without retained austenite.
In order to determine the peak-hardness, aging heat treatments were
performed in a salt bath for various aging times at a temperature of
470 =+ 5 °C. Vickers hardness was measured on a Zwick hardness tester
with a load of 200 g (HV 0.2). Based on these results, the nitriding
conditions were selected. After cleaning and degreasing, the as-quen-
ched samples were aged and simultaneously gas nitrided at 470 °C for
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Fig. 1. Vickers hardness of the studied maraging steel as a function of aging time at an
aging temperature of 470 + 5 °C.

50 min in a N,-H, atmosphere containing 7% NHjs. The nitriding po-
tential was 3.8 atm ™~ /2,

Glow discharge optical emission spectroscopy depth profiles were
recorded with a Spectruma GDA 750 GD-OES analyzer. The samples for
electron backscatter diffraction (EBSD) examination were prepared by
electropolishing with A2 Struers electrolyte, followed by mechanical
polishing with OP-U for 40 min. EBSD data were collected by an
Oxford-HKL EBSD system attached to a FEI Nova 600 Nanolab Dual
Beam FIB-SEM (Focussed Ion Beam - Scanning Electron Microscope)
with field emission gun. The EBSD patterns were acquired with an ac-
celeration voltage of 18 kV, a beam current of 2.2 nA, and a step size of
60 nm. The EBSD data were postprocessed with the OIM-TSL Data
Analysis 7 commercial software.

Two different types of specimens were prepared for atom probe
tomography experiments. The first type of samples was prepared to
study the aged material. They were prepared from the central part of
the nitrided sample with a standard two-step electropolishing technique
[23]. The second type of samples was prepared in order to study the
nitrided layer. In this case site-specific sample preparation with the
focussed ion beam scanning electron microscope (FIB-SEM FEI Versa 3D
DualBeam) using the lift-out technique [24] was applied to extract
samples from the nitrided diffusion zone at the sample's surface. The
last step of the annular milling was done at 5 kV followed by a cleaning
step at 2 kV to minimize Ga implantation. The atom probe tomography
experiments were carried out on a local electrode atom probe (LEAP
3000X HR) from Cameca at a temperature of 60 K in voltage mode with
a pulse repetition rate of 200 kHz and a pulse fraction of 20%. The
Imago Visualization and Analysis Software (IVAS) version 3.6.6 was
used for data reconstruction and analysis. Several peak overlaps in the
mass-to-charge-state ratio spectrum are present in this highly alloyed
material. Peak deconvolution was considered for the overlapping peaks
based on the natural abundance of the present elements: for the NiZ "
and Fe?* overlap at 29 Da, for Mo®>* and Ni** at 32 Da, for N* and
Si?* at 14 and 15 Da, and the N,* and Fe®* overlap at 28 Da.

In order to study the aged material with TEM, the nitrided layers
were removed by grinding and polishing up to 60 um, keeping the
central and aged material. Subsequently, the samples were thinned by
means of a twin-jet electropolishing setup (Struers Tenupol-5) using a
mixture of 4 vol% perchloric acid and 96 vol% acetic acid at room
temperature. In order to study the nitrided layer, the Focused Ion Beam
and lift-out method (FIB-SEM, FEI Nova 600 Nanolab DualBeam) was
applied on the outer layer of the nitrided part. High-resolution trans-
mission electron microscopy (HRTEM) and selected area electron dif-
fraction (SAED) were performed using an objective lens Cs corrected
JEOL JEM-2200FS FEG TEM operating at 200 kV. The images were
analyzed with the Digital Micrograph™ software (Gatan, USA). To in-
terpret the SAED patterns, diffraction patterns were simulated with the
JEMS software [25].

