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Synthesis and Characterization of an Fe/Co Ferrite
Spinel Oxide Film Produced by Using N2/Steam Heat
Treatment on Two Maraging Steels

MAURO ANDRES CERRA FLOREZ, GEMMA FARGAS RIBAS,
JOAN JOSEP ROA ROVIRA, ANTONIO MANUEL MATEO GARCÍA,
STEPHANY APARECIDA SANTOS DA MATA,
ENRIQUE RODRÍGUEZ-CASTELLÓN, and MARCELO JOSÉ GOMES DA SILVA

An experimental procedure was developed to obtain an oxide layer formed mainly by spinel on
maraging steels. It consists of different stages with specific conditions, such as atmospheres rich
in nitrogen and water vapor, and different steps of temperatures and times. Tests were
performed on grade 300 and 350 maraging steels. Oxide layer characterization was done using
optical and electron microscopy, spectroscopy, X-ray diffraction, and nanoscratch tests in order
to determine the adhesion force as well as to observe the main deformation mechanism induced
under sliding tests. In both steels, oxide layers are formed by the spinel’s Fe3O4 and CoFe2O4 in
amounts close to ca. 85 pct, whereas TiO2 and MoO3 represent the other 15 pct. No hematite
was found. The low oxygen availability during the heat treatment was fundamental for avoiding
hematite formation. A nickel-rich austenitic phase formed at the metal-oxide interface due the
kinetics of the oxidation process of the cobalt, iron, and molybdenum. The particular conditions
of the heat treatments induced the formation of a mixture of iron, nickel, and cobalt spinel
ferrites, thereby contradicting previous studies that said that only magnetite would be formed.
The sliding tests at the nanometric length scale highlight that the layer formed on maraging 300
grade presents a better adhesion than the other investigated material due to the fact that it
requires more load in order to induce cracks located at the edge of the sliding track and,
subsequently, the chipping of the formed layer.
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I. INTRODUCTION

THE chemical composition of maraging steels, with
18 pct Ni, 7 to 12 pct Co, 3 to 5 pct Mo, 0.2 to 1.6 pct Ti,
and ultralow carbon content, allows for hardening by
precipitation of nanometric intermetallic phases during
aging treatments. Thus, maraging steels have particular
properties arising from the combination of a martensitic
matrix and those fine intermetallic precipitates, such as
Ni3(Ti,Mo) and Fe2(Ti,Mo).[1–9] These properties make
them very attractive materials for aeronautic, aerospace,
and military applications, and also for applications
where components are in contact with highly corrosive
fluorinated compounds, such as in uranium enrichment
ultracentrifuges.[1,9–13] Barzashka and Oelrich[12] appear
to be the only authors that have reported a preoxidation
process of the components of the ultracentrifuges
manufactured with maraging steel, where atmospheres
with steam are used to form an oxide layer that prevents
corrosion resistance. But there are no specifications
about this process or about the characteristics of the
oxide formed.

Four other works were developed prior to the 1990s
studying the oxidation processes of maraging steels in
different atmospheres to produce spinel-type oxides.
Three of these works were developed by Klein
et al.[14–16] The first one studied the thermodynamics
and kinetics of the chemical reactions for the production
of oxides in a maraging steel, and also in a Kovar steel,
using an atmosphere with superheated steam at temper-
atures close to 773.15 K (500 �C). As a result, they
observed the formation of Fe3O4 iron spinel (magnetite)
and the possibility of nickel and cobalt within the oxide

film. In the second work, the same steels were subjected
to an aging treatment at 758.15 K (485 �C) for 3 hours,
under three different atmospheres of water vapor, CO2,
and O2, respectively. For all atmospheres, the results
showed the formation of a layer between 2 and 3 lm,
composed solely of magnetite, and a metal-oxide inter-
face rich in nickel and cobalt. In the third study
published by Klein et al.,[15] samples of maraging 250,
pure titanium, and pure molybdenum were subjected to
758.15 K (485 �C) for 3 hours to relate the oxidation
processes of these elements with the compounds found
in the oxide of maraging steel. It was found that
titanium and molybdenum oxidize in the initial stages
and, due to thermodynamic and kinetic conditions,
remain in the inner parts of the film, covered by
magnetite.
The fourth work was developed by Rezek et al.,[17]

who studied the oxidation of maraging steel 250 during
the aging treatment at 758.15 K (485 �C) for 3 hours
using an atmosphere with superheated steam. The steam
flow was changed to analyze its influence on the
composition of the oxide. Thus, it was found that the
largest flux gives rise to a greater amount of magnetite.
However, for all conditions, an unwanted Fe2O3 phase
(hematite) was formed.
No additional publications about this topic were

found, and in this context, the present investigation
intends to produce an oxide with the largest amount of
spinel. Moreover, the conditions of temperature, time,
and atmosphere were selected to avoid the formation of
hematite. An experimental procedure has been estab-
lished (based on the work of Florez et al.[18]) that can be
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reproduced under basic laboratory conditions. The main
objective of this work is focused on verifying if the
conditions of the heat treatment and the chemical
composition of the steels used are sufficient for the
formation and growth of a spinel-type oxide on the
surface of the steels. A horizontal tubular oven, nitrogen
gases, and steam were used in the different stages of the
thermal aging treatment of maraging steel grades 300
and 350.

