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Abstract: Currently, surface treatments lead to inducing a superficial layer of several nanometers
up to micrometer, which in some cases can be protective. In this experimental work, an oxide layer
was generated under different atmospheres (CO2 and steam atmospheres) during the thermal aging
treatment of two different maraging grades, 300 and 350. Afterwards, this layer was microstructural
and mechanically characterized by advanced characterization techniques at the micro- and submicron
length scale to highlight some information related to the generated oxide layer. The results showed
that the oxide layer (in both grades) was made up of several compounds like: TiO2, MoO3, hematite
(α-Fe2O3), and CoFe2O4, this being the majority compound distributed homogeneously throughout
the layer. Furthermore, a nickel-rich austenitic phase at the interphase was mainly made up cobalt
ions (Co2+), instead of iron ions (Fe2+), within the spinel lattice.

Keywords: maraging steel grades; oxide layer; microstructural characterization; sliding properties;
spinel; nickel-rich austenitic phase

1. Introduction

The oxidation process of maraging steels was addressed by several authors until the
1990s [1–5]. In each of these publications, different conditions such as time, atmosphere, and
maraging steel grades were used to obtain an oxide layer with a spinel-type microstructure
that could act as protective layer which is able to be employed in different sectors.

Klein et al. [1,2] observed that, during the oxidation process of steels under different
atmospheres (CO2, steam and air) at 485 ◦C for 3 h, it is possible to growth a spinel iron
oxide Fe3O4, known as magnetite, as follows:

Steam atmosphere: 3Fe + 8H2O = Fe3O4 + 4H2O + 4H2, (1)

CO2 atmosphere: 3Fe + 4CO2 = Fe3O4 + 4CO, (2)

O2 atmosphere: 3Fe + 2O2 = Fe3O4. (3)
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The common, growing oxide layer process for all these atmospheres may be associated
to the diffusion process of iron ions from the metal to the oxide–gas interface, yielding as
a result an oxide layer with one layer externally formed by magnetite and one near the
interface with appreciable amounts of nickel and cobalt and poor amounts of iron and
oxygen [1,2]. Furthermore, Klein et al. [3] investigated the oxide layer mechanisms of
another maraging grade under a superheated steam atmosphere created because of the
reaction diffusion process. They claimed that in the kinetic conditions, iron oxidizes faster
than molybdenum, producing a magnetite (Fe3O4) layer that covers the formed MoO3 and
blocks its growth.

On the other hand, Rezek et al. [4] assessed the influence of the water vapor flow rate
during the heat treatment of maraging 300 steel. They found that a higher flow rate forms
an oxide composed practically of magnetite (with a maximum content of around 7% of
hematite), while with a low flow rate, up to 40% of hematite is produced. Greyling et al. [5]
studied the oxidation process for the same kind of maraging steel under an air atmosphere
at different temperatures. In general, three different types of oxides were generated: a
spinel, α-Fe2O3, and a mixture of CoO-α-Fe2O3, located in this order from the metal–oxide
interface to the oxide–gas interface.

Within this context, scarce information related to the oxidation process of maraging
steels grades is available in the literature. Within the aforementioned information, in this
research, the microstructure and mechanical properties of the oxide layer process generated
under different atmospheres (CO2, water vapor, and nitrogen) for two different maraging
steel grades (300 and 350) are investigated.

2. Materials and Methods
2.1. Materials

The two different kinds of maraging steels 300 (Mar300) and 350 (Mar350) (chemical
composition for each is summarized in Table 1), were supplied by the Materials Characteri-
zation Laboratory (LACAM) of the Universidade Federal do Ceará (Ceará, Brazil). The
specimens were cut using a metallographic saw to obtain samples with dimensions of
1 × 1 × 2 cm3, and subsequently annealed at 840 ◦C for 1 h. After the annealing process con-
ducted at 840 ◦C for 1 h, the specimens were polished until reaching a mirror-like surface.

Table 1. Chemical composition of maraging steel grades (wt. %).

Samples 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

The thermal aging treatment was carried out in a tube oven with a gas inlet and outlet.
Before the entrance of the oven, the line had three connections, one connected to a steam
generator, and the other two connected to CO2 and N2 cylinders, respectively. The steam
generator reached a temperature of 150 ◦C and it was necessary to use helium injection
as a carrier gas to increase the flow rate. The experimental set-up used to create the oxide
layer can be seen in Figure 1.
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Figure 1. Experimental configuration of the devices for the aging heat treatment.

Each tested sample was placed inside the oven in a quartz tube and heated at 300 ◦C
for 30 min under CO2 atmosphere. Steam was added and the temperature was increased
to 490 ◦C for 15 min. Shortly thereafter, the CO2 gas was removed, and the temperature
was kept constant and equal to 490 ◦C for 3 h only with steam and helium. The cooling
process was performed with a constant N2 flow during 3 h to avoid the generation of an
overoxidation layer thickness.