Density Functional Theory (DFT) [26,27] calculations were per-
formed at 0 K and zero pressure to study the atomic structure of the
nitrides. The ACONVASP software package [28] was used to construct
the starting unit cells. All DFT calculations were carried out on the
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Table 1
Chemical analysis of the maraging steel (optical emission spectroscopy) and chemical analysis measured by APT (at.%).
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Fig. 2. (a) Band slope parameter map. Dark pixels corre-
spond to distorted crystal lattices. (b) GD-OES N profile of
the studied nitrided maraging steel.

at.% Fe Co Ni Mo C Al Si Cr Mn Cu
Comp. Bal. 16.25 18.03 3.23 0.024 0.054 0.091 0.066 0.075 0.072
APT 61.6 + 0.25 16,5 * 0.19 181 * 042 3.4 * 0.01 0.01 = 0.002 0.06 = 0.002 0.05 * 0.06 0.09 = 0.001 0.08 = 0.001 0.05 = 0.001
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Fig. 3. Maraging steel aged at 470 °C for 50 min: (a) 3D reconstruction of the atom positions of Ni, Co and Mo; (b) Isoconcentration surfaces for 15 at.% Mo; (¢) Proximity histogram
according to isosurfaces with 15 at.% Mo. Zero distance on the x-axis corresponds to the precipitate/matrix interface, positive values to the precipitate.
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Table 2
Chemical composition of the precipitates of aged maraging steel, based on the volumes in
the isoconcentration surfaces of certain at.% Mo.

at.% all Inside 15at.%  Inside 18 at.%  Inside 21 at.% Mo
Mo Mo

Fe 61.6 £ 0.25 189 *= 1.53 15.3 = 3.20 13.7 = 5.66

Co 16.5 * 0.19 5.8 = 0.42 5.2 + 0.81 5.0 = 1.35

Mo 3.4 = 0.01 29.2 = 0.79 32.9 = 0.98 359 *= 1.93

Ni 18.1 = 0.42 45.0 = 2.95 45.3 = 5.40 43.8 = 10.12
Niy - .. Mo 1.6 = 0.14 1.4 = 0.21 1.2 = 0.34
Vol% 1.1 = 0.15 0.4 = 0.08 0.1 = 0.04

GGA-PBE (Perdew-Burke-Ernzerhof parametrization of the Generalized
Gradient Approximation) [29] level of theory with the Vienna Ab Initio
Simulation Package (VASP) software [30-34], with VASP 5.2 re-
commended PAW (Projector Augmented Wave) potentials [35,36].
These potentials were recently shown to provide a similar precision as
all-electron calculations [37]. A k-point mesh of 30 X 30 x 1 and cut-
off energy of 500 eV were used for optimizing the unit cells and atomic
positions, and a 40 X 40 X 1 mesh combined with a 650 eV cut-off
energy for obtaining the final energies. A convergence criterion of
10" %eV was used for the electronic self-consistent cycle and of
10~ % eV for the structural optimization. For electronic convergence,
Methfessel-Paxton smearing [38] (0 = 0.2 eV) was used for structure
optimization and the tetrahedron method with Blochl corrections [39]
for the final energies.
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3. Results
3.1. Aging Response

Hardness measurements of the maraging steel aged for different
times at a temperature of 470 * 5 °C are presented in Fig. 1. A hard-
ness plateau is visible after 20 min of aging and a remarkable increase
in hardness can already be observed after 5 min. The very fast aging
response is associated with the high Co content [8]. An aging time of
50 min was selected for this work, in order to have an adequate ni-
triding depth as well.

3.2. Thickness of the Nitrided Layer

The microstructure of the nitrided layer and the substrate, re-
presented with the band slope map derived from the diffraction pattern
[40,41], is shown in Fig. 2a. The band slope parameter represents the
intensity gradient observed at the margins of the Kikuchi lines in the
electron backscatter diffraction pattern (EBSP) [42]. Darker pixels in
the map have lower band slope parameter values which correspond to a
distorted matrix, in this case the nitrided diffusion layer. Fig. 2b dis-
plays the distribution of N through the sample thickness measured with
GD-OES. After nitriding, no compound layer was formed at the surface.
Only a diffusion zone and a transition zone from this diffusion zone to
the core material, with a total thickness of around 20 um, are visible in
the GD-OES depth profile of N. The effective nitrided layer thickness
according to the band slope map is around 10 pm, which corresponds to
a threshold for N of around 1.2 at.%. Residual stress measurements by
the micro-slit milling method were executed on the nitrogen diffusion
zone of the same steel grade with different nitriding thicknesses and
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Fig. 4. Maraging steel aged at 470 °C for 50 min: (a) < 100 > , HRTEM image, (b) The dark field micrograph from the circle in (e) showing the presence of precipitates, (c) SAED
corresponding to < 100 > , zone axis showing superlattice reflections, (d) < 111 > , zone axis diffraction pattern, (e) < 110 > , zone axis diffraction pattern.
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Fig. 5. Sample nitrided at 470 °C for 50 min: 3D reconstruction of the atom positions of (a) Ni, Co, Mo, N and MoN molecules; (b) Isoconcentration surfaces for 7.5 at.% Mo; (c) Proximity
histogram according to isosurfaces with 7.5 at.% Mo.