II. MATERIALS AND METHODS

Samples of maraging steel, grades 300 and 350 (whose
chemical compositions are summarized in Table I), were
used for the present study. Their dimensions were 29 19
1 cm3.These sampleswere solution annealed at 1113.15 K
(840 ºC) for 1 hour in a muffle furnace, air cooled, and
then polished with SiC paper. A Philips X’Pert X-ray
diffractometer (Philips, Almelo, The Netherlands) with
Co Ka radiation and a monochromator was used for

determining the phases present after the solution anneal-
ing treatment. The angular parameter 2h ranged between
30 and 110 deg, with an angular step of 0.02 deg per scan
and a counting time of 3 seconds. The voltage and current
used were 40 kV and 45 mA, respectively. The analysis
of the XRD results was performed using the
X’PERT HIGHSCORE PLUS* program provided by

Panalytical.
The aging treatments were carried out in a horizontal

tube oven with gas inlet and outlet. For the oxidation
process, the inlet to the furnace had two connections,
one connected to a steam generator and the other to N2

cylinders. The steam generator reached a temperature of
423.15 K (150 ºC) and it was necessary to use helium
injection as a carrier gas to increase the flow rate up to
600 mL/min. The flow of all gases was measured with a

Table I. Chemical Composition (Weight Percent) of Grade 300 and Grade 350 Maraging Steels

Steel Fe Ni Co Mo Ti Cr V Si Al C

Mar300 bal 18.28 9.51 4.80 0.73 0.12 0.10 0.08 0.07 < 0.01
Mar350 bal 17.65 11.65 4.69 1.44 0.05 0.10 0.04 0.06 0.002

Fig. 1—Experimental configuration of the devices for the aging heat treatment.

*X’PERT HIGHSCORE PLUS is a trademark of Panalytical
(Almelo, The Netherlands).
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flowmeter. This experimental setup can be seen in
Figure 1.

The samples of each steel grade (in two different
experiments) were placed in a quartz tube, introduced
inside the oven and then heated at 573.15 K (300 ºC) for
30 minutes under N2 atmosphere (400 mL/min). Steam
was added and the temperature increased for 15 minutes
up to 763.15 K (490 ºC). Shortly thereafter, N2 gas was
removed and the temperature was kept constant at
763.15 K (490 ºC) for 3 hours with only the steam/
helium atmosphere (600 mL/min). After this aging
treatment, the samples were cooled with a constant N2

flow (400 mL/min) for 3 hours to avoid their
overoxidation.

After the heat treatments, the surface of the samples
was characterized using different advanced techniques to
understand the oxidation process and elucidate the
different phases formed. A Carl ZEISS LSM 800 (Carl
Zeiss, Oberkochen, Germany) laser scanning confocal
microscope and an atomic force microscope (Dimension
D3100) (Veeco Instruments, Plainview, NY, USA) were
used to observe the surface morphology. Oxide rough-
ness was observed by atomic force microscopy (AFM),
and the resulting images and roughness analyses were
conducted using WSxM 5.0 software, developed by
Horcas et al.[19] To completely assess the surface
topography, several parameters were evaluated: average
roughness (Ra), maximum vertical height between the
highest peak and the lowest valley (Rz), maximum peak
height (Rp), and maximum valley depth (Rv). More
information about the mathematical and physical def-
initions of these roughness parameters, as well as their
respective equations, is summarized in References
20–22.

For the identification of the components presents on
the oxide layer, X-ray diffraction (XRD) measure-
ments, Raman spectroscopy, and X-ray photoelectron

spectroscopy (XPS) were used. The XRD was used in
the low-angle/grazing incident configuration and the
following parameters: 3 deg as grazing incidence angle,
angular parameter 2h ranging between 10 and 80 deg,
angular step of 0.02 deg per scan and counting time of
3 seconds, and voltage and current of 40 kV and 45
mA, respectively. The results were analyzed using the
X’PERT HIGHSCORE PLUS software and the quan-
tification of the phases was done using the reference
intensity ratio (RIR) based in the Chung methodol-
ogy[23] and mentioned by Zhou et al.[24] The Raman
spectroscopy was performed on the Renishaw’s inVia
Qontor Raman microscope (Renishaw, Gloucester-
shire, UK) with a neon laser with k ~ 532 nm, with
intensity analysis performed in the RAMAN ENVIR-
ONMENT (WIRE)** software.

Finally, the XPS measurements were performed on
the Physical Electronics spectrometer (PHI Versa Probe
II Scanning XPS Microprobe) (Physical Electronics,
Inc, Chanhassen, MN, USA) with monochromatic
X-ray radiation Al Ka (1400 lm, 26.6 W, 5 kV, and
1486.6 eV) and a double beam neutralizer. The exper-
iments were carried out after cleaning the surface for
two pickling cycles with argon (Ar+) ions at 0.5 eV for 1
minute and 1 keV for 5 minutes, respectively. XPS
spectra were processed using the MultiPak 9.0 package
(Physical Electronics, Inc, Chanhassen, MN, USA). The
binding energy values were referenced to the C 1s
adventitious signal at 284.8 eV and the recorded spectra
were fitted using Gauss–Lorentz curves. The atomic
concentration percentages of the constituent elements

Fig. 2—(a) and (c) Optical and (b) and (d) LSCM micrographs of the heterogeneities found on the oxide layer for (a) and (b) grade 300 and (c)
and (d) grade 350 maraging steels.

**RAMAN ENVIRONMENT (WIRE) is a trademark of Ren-
ishaw (Gloucestershire, UK)
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on the surfaces of the samples were determined taking
into account the sensitivity factor of the corresponding
area for the different measured spectral regions.

A Phenom XL Desktop SEM microscope (Thermo
Fisher Scientific, Lenexa, KS, USA) with EDS detector
was used to observe the oxide and obtain its chemical
composition. Furthermore, the oxide layer thicknesses,
as well as their microstructures, were determined by
focused ion beam (FIB) milling of cross sections and
scanning electron microscopy (SEM) inspection, which
was done by using a dual beam workstation Zeiss Neon
40 (Carl Zeiss NTS GmbH, Oberkochen, Germany).

Nanoscratch tests were made with a Nanoindenter XP
(MTS) (Nanomechanics, Inc., Oak Ridge, TN, USA),
which allows lateral force measurements. A Berkovich
indenter was used to scratch the surface under increas-
ing load at a velocity of 10 lm/s, for a total scratch
length of 500 lm, up to a maximum load of 100 mN.
Three different scratches were performed on each

sample. The distance between scratches was held con-
stant and equal to 500 lm to avoid any overlapping
effect. The scratch marks were observed using a Phenom
XL Desktop SEM microscope (Thermo Fisher Scien-
tific, Lenexa, KS, USA).

III. RESULTS AND DISCUSSION

The oxide layer of all samples was observed and
analyzed using different techniques. With laser scanning
confocal microscopy (LSCM), several heterogeneities
were found distributed along the oxide layer, such as
cracks, ridges, peeling, and valleys. In Figure 2, it is
possible to appreciate some peeling and cracks on the
oxide surface. According to Florez et al.,[18] these kinds
of defects may be related to the volumetric differences
between the different phases forming the oxide layer as
well as to the steam condensation on the surface.

Fig. 3—Topographic AFM image (3-D view) of the oxide layer growth on (a) through (c) grade 300 and (d) through (f) grade 350 maraging
steels.

Table II. Surface Roughness of the Oxides Produced on Grade 300 and Grade 350 Maraging Steels

Sample Length (lm)
Roughness Average

(Ra) (nm)
Roughness Maximum

(Rz) (nm)
Maximum Peak Height

(Rp) (nm)
Maximum Depth

(Rv) (nm)

Grade
300

20 (Fig. 3(a)) 43 ± 0.5 615 421 � 194
5 (Fig. 3(b)) 36 ± 0.5 394 241 � 153
1 (Fig. 3(c)) 24 ± 0.3 209 122 � 87

Grade
350

20 (Fig. 3(d)) 15 ± 0.5 274 193 � 82
5 (Fig. 3(e)) 14 ± 0.4 218 138 � 80
1 (Fig. 3(f)) 15 ± 0.3 104 60 � 43
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Figure 3 shows AFM three-dimensional (3-D) topo-
graphic images (20 9 20 lm2, 5 9 5 lm2, and 1 9 1 lm2)
of the surface quality of the oxide produced on grade
300 (Figures 3(a) through (c)) and on grade 350 too
(Figures 3(d) through (f)). From these images, it was
possible to directly extract the main roughness param-
eters (i.e., maximum roughness and maximum and
minimum roughness peaks; Rz, Rp, and Ry, respectively),
as summarized in Table II. Several different microstruc-
tural features (porosity, picks, valleys, etc.) are clearly
visible, heterogeneously distributed along the surface.
With the observation of these images and the analysis of
the values in Table II, it is evident that the oxide layer
growth on 300 maraging steel grade grows more
heterogeneously, in a nonuniform way, and with higher
roughness than on grade 350.

X-ray diffractograms before oxidation and the oxide
film produced in both steels are shown in Figure 4.
Specifically, in Figure 4(a), diffractograms of the sam-
ples annealed at 1113.15 K (840 ºC) for 1 hour are given
and it is possible to identify the peaks (110), (200), and
(211), which correspond to the martensitic (a’) phase, in
fair agreement with other works.[18,25,26] Figure 4(b)

resembles the diffractograms of the oxide layers for both
steels. In the two oxides, the same phases, labeled A, B,
C, and D, were identified. Peaks correspond to a spinel
ferrite, which may be iron, cobalt, nickel, or a mixture of
them, according to References 18, 27, 28. On the other
hand, it was not possible to determine which types of
spinel are formed because they have the same crystal-
lographic structure and lattice parameters.[14,18] The
peaks labeled B correspond to TiO2,

[27] while C peaks
relate to molybdenum oxide (MoO3).