Table 3

Average chemical composition of the precipitates in the maraging steel nitrided at 470 °C

for 50 min, based on the volumes in the isoconcentration surfaces of certain at.% Mo.

at.%

all

Inside 7.5 at.%
Mo

Inside 9 at.% Mo

Inside 10.5 at.%
Mo

MoNy — ..

Vol%

46.8 = 0.69
9.8 + 0.28
14.5 = 0.58
16.2 = 0.42
12.1 = 0.69
0.84 + 0.03
1.23 = 0.27

43.2 + 0.71
8.6 + 0.24
17.9 = 0.71
15.0 = 0.64
14.7 = 0.76
0.82 + 0.02
0.26 += 0.06

40.7 * 0.32
7.9 £ 091
20.6 * 0.50
13.4 = 0.55
16.8 + 0.74
0.80 + 0.03
0.05 = 0.01
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reported in [43]. Both the microstructure in the aged bulk material and
in the first 1-2 pm of the nitrided diffusion zone are studied.

3.3. Microstructure of the Aged, Not Nitrided Maraging Steel

3.3.1. APT Study of the Aged Steel

Table 1 lists the chemical composition of the steel measured both
with optical emission spectroscopy and with atom probe tomography. It
can be observed that these compositions match well. The three-di-
mensional reconstruction of the positions of Ni, Co and Mo atoms in the
aged sample based on the APT results is presented in Fig. 3a. Significant
clustering of Mo atoms is observed, whereas the clustering of Ni is also



A. Verdiere et al.

Materials Characterization 131 (2017) 21-30

Fig. 6. Specimen nitrided at 470 °C for 50 min: (a) BF image showing nitride platelets embedded in a martensitic matrix; (b) SAED of (a), zone axis < 100 > ; (c) DF image, aperture
indicated with circle in (b); (d) and (e¢) HRTEM and Fourier transform showing two sets of perpendicular platelets embedded in a martensitic matrix, zone axis < 100 > .

Table 4
Atomic coordinates within the P-3 trigonal phase of (Fe,Ni);Mo, and (Fe,Ni)sMo.

Ni;Mo, (NigMo) ~ Wyckoff position 3 = a, /6 b = a, V6 c=a V3
=a, =
2
X y .
Fe, Ni (Mo) la 0 0 0
Fe, Ni 6g 1/3 0 1/3
Mo (Fe, Ni) 2d 1/3 2/3 0

apparent, but less pronounced. Isoconcentration surfaces of 15 at.% Mo
are used for visualization of the precipitates, which appear to be ran-
domly distributed in the matrix (Fig. 3b). The same type of nanometer-
sized precipitates are observed by TEM as spherical particles (see
Section 3.3.2), allowing for proper adjustment of the APT reconstruc-
tion parameters to obtain spherical precipitates [44]. The proximity
histogram in Fig. 3c, which is the average concentration profile over all
precipitates normal to the isoconcentration surface, shows that the
precipitates have a high Mo and Ni content, while Fe and Co contents
are quite low but do not drop to zero. In order to determine the che-
mical composition of the precipitates, the volumes in the iso-
concentration surfaces of 15, 18 and 21 at.% Mo are considered in
Table 2. The average volume of a precipitate is 18.7 nm® (or a calcu-
lated diameter of 3.3 nm if it is assumed that all precipitates are
spherical) and the vol% of precipitates in the measurement is 1.1%,
based on the volumes in the isoconcentration surface of 15 at.% Mo. As
it can be seen from the result in Table 2, the vol% decreases quickly
when higher threshold values are considered, therefore 15 at.% Mo was
chosen for an estimation of the dimensions. In addition, due to eva-
poration aberrations a lot of Fe ions from the matrix are included in the
particles and the dimensions are overestimated.
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3.3.2. TEM Study of the Aged Material