[27,29] Finally, D
peaks match the austenite phase c,[26] rich in Ni, Fe, and
Co, and formed due to the oxidation process at the
metal/oxide interface.[14–18]

Therefore, the quantification of the phases in the
oxides led to the following results: Oxide formed on
maraging 300 is constituted of around 86 pct spinel, 8
pct MoO3, and 6 pct TiO2. In the case of the oxide
produced on grade 350, the approximate composition
was 87 pct spinel, 5 pct MoO3, and 8 pct TiO2. It is
important to highlight that the spinel peaks present in
the XRD diffractograms also fit with Fe3O4, NiFe2O4,
and CoFe2O4, which have similar crystallographic
parameters. However, this technique does not lead to

Fig. 4—X-ray diffractograms of the (a) solution-annealed state and (b) oxide layers produced on both maraging steels.
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isolating each contribution, as reported Klein et al.[14]

The high percentage of spinel, together with the absence
of hematite peaks, shows the effectiveness of the
conditions chosen in the procedure to form spinel oxide
in these steels. The higher amount of TiO2 found in the
oxide of maraging 350 can be explained by the higher

amount of this element in its chemical composition.
According to the work of Klein et al.,[16] titanium has a
greater reactivity than the other elements under these
treatment conditions (steam atmosphere at 758.15 K
(485 ºC)), given the most negative values of free forma-
tion energy (DF) of Ti oxide (–204 kcal) compared to Fe

Fig. 5—SEM micrographs of the oxide formed on (a) through (c) grade 300 and (d) through (g) grade 350 maraging steels; (h) linear EDS
spectrum of the oxide formed on grade 300 maraging steel.
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(–142 kcal) and Mo oxide (–121 kcal). Moreover, this
increase in titanium and its greater reactivity results in a
lower amount of molybdenum oxide being found, and
this decrease cannot be associated with the amount of
molybdenum because Mo content is almost identical in
both steels.

The oxide layer morphology from both maraging
steels, as observed by SEM, is illustrated in Figures 5
((a) through (c) grade 300 and (d) through (g) grade
350). Several heterogeneities and defects are visible.
Thus, a surface completely covered with several hetero-
geneities, including holes and peeling, is shown in
Figure 5(a). In Figure 5(b), numerous porosities are
observed over the entire oxide surface. In Figure 5(c),
porosities are observed in more detail as well as an area
not covered with external oxide. Then, points high-
lighted with letters A and B identify the positions where
the chemical analyses by EDS were performed. The
results summarized in Table III highlight a chemical
composition difference: The inner part of the oxide is
richer in nickel, titanium, and molybdenum, while the
upper part is mainly rich in iron and cobalt. Figure 5(d)
shows a covered oxide surface area without defects.
Differently dispersed heterogeneities, such as cracks,
holes, ridges, valleys, and peeling showing the internal
oxide, are observed in Figure 5(e). Punctual EDS
analysis was also carried out on the external surface
and the internal oxide exposed by the peeling, the results
of which are summarized in Table IV. As depicted in this
table, the differences between the chemical composition
at points A and B show that the inner part of the oxide is
richer in alloying elements than the oxide surface,

confirming a different concentration in the different
parts of the oxide layer. This fact can indicate the
existence of different phases or compounds dispersed
along with the oxide layer thickness. Finally, in
Figure 5(g), linear energy-dispersive X-ray spectroscopy
(EDS) was performed following the yellow dash line, in
order to compare from the chemical point of view the
two holes with the internal area exposed (A and B) and
the external zone of the oxide layer. As shown in
Figure 5(h), the EDS spectra conducted inside a
rectangular hole shape (point A) with straight edges
present a chemical composition rich in titanium and
nitrogen, which may be related to the formation of
titanium nitride (TiN) during the solidification process
of steels with an appreciable content of titanium, in
accordance with results previously reported by Capurro
and Cicutti[30] and Silva et al.[31] The EDS spectrum of
the irregular hole (point B) indicates that it is rich in
molybdenum due to the intermetallic compounds
(Ni3Mo and Fe3Mo) that precipitate during the aging
treatment, as reported in References 1, 3, 18, 32–34. It is
essential to indicate that oxygen was only taken into
account for comparative purposes.

Table III. EDS Spot Measurements Taken at the Different Locations Shown in Fig. 5(c)

EDS Quantitative Analysis from A and B Points

Element Number Element Symbol Point A (Weight Concentration) Point B (Weight Concentration)

26 Fe 47.18 56.67
8 O 23.11 27.36
27 Co 4.84 6.12
28 Ni 7.42 5.55
42 Mo 14.68 3.80
22 Ti 2.77 0.50

Table IV. EDS Spot Measurements Taken at the Different Locations Shown in Fig. 5(e)

EDS Quantitative Analysis from A and B Points

Element Number Element Symbol Point A (Weight Concentration) Point B (Weight Concentration)

26 Fe 52.06 59.53
8 O 26.01 34.37
27 Co 6.54 4.80
28 Ni 6.56 0.62
42 Mo 7.56 0.58
22 Ti 1.27 0.10

cFig. 6—SEM micrographs of the oxide layer formed on maraging
300 steel: (a) FIB cross-sectional micrograph of the oxide layer, (b)
thickness of the oxide layer, (c) magnification of the oxide layer
showing a yellow line where the chemical composition was
determined, and (d) EDS chemical element profiles conducted on the
yellow line of (c) (Color figure online).
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In order to observe and determine the thickness of the
oxides produced on both maraging steels, cross-sec-
tional micrographs were done using FIB. In Figure 6(a),
it is possible to observe the platinum plate (used for
protection during the assay), the oxide layer, and the
steel matrix through the cross section on the oxide
produced on maraging steel grade 300. On the other
hand, the micrograph in Figure 6(b) shows a homoge-
neous oxide layer with a thickness ranging between 857
and 1319 nm and a medium thickness around 1007 ±
125 nm. The oxide film presents an irregular outer
surface with a series of porelike defects on the internal
parts. A closer inspection (Figure 6(c)) shows the oxide
layer with a uniform dark shade that suggests no
variations of the phases; also, a lighter shade with small
grain size is observed on the steel side of the metal-oxide
interphase, which could indicate the presence of a
different phase from the rest of the metallic matrix of
the steel. This assumption was confirmed by performing
the linear EDS chemical analysis (Figure 6(d)) in the
yellow line in Figure 6(c). It is essential to indicate that
oxygen was only taken into account for comparative
purposes. These EDS analyses highlight that the oxi-
dized layer presents a uniform distribution from a
chemical point of view. In Figure 6(d), it is evident that
Co and Ni present a higher concentration in the oxide
layer near the metal base interface (specifically in the
dash black circles in both figures). This result shows the
presence of an austenitic bonding layer rich in nickel,
cobalt, and iron at the oxide layer/metal base interface
formed during the oxidation process[14–18] and found by
XRD analysis made on the samples.

A cross section of the oxide produced on maraging
steel grade 350 is observed in Figure 7(a). The microg-
raphy in Figure 7(b) shows similar defects (irregular
outer surface and with a series of porelike defects on the
internal parts) to those found in Figure 6(b) and a
homogeneous oxide layer with a thickness ranging
between 716 and 1288 nm and medium thickness around
889 ± 160 nm. The closer inspection in Figure 7(c)
shows a uniform dark shade on the oxide film and a
lighter shade on the steel side of the metal-oxide
interphase. The linear EDS chemical analysis
(Figure 7(d)) performed in the yellow line in
Figure 7(c) confirms a chemical uniform distribution
on the oxide and, as found in the oxide produced on
maraging steel grade 300, a higher concentration of Co
and Ni at the metal-oxide interface (in the areas with
dashed black circles in both figures). This result confirms
the formation of an austenite phase rich in Ni, Co, and
Fe in the metal-oxide interface during the oxidation
process and found by XRD analysis. It is essential to

indicate that oxygen was only taken into account for
comparative purposes.
For the identification of spinel types formed in the

oxides of both steels, Raman spectroscopy and XPS
techniques were used. Figure 8(a) shows the Raman
spectrum obtained from the oxide layers, in which it is
possible to see two spinels: iron ferrite (Fe3O4)

[18,35,36]

labeled A and cobalt ferrite (CoFe2O4)
[18,37–39] labeled

B. Furthermore, by magnifying a Raman shift ranging
between 150 and 750 cm–1 (Figure 8(b)), spinel peaks are
more clearly visible and the bands for each compound
are more detailed. These results confirm the existence of
all expected spinels. No hematite bands were detected,
confirming the effectiveness of the heat treatment since
this compound should be located in the outer layers of
the oxide.[18,40–42] These results are in agreement with
the XRD finding. Raman spectroscopy did not find
MoO3 and TiO2 because these compounds are in the
innermost layers and this technique analyzes the outer-
most layers of the oxide.[18]

Figure 9 shows the survey and the high-resolution (b)
C 1s, (c) O 1s, and (d) Fe 2p core-level XPS spectra of
the oxide produced on maraging steel 300 before and
after sputtering for 5 minutes with Ar+ plasma. In the
survey XPS shown in Figure 9(a), it is possible to see the
signals of the elements iron (Fe 2p), carbon (C 1s),
cobalt (Co 2p), and oxygen (O 1s). After etching, the
intensity of the C 1s signal decreased and the intensities
of the other element signals increased. Tables V and VI
include the binding energy values (in eV) of the studied
signals and the surface chemical composition (in atomic
concentration percent), respectively. The C 1s core-level
spectrum can be decomposed into two contributions in
Figure 9(b) (Table V). The main contribution at 284.8
eV is assigned to adventitious carbon, while the other
contribution at 285.7 eV is derived from the presence of
C-O bonds.[18,43,44] After etching 5 minutes, there are
only two contributions at 284.8 and 285.9 eV, and the
surface concentration of C decreased from 48.1 to 1.6
pct (Table VI), being indicative, as expected, of adven-
titious contamination, which is very common on the
surface of metals. The assignment of the oxygen species
in the O 1s signal is not easy. The O 1s signal in
Figure 9(c) can be decomposed into three contributions
at 529.9, 531.2, and 532.2 eV. The first one, denoted Oa,
can be related to the presence of surface lattice oxygen
(O2�), whereas the contribution at 531.2 eV, denoted
Ob, is assigned to the presence of defect oxide or to
surface low coordination oxygen ion. The third contri-
bution mainly proceeds from hydroxyl groups and C-O
groups. After etching 5 minutes, the relative intensity of
the contribution due to lattice oxygen increased. In fact,
the oxygen surface content slightly increased after
etching from 36.3 to 45.1 pct (Table VI).[18,45,46]