TEM images were acquired from the sample aged at 470 °C for
50 min. Imaging in high resolution (Fig. 4a) reveals regions having an
ordered structure with a periodicity of planes in the < 110 > direction
in every third atomic layer. No clear interfaces are visible in this bright
field image and the precipitates cannot be distinguished from the ma-
trix, which could be explained by their high density and coherent
boundaries. The dark field micrograph (Fig. 4b) taken using superlattice
spots, indicated with the circle in Fig. 4e, shows circular precipitates
having an average diameter of 2.3 + 0.7 nm. This is slightly smaller
than the diameter deviated from APT measurements. The selected area
diffraction patterns in Fig. 4 c—e, reveal superlattice reflection spots,
such as the maxima at 1/3 and 2/3 < 110 > directions in the < 100
> bec pattern of the matrix (Fig. 4c).

3.4. Microstructure of the Nitrided Layer After Simultaneously Aging and
Nitriding

3.4.1. APT Study of the Nitrided Zone

Fig. 5a shows the 3D reconstruction of Ni, Co, Mo and N atoms, as
well as MoN molecules. Clustering of MoN and a bit less pronounced
clustering of Mo can be observed. This can be explained by the rather
strong cohesive energy of the MoN pairs [45]. Isoconcentration surfaces
of 7.5 at.% Mo are used for visualization of the precipitates in Fig. 5b.
In this calculation the MoN molecules are broken down to their con-
stituent atoms. Peak overlap can occur for N,* and Fe?* at 28 Da,
which could lead to an underestimation of the actual nitrogen con-
centration [46,47]. The mass spectra of the volumes inside the iso-
concentration surfaces of 7.5, 9 and 10.5 at.% Mo were analyzed. In
these nitrides, the observed ion abundances for 27, 28 and 28,5 Da fit to
the natural abundances of the isotopes of Fe. Therefore only a negli-
gibly small amount of N, * ions can be hidden beneath the Fe** peak at
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Fig. 7. Reconstructed atomic positions for (a) (Fe,Ni)gsMo: view along c-axis and perspective view, (b) (Fe,Ni);Mo,: view along c-axis and perspective view, (c) simulated diffraction spots,
zone axis [1 12 6], (d) simulated diffraction spots, zone axis [0001], (e) simulated diffraction spots, two variants zone axis [T 010] and zone axis [10 T 0].

28 Da. The proximity histogram (Fig. 5c¢), in this case the average
concentration profile normal to the isoconcentration surfaces of 7.5 at.
% Mo, shows that the precipitates are richer in Mo and N and leaner in
the other alloying elements and Fe. In order to determine the chemical
composition of the precipitates, the volumes in the isoconcentration
surfaces of 7.5, 9 and 10.5 at.% Mo are considered in Table 3. Being just
an indication for a possible precipitate, the ratio of N to Mo is calcu-
lated and is around 0.8. The average volume of a precipitate is
13.12 nm® and the vol% of precipitates in the measurement is 1.23%,
based on the volumes in the isoconcentration surface of 7.5 at.% Mo.

3.4.2. TEM Study of the Nitrided Zone

TEM images of the nitrided diffusion zone are shown in Fig. 6. The
TEM bright field image (Fig. 6a) reveals interrupted lines parallel to
the < 100 > directions of the bcc matrix. Both streaks and additional
reflections can be found on the 001 diffraction pattern (Fig. 6b). The
dark field image from one of the additional reflections also reveals fine
platelets on the {100} bcc matrix planes (Fig. 6¢). A large density of
small precipitates is also observed in HRTEM, as shown in Fig. 6d-e,
where two sets of perpendicular platelets embedded in a martensitic
matrix are visible. The diameter of the platelets lying on the {100}
planes of the martensitic bcc matrix is 3.7 nm = 2.3 nm. The con-
tinuity of atomic planes across the platelets can be observed, indicating
full coherency with the Fe-matrix.

4. Discussion
4.1. Atomic Structure of the Intermetallics in the Aged Maraging Steel

A high density of precipitates is observed both by APT and TEM in
the maraging steel after only 50 min of aging. This can be explained by
the high Co content which reduces the solubility of Mo in the bcc
matrix, and therefore increases the driving force for the precipitation of
Mo-rich phases [8]. It is reported that during the early stages of aging,
short-range ordering results in Fe-Co regions and Ni-rich regions (Ni-
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Mo-Ti) [48], which facilitates the precipitation of usually coherent and
Ni-rich intermetallic compounds NizMo or NisTi in a later stage of
aging.