The Fe 2p core-level spectra of the oxide produced on
maraging 300 before and after etching 5 minutes with
Ar+ are shown in Figure 9(d), where the deconvolution
of the Fe 2p3/2 signal is also included, and the corre-
sponding values of the different contributions are shown
in Table V. It is well known that the positions of the

bFig. 7—SEM micrographs of the oxide layer formed on maraging
350 steel: (a) FIB cross-sectional micrograph of the oxide layer, (b)
thickness of the oxide layer, (c) magnification of the oxide layer
showing a yellow line where the chemical composition was
determined, and (d) EDS chemical element profiles conducted on the
yellow line of (c) (Color figure online).
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contributions of the Fe 2p3/2 signal, as well as its satellite
peak, are very sensitive to the oxidation state of
iron.[18,47–49] It is clear that the etching process modifies
the Fe 2p signal. Upon etching, the intensity of the
signal increased and the surface iron content went from
10.4 to 35.4 pct in atomic concentration (Table VI). The
deconvolution of the Fe 2p3/2 main peak is also shown in
Figure 9(e). This peak is deconvoluted in three contri-
butions at 708.1 to 709.8 eV assigned to Fe2+, 710.3 to
711.3 eV assigned to Fe3+, and 712.1 to 712.7 eV related
to an interaction of Fe2+ and Fe3+.[50] The decrease in
the Fe2+/(Fe2+ + Fe3+) ratio after etching can be
associated with a greater amount of magnetite in the
most external areas. Fe3O4 contains the iron ions Fe2+

and Fe3+. While the increase in the Fe3+ ratio after
etching (Table V), and the consequent decrease in the
Fe2+ ratio, would indicate the formation of another
type of spinel ferrites, such as the cobalt ferrite
(CoFe2O4), this valuation is consistent with the highest
amount of cobalt after etching (Table VI), remembering
that in this compound iron and cobalt ions have the
oxidation states Fe3+ and Co2+, respectively. It is also
important to mention that the Fe/Co atomic ratio is
35.4/17.9 = 1.99, very close to the theoretical value for
the cobalt spinel CoFe2O4.

[51–56] All these results agree

with the literature,[18,28,40,57–60] where the diffusion of Co
and Ni ions, in the form of Co2+ and Ni2+ species, from
the metallic matrix to the outside is explained.
The Co 2p core level spectra (not shown) are very

complex. The Co 2p spectrum before etching shows a
maximum at 784.0 eV assigned to Co2+, but this
assignment is difficult because the presence of Co3+

species cannot be ruled out. Upon etching, two maxima
are observed at 780.7 and 786.0 eV. The new contribu-
tion at low binding energy is assigned to reduced Co
species.[52–56]

Figure 10 shows the survey spectra and the high-res-
olution (b) C 1s, (c) O 1s, and (d) Fe 2p core level XPS
spectra of the oxide produced on maraging steel 350,
before and after sputtering for 5 minutes with Ar+

plasma. In the survey shown in Figure 10(a), the signals
of iron (Fe 2p), carbon (C 1s), cobalt (Co 2p), and
oxygen (O 1s) are discerned. After etching, the intensity
of the adventitious carbon signal decreased and, as
expected, the relative intensities of the other studied
elements increased. Tables V and VI show the binding
energy values (in eV) of the studied signals and the
surface chemical composition, respectively. The C 1s
high-resolution spectrum was similar to that observed in
the case of the oxide produced on maraging 300. The C

Fig. 8—Raman spectra of oxides produced on the maraging steels investigated here.
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Fig. 9—XPS spectra of the oxide formed on maraging steel 300 before (as received) and after etching 5 min with Ar+ plasma (etched 5 min
Ar+): (a) survey spectrum, (b) C 1s, (c) O 1s, (d) Fe 2p, and (e) Fe 2p3/2 deconvoluted.
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1s core-level spectrum was decomposed into two con-
tributions in Figure 10(b) (Table V). The O 1s core level
spectra also show three contributions (Figure 10(c) and
Table V) at 529.9, 531.1, and 532.0 eV, but in this case,
the surface content of the O 1s core level is higher
compared to that observed for grade 300. The Fe 2p
core-level spectra for the oxide produced on maraging
350 are shown in Figure 10(d), where the difference
between both core level intensities (before and after
etching) is appreciable, being lower than for grade 300.
However, iron content increased upon etching, from
11.5 to 31.6 pct (Table VI). The Fe 2p core-level
spectrum for the etched oxide produced on maraging
steel 350 is different, with a much lower relative intensity
of the contribution at 708.0 eV assigned to Fe2+. This
fact points out that before etching this sample presented
a high concentration of the iron spinel Fe3O4, with
higher concentration of Fe2+. After etching, the Fe2+/
(Fe2+ + Fe3+) ratio decreased to 14, and taking into
account the fact that the Fe/Co atomic ratio is 36.64/
18.14 = 2.07, a value very near the theoretical one for
the cobalt spinel CoFe2O4 (formed by the metal ions
Fe3+ and Co2+), and that in the innermost areas of the

oxide there is a greater concentration of cobalt
(Table VI), it is feasible to have a greater quantity of
the cobalt spinel CoFe2O4.
The Co 2p core spectrum after etching shows two

maxima at 780.7 and 782.7 eV, with a difficult assign-
ment but indicating the presence of Co2+ and Co3+.
The possible formation of a cobalt spinel Co3O4 cannot
be discarded, together with the presence of the spinel
CoFe2O4.
In order to determine the adhesive damage between

the former oxide layer and the different metallic marag-
ing alloy substrates, also denoted as Pc2, scratch tests
were conducted at the submicrometric length scale in
order to confine the deformation stress field at the
coating/substrate interface. Figure 11 (left-hand side)
shows the entire scratch track for both investigated
systems in order to qualitatively observe the induced
damage along the sliding track. Figure 11 (right-hand
side) shows the top-view SEM micrograph of nano-
scratch tracks, where some interesting features are
clearly visible—mainly cracks at the edge of the sliding
track and subsequently chipping of the former oxide
layer. The Pc2 values directly determined from the SEM
micrographs are summarized in Table VII. From
Figure 11 and the Pc2 summarized in Table VII, it is
clearly visible that the oxide layer grown on the
maraging 300 alloy required a higher sliding force in
order to detach the oxide layer growth under N2

atmosphere from the metallic maraging substrate. How-
ever, both oxide films present good adherence, and the
results show the capability for their use for tribological
applications under sliding contact tests.[18]

The preceding results illustrate several similarities
between the oxides produced in both steels. They have
the same superficial defects, although the oxide on grade
300 is slightly rougher than that on the 350 maraging

Table V. Binding Energy Values (in eV) of the Studied Elements and Percentages of Relative Area in Brackets and Fe2+/(Fe2+

+ Fe3+) Ratios for the Studied Oxide Produced on Maraging Steels before and after Etching 5 Minutes With Ar+ Plasma

Sample C 1s O 1s Fe 2p3/2 Co 2p3/2 Fe2+/(Fe2++Fe3+)

Mar300 284.8 (92) 529.9 (76) 709.8 (68) 784.0 68
285.7 (8) 531.0 (10) 711.3 (15)

531.8 (14) 712.7 (17)
Mar300 After 5 min Ar+ 284.8 (96) 529.6 (76) 708.1 (29) 780.7 29

285.9 (4) 530.8 (15) 710.3 (56) 786.0
531.8 (9) 712.1 (15)

Mar350 284.8 (96) 529.9 (80) 710.1 (68) 784.2 68
285.6 (4) 531.1 (12) 711.8 (28)

532.0 (8) 713.6 (4)
Ma350 After 5 min Ar+ 284.8 (93) 529.7 (78) 708.0 (14) 782.6 14

285.8 (7) 531.0 (18) 709.4 (68) 788.4
532.2 (3) 712.4 (25)

Table VI. Surface Chemical Composition (Atomic Percent)
for the Studied Oxide Produced on Grade 300 and Grade 350

Maraging Steels Before and After Etching 5 Minutes With

Ar+ Plasma

Sample C O Fe Co

Mar300 48.1 36.3 10.4 5.3
Mar300 After 5 min Ar+ 1.6 45.1 35.4 17.8
Mar350 42.6 38.6 11.5 7.6
Mar350 After 5 min Ar+ 3.9 49.3 31.6 15.2
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Fig. 10—XPS spectra of the oxide formed on maraging steel 350 before (as received) and after etching 5 min with Ar+ plasma (etched 5 min
Ar+): (a) survey spectrum, (b) C 1s, (c) O 1s, (d) Fe 2p, and (e) Fe 2p3/2 deconvoluted.
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steel. These differences may not be associated with the
chemical composition of the oxide (similar for both) or
to the previous sample roughness (the same for both).

Molybdenum (MoO3) and titanium (TiO2) oxides
were found in the internal layers of the oxide, with
higher quantities in the innermost part of the film. For
this reason, they were not detected by Raman spec-
troscopy and XPS. These results are in accordance with
References 16, 18, 41, 61 which explain how these types
of compounds are formed in the initial stages of the
oxidation process and are only found in the inner parts
of the oxide because iron oxides, which have greater
growth kinetics, cover molybdenum and titanium
oxides.

Thermodynamic and kinetic stability conditions allow
the iron oxide Fe3O4 to be formed during the growth
process of the oxide layer, as mentioned in References
14–17, 41, 61–64. However, from these same conditions,
elements, such as cobalt and nickel, can also diffuse
within the oxide. Klein et al.[14–16] mentioned that it is
possible to find these elements within the iron spinel as
substitutes but not as another compound. In this work,
as well as in Reference 18, it was observed that these
elements form a mixture of spinels: CoFe2O4, NiFe2O4,
and Fe3O4. The formation of this spinel mixture is

possible by the diffusion reaction of Co2+ and Ni2+

from the metallic matrix to the outside of the oxide.
Then, the diffusion of these ions replaces Fe2+ ions in
the octahedral sites of spinel and in the external part of
the film, where they form Fe3O4. In the present case, the
high cobalt content of maraging steels, and also the
formation of nickel-rich austenite in the oxide layer/
metal interface (due to the decomposition of martensite
at temperatures near 773.15 K (500 ºC)), influences the
preferential formation of the cobalt ferrite
spinel.[10,18,28,40,57–60]