The fraction of Fe which is observed with APT in the precipitates of
the aged material can differ slightly from the real fraction due to tra-
jectory overlaps and local magnification [49] and is expected to be
overestimated but not necessarily zero [50]. The superlattice reflection
spots in the SAED patterns in Fig. 4 can be explained in the real lattice
by an ordered arrangement of atoms of different atomic scattering
powers, where the ordered structure is derived from the bcc lattice. As
the atomic scattering factor depends on the atomic number, the com-
ponents of the alloy can be divided into a group of Fe, Ni and Co and a
group of Mo. The observed diffraction patterns were also reported in
[3,7,51,52] for similar alloys, and interpreted as the ordered hexagonal
w-phase, sometimes called the S-phase, (Fe,Ni)sMo or (Fe,Ni);Mo,. The
precipitates of the w-phase are reported to be small, quasi-spherical and
a precursor of NizMo [53]. According to [51], the diffraction spots
belong to (Fe,Ni);Mo, with a hexagonal P63/mmc structure. However,
the current study shows that a better description of this (Fe,Ni)sMo or
(Fe,Ni);Mo, phase is the trigonal P-3 structure with parameters:
a = 0.702nm and ¢ = 0.248 nm, as described in Table 4 and Fig. 7.
The a-axis of the superstructure corresponds to [112],, the b-axis to
[211],, and the c-axis to [111],. Yedneral and Perkas [54] proposed a
continuous evolution of AgB, through A;B, up to AgB; or the known
A,B w-phase, with A = Fe, Ni, Co, and B = Mo. The rhombohedral A,B
w-phase shows less superlattice spots in the diffraction pattern and does
not fit to the experimental diffraction pattern in this work. Both (Fe,-
Ni)gMo and (Fe,Ni);Mo, lead to the same diffraction patterns. Multiple
variants of the omega phase were formed, as can be seen in Fig. 7 ¢ and
e. Being only an indication for the composition of the precipitates
measured with APT, the ratio of Ni to Mo is around 1.6 and the ratio of
Fe and Ni to Mo is around 2.2. This is lower than what is expected from
the TEM analysis and can be explained by the continuous evolution
from AgB, through A,B, up to A,B [54], where it seems that the com-
position of the precipitates is close to A,B. For higher threshold values
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Table 5

Overview of Mo-N-Fe structures and corresponding cohesive
energies from DFT calculations, based on the equations in
the 2nd column. Structure 1 and 2 are Mo-N monolayers,
structure 3-5 correspond to double layers of Mo and N,
where structure 5 has a 1-1 stoichiometry. Structure 6-7
correspond to Mo-N triple layers, with structure 7 having the
1-1 stoichiometry. Structure 8 is an ordered structure of Mo-
N layers on every fourth layer of Fe.
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of Mo, the uncertainty of the Ni content increases (Table 3), which
could be linked to small deviations in the chemical composition of the
precipitates in the transition state. These observations confirm the ex-
istence of the known w-phase.

4.2. Atomic Structure of the Nitrides

The small precipitates or clusters which are detected in the nitrided
diffusion zone are still in the early stage of precipitation. No inter-
metallics could be observed in the first few micrometers of the nitrided
layer. APT shows that the Fe content decreases in the nitrides but is
remarkably higher than in the intermetallic precipitates, probably due
to the trajectory overlap between the matrix and the very thin plate-like
precipitates. In this case, the influence from the matrix on the chemical
composition of the precipitates is considerable. It was observed that the
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ion density is lower inside the particles, which is associated with the
higher evaporation field of the precipitates. For high field precipitates,
trajectory overlaps of around 1 nm are expected outside the precipitate
nearby the interface [55]. Besides, lateral surface diffusion of mainly
interstitial atoms on the APT tip can affect the N content of matrix and
precipitates. For very fine platelets, the local magnification effect can
lead to erroneous detection of large amounts of Fe in the platelets [47].
However, in the very early stage of precipitation the precipitates gen-
uinely still contain a lot of Fe. The observed precipitates could be Mo-
nitrides or Fe,MoyN, zones.