It is possible that in the innermost layers, where there
is more nickel, spinel NiFe2O4 was formed, but it was
not detected in the upper layers. Also, the gradient of
composition of cobalt observed in the results of EDS
and XPS, where a greater quantity is observed in the
innermost layers, confirms that the spinel CoFe2O4 has a
bigger amount in the internal regions of the oxide.
The conditions of time and temperature in the present

procedure, as well as the steps using nitrogen (without
available oxygen) and focusing on the oxidation process
taking place only with steam, allowed the formation of a
spinel-like oxide film. Hematite was not found due to an
oxygen deficit during the heat treatment, an indispens-
able factor for the transformation of magnetite (Fe3O4)
into hematite (a-Fe2O3) to occur on the outer part of the
oxide under the temperature conditions used in the
procedure.[18,40–42,63–66]

IV. CONCLUSIONS

A chemical composition gradient from the innermost
toward the external surface of the oxide was observed in
both steels, with a higher quantity of alloying elements,
such Ni, Ti, Mo, and Co, in the oxide layer/metal

Fig. 11—SEM micrograph for the nanoscratch track (left) and magnification of the top-view SEM micrographs of nanoscratch tracks where the
first adhesive damage appears (right).

Table VII. Pc2 Directly Determined From the SEM
Micrographs for Each Oxide Produced on Each Maraging

Steel

Steel Where the Oxide was Formed Pc2 (mN)

Mar300 32
Mar350 16
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interface. Then, due to the nickel gradient composition
in the metal/oxide interphase, the formation of nick-
el-rich austenite was possible in the steel, and the
formation in a great quantity of the nickel spinel ferrite
NiFe2O4 next to this region cannot be discarded.

Another implication of the chemical composition
gradient is the formation of molybdenum (MoO3) and
titanium (TiO2) oxides in the internal layers of the oxide.
These compounds are formed in the initial stages of the
oxidation process and are only found in the inner parts
of the oxide because iron oxides, which have greater
growth kinetics, cover molybdenum and titanium
oxides.

The thermodynamic and kinetic conditions of the heat
treatment investigated here allowed the formation of the
iron ferrite spinel Fe3O4, and the consequent formation
of the spinel mix NiFe2O4, CoFe2O4, and Fe3O4, by the
diffusion reaction of cobalt and nickel ions (Co2+ and
Ni2+) from the metallic matrix to the outside of the
oxide, replacing Fe2+ ions in the octahedral sites of the
spinel and displacing part of these iron ions to the
external part of the film, where they formed Fe3O4.

Moreover, the conditions of the heat treatment,
specifically the nitrogen atmosphere at the first stage
(without available oxygen), allowed the formation of a
spinel-like oxide film and avoided the formation of
hematite oxide.

The oxides produced in both maraging steels present
similar roughness and relatively similar thickness and
present the same defects such as porosity, metal-oxide
interface, and irregular outer surface. It was also
possible to observe in both steels the austenitic phase
rich in nickel and cobalt detected by XRD that was
formed during the oxidation process at the base of the
steels.

The maraging 300 steel presents a good adherence
between the formed oxide layer and the metallic
substrate growth under the N2 atmosphere. However,
both oxide films demonstrate good adherence and their
capability for use under aggressive conditions mainly for
tribological applications under sliding contact tests.
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Menezes, and A.M. Neto: Mater. Charact., 2008, vol. 59, pp.
528–33. https://doi.org/10.1016/j.matchar.2007.03.011.

32. E.R. Petty: J. Appl. Cryst., 1970, vol. 4, pp. 402–03. https://doi.
org/10.1107/S0021889871007349.

33. A.C. Rodrigues, H.H. Bernardi, and J. Otubo: J. Aerosp. Technol.
Manag., 2014, vol. 6(4), pp. 389–94. https://doi.org/10.5028/jatm.
v6i4.400.

34. O. Moshka, M. Pinkas, E. Brosh, V. Ezersky, and L. Meshi:
Mater. Sci. Eng. A., 2015, vol. 638, pp. 232–39. https://doi.org/10.
1016/j.msea.2015.04.067.

35. P.R. Kumar, Y.H. Jung, K.K. Bharathi, C.H. Lim, and D.K.
Kim: Electrochim. Acta., 2014, vol. 146, pp. 503–10. https://doi.
org/10.1016/j.electacta.2014.09.081.

36. M.R. Robinson, M. Abdelmoula, M. Mallet, and R. Coustel: J.
Solid State Chem., 2019, vol. 277, pp. 587–93. https://doi.org/10.
1016/j.jssc.2019.06.033.

37. W. Wang, Z. Ding, and X. Zhao: J. Appl. Phys., 2015, vol. 117, p.
17A328. https://doi.org/10.1063/1.4917463.

38. K.L. Routray, S. Saha, and D. Behera: Mater. Sci. Eng. B., 2020,
vol. 257, p. 114548. https://doi.org/10.1016/j.mseb.2020.114548.

39. J. De La Figuera, A. Quesada, L. Martı́n-Garcı́a, M. Sanz, M.
Oujja, E. Rebollar, M. Castillejo, P. Prieto, A. Muñoz-Martı́n, L.
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