Streaks in the diffraction pattern in the < 001 > direction (Fig. 6b)
are ascribed to both small dimensions of the scattering object of pre-
cipitates or GP zones and irregular spatial distribution between them
along the direction parallel to the streaks [56]. The additional reflec-
tions in the diffraction pattern can appear due to B2 ordering. The
observed precipitates could also be assigned to the FCC-Mo,N phase,
obeying the Baker-Nutting orientation relationship with the matrix:
{100} pitrige//{100}, and < 001 > piiqe// < 011 > [20,57]. How-
ever, the simulated diffraction pattern does not fit exactly with the
observed SAED pattern. Selg et al. [58] concluded that largely coherent
Mo,N-type nitrides develop in maraging steel upon nitriding, sur-
rounded by a tetragonally distorted matrix. Mobile and immobile excess
nitrogen is expected in solution-annealed maraging steel which is ni-
trided. The immobile excess nitrogen is adsorbed at the precipitate/
matrix interface, while the mobile excess nitrogen is dissolved in the
strained matrix. This excess nitrogen could explain deviation from a
specific stoichiometry in the early stages of precipitation. Individual
atomic columns composing the platelets in Fig. 6d—e indicate that the
platelets consist of a monolayer. However, according to these HRTEM
images the platelets could be up to three atomic layers thick but due to
the limited resolution they cannot be sharply visualized. The observed
structure is expected to be similar to a Mo,N monolayer which is co-
herent with the surrounding, tetragonally distorted Fe-matrix. This
possible structure was investigated further and is discussed below.

Since TEM and APT do not lead to an unambiguous conclusion re-
garding the nitrides, DFT calculations have been carried out. The main
objective is to obtain optimized structures which correspond to the
observed diffraction patterns. Additionally, the relative stabilities of
different coordinations of the N atoms can be determined. To isolate a
single precipitate in a three-dimensional periodic code, unit cells of 20
layers of Fe in the < 100 > direction were constructed using the
ACONVASP software and a number of Fe atoms were replaced with one,
two or three consecutive layers of Mo atoms. This number of layers
separates the periodic repetition of the Mo precipitates by > 2.5 nm,
which is sufficient to cut out all electronic interactions. In a first step,
the atomic positions of those structures and the unit cell shape and
volume were allowed to relax using a conjugate-gradient algorithm.
This results in a fully optimized structure under zero pressure.
Secondly, N atoms were introduced into the different octahedral in-
terstitial sites available in the Mo layers, again fully optimizing the unit
cell. This enables to determine the energetically most favorable site for
N. Finally, Mo-N precipitates of varying thickness with a 1-1 stoichio-
metry, where the N atoms are placed in the most favorable octahedral
positions, were optimized and their cohesive energies were calculated.

When the N atoms are in the octahedral sites in the Mo plane, with
two Mo atoms of that plane as nearest neighbors, the difference in
cohesive energy AU corresponds to 197 —_ in a monolayer, and to

mol N
130 m;;’N in a triple Mo layer. This configuration is highly unfavored, as
can be expected on simple geometric grounds. The precipitate plane is
coherent with the bulk Fe matrix, which entails that the Mo atoms in
that plane are only the lattice parameter of bulk Fe apart. An en-
ergetically costly orthorhombic distortion takes place if the N atom is
inserted between those Mo atoms. If the two octahedral neighbors of
the N atom are coordinated perpendicular to the precipitate, the tet-
ragonal distortion already caused by the Mo precipitate atoms forms an
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ideal position for the N atom. Table 5 shows the preferential octahedral
sites of the interstitial N atoms and their corresponding cohesive en-
ergies. For the energetic comparisons, bulk bce Fe and bec Fe with N in
the octahedral position were also optimized and the enthalpy of solu-
tion is calculated to be AU = 14 % It is clear that N has a higher
affinity for Mo than for Fe. In the case of a monolayer of Mo, the N
prefers to be in the Mo-layer, with Fe as nearest neighbors (cf. Table 5,
structure 1). However, a N atom positioned just outside the Mo layer
(cf. Table 5, structure 2) is energetically quite similar. The same con-
clusion can be drawn for the double Mo layer (cf. Table 5, structure 3
and 4 respectively). Structure 6, the triple Mo layer, has the lowest
cohesive energy. To assess the driving force for growth of the Mo-N
precipitates in the z-direction, the cohesive energy of the single-layer
structure (cf. Table 5, structure 1) is compared to the cohesive energy of
the double- and triple-layer structure (cf. Table 5, structure 5 and 7
respectively). The combination of two single layers into a double Mo-N
layer corresponds to a cohesive energy difference of AU = — 26 —~ ;"N

(2 Fe;oMoN % Fe;gMosN, + 20 Fe). For the combination of three single
layers into a triple layer, AU (3 Fe;oMoN & Fe;,Mo3;N3 + 40 Fe) equals
-2 ﬁ It can be concluded that the driving force to create multiple
layers exists but is relatively small, which results in the predominance
of single-layer Mo-N precipitates for short nitriding treatments, as
evidenced by the TEM results (see Fig. 6d and Fig. 6e).

Fig. 8a shows that the simulated diffraction pattern of the Mo-N
monolayer in Fe (structure 1 in Table 5) corresponds well to the SAED
patterns in Fig. 6b. Also structures 2 to 7 lead to the simulated dif-
fractions pattern of Fig. 8a. The position of N has a limited impact on
the SAED, but the position of the Mo in the Fe-lattice can be linked to
B2 ordering and the corresponding additional reflections in the dif-
fraction pattern. However, extra satellites appear in the experimental
diffraction pattern which could be explained by an ordered structure of
the Mo-N layers which form on every fourth layer of Fe (cf. Table 5,
structure 8 and Fig. 8b). There is also an affinity of the Mo layers to
form this structure, but the driving force is not very large. A similar
structure of single-layered NbN GP zones in steel was reported in [59]
with an uncertainty of the position of the N atoms. The compression of
the lattice parameter of Fe in the direction perpendicular to the pre-
cipitate with the precipitate as nearest neighbor is 2.1% for the Mo-N
monolayer. The desired expansion of the nitrided layer as compared to
the unnitrided core leads to the compressive macrostress parallel to the
surface in the nitrided zone. The distorted Fe-matrix around the Mo-N
monolayers corresponds with the microstresses and gives rise to dif-
fraction line broadening (streaks in the SAED). This is also observed as
the lower value of the band slope parameter of the EBSD data from the
nitrided layer in comparison to the substrate (Fig. 2a).
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Fig. 8. (a) Simulated diffraction pattern of structure 1 of
Table 5, zone axis [001], (b) Simulated diffraction pattern
of structure 8 of Table 5, zone axis [100]. Both patterns
correspond well to Fig. 6b.

2} {020}
. [ ]

5. Summary and Conclusions

Two high-resolution techniques, TEM and APT were used to study
the precipitates in aged and nitrided Fe-Ni-Co-Mo maraging steel. Ni-
Mo type intermetallics were found in the aged bulk material, while Mo-
N precipitates were detected in the nitrided zone nearby the surface.
These two different types of precipitates are uniformly distributed in
the matrix and both have a volume fraction of around 1% in the zone of
characterization.

The strengthening intermetallic precipitates formed during the early
stages of aging were identified with the aid of TEM as the known w-type
precipitate, with chemical composition of (Fe,Ni)sMo or (Fe,Ni);Mo,
and a trigonal crystal lattice. However, the APT analysis shows that the
(Fe,Ni) to Mo ratio is lower than the one expected in the phase iden-
tified by TEM. This can be explained by the continuous evolution of
(Fe,Ni)sMo through (Fe,Ni);Mo, up to the rhombohedral w-phase
(Fe,Ni),Mo, where the observed intermetallics are in the transition from
(Fe,Ni);Mo, to (Fe,Ni),Mo, while the crystal structure still corresponds
to (Fe,Ni);Mo,. The diameter of the spherical precipitates is around
3 nm.

The first few micrometers of the nitrided layer of the simultaneously
aged and nitrided maraging steel contain disc shaped precipitates on
the {001} martensitic lattice. The diameter of the discs is 3-4 nm, while
their thickness is estimated to be one atomic layer. APT reveals the
enrichment of the precipitates in Mo and N. However, some influence of
the matrix on the chemical composition is present since the precipitates
are very small. DFT calculations were performed to compare different
configurations of the N atom in Mo-N precipitates of varying thickness.
The energetically most favorable position of the N atom is the octahe-
dral position inside the Mo layers, with the nearest neighbor pair or-
iented perpendicular to the precipitate plane. The low driving force to
stack the Mo-N layers agrees with the predominance of single-layer
precipitates observed in TEM.
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