2.2. Microstructurally Characterization

The phases present in both the steels as well as in the oxide layer were detected
by X-ray diffraction (XRD) using the Philips X’Pert equipment (Co Kα radiation source)
(Philips, Almelo, The Netherlands) with a wavelength (λ) of 1.789 nm and monochromator.
The XRD measurements were conducted from 10◦ ≤ 2θ ≤ 110◦, and the resolution was
held constant and equal to 0.02◦. The voltage and current were kept constant and equal
to 40 kV and 45 mA, respectively, and the analysis of the patterns found was carried
out in the X’PertHighScore Plus® software (version 4.9.0) from Panalytical®, Almelo, The
Netherlands) and the semi-quantification (%) of the phases present in the oxide layer was
done by using the reference intensity ratio (RIR) methodology [6,7].

The oxide layer formed on the samples was characterized by different advanced
characterization techniques to better understand the different phases created during the
oxidation process under different atmospheres. The confocal laser scanning microscope
CLSM Carl ZEISS LSM 800 (Carl Zeiss, Oberkochen, Germany) and the White Light Inter-
ferometry (WLI) Optical interferometer Veeco Wyko 9300NT (Veeco Instruments, Plainview,
NY, USA) were used to observe the oxide layer morphology. Furthermore, the main rough-
ness parameters were measured to quantitatively assess the oxide layer topography by
using the Wyko Vision® software (version 4.2, Veeco Instruments, Plainview, NY, USA),
which includes: the arithmetic mean height (Sa), the maximum height (Sz), the maximum
peak height (Sp), the maximum pit height (Sv) and the root-mean-square height (Sq). More
information related to the roughness parameters are available in References [8–10].

The Phenom XL Desktop SEM microscope (ThermoFisher Scientific, Lenexa, KS, USA)
with EDS detector was used to observe the oxide and obtain the chemical composition
measurements. Furthermore, the oxide layer thickening as well as the microstructure
was determined by focused ion beam (FIB) milling of cross-sections and scanning elec-
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tron microscopy (SEM) inspection. It was done by using a dual beam workstation, field
emission scanning electron microscopy (FE-SEM) Zeiss Neon 40 (Carl Zeiss NTS GmbH,
Oberkochen, Germany).

To obtain the chemical composition of the oxide layer, three techniques were used, the
Fourier transform infrared (FT-IR) spectroscopy was used on the Fourier Nicolet 6700 in-
frared spectrometer (Thermo Scientific, Lenexa, KS, USA), using the KBr pellet method
at room temperature. RAMAN spectra were recorded on a Renishaw’s inVia Qontor Ra-
man microscope (Renishaw, Gloucestershire, UK) with a neon laser with λ ~ 532 nm, with
an intensity analysis performed in Raman Environment (WiRE™) software (version 4.4,
Renishaw, Gloucestershire, UK).

Finally, X-ray photoelectron spectroscopy (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 Kα

(1400 µm, 26.6 W, 5 kV, 1486.6 eV) and a double beam neutralizer. The experiments were
carried out after cleaning the surface for two pickling cycles with argon (Ar+) ions at 0.5 eV
for 1 min and 1 keV for 5 min, 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 on the surfaces of the samples were determined taking into account the sensitivity
factor of the corresponding area for the different measured spectral regions.

2.3. Mechanical Properties: Scratch Tests

Nano-scratch tests were made with a nano-scratch attachment of the Nanoindenter
XP (MTS) (Nanomechanics, Inc., Oak Ridge, TN, USA) that allows for lateral force mea-
surements. A Berkovich indenter was used to scratch the surface under loading control
mode. The load was linearly increased at a constant velocity of 10 µm/s for a total scratch
length of 500 µm up to reaching 100 mN. Three different scratches were performed on
each sample. The distance between scratches was held constant and equal to 500 µm
to avoid any overlapping effect. The scratches marks were observed by using the field
emission scanning electron microscopy (FE-SEM) Zeiss Neon 40 (Carl Zeiss NTS GmbH,
Oberkochen, Germany).

3. Results
3.1. Steel Characterization

X-ray diffraction (XRD) diffractograms after the annealing treatment conducted at
840 ◦C for 1 h for both the maraging steel grades investigated here are depicted in Figure 2.
The peaks {110}, {200}, and {211} correspond to the martensitic (α’-) phase in fair agreement
with preliminary works [11,12].
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Figure 2. X-ray diffraction (XRD) diffractograms for the thermally treated specimens for both maraging steel grades.

3.2. Oxide Characterization

The oxide layer for both samples was observed by confocal laser scanning micro-
scope (CLSM) covering the entire surface. Both maraging steel grades presented several
heterogeneities distributed along the created oxide layer, such as ridges, valleys, cracks,
and peeling, as shown in Figure 3. The different defects present in the oxide layer may be
related to the expansion coefficient between the phases heterogeneously distributed along
the entire oxide layer. Additionally, the present defects could be related with the presence
of water molecules condensed on the surface of the oxide layer, which starts to degrade the
oxide layer.
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Figure 3. Optical (a,c,e,g,i) and confocal laser scanning microscope (CLSM) (b,d,f,h,j) micrographs
of the heterogeneities found on the oxide layer for each maraging steel grade investigated here.

The roughness profile for each oxide layer was investigated by optical interferometry,
and the 3D topography profiles are shown in Figure 4. From this image it is possible
to determine the main roughness parameters, such as arithmetic mean height (Sa) and
maximum height (Sz), as well as other parameters that are described and summarized in
Table 2. From this observation, it is possible to conclude that the oxide layer does not grow
homogeneously due to the presence of several nodules.
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Table 2. The main 3D roughness parameters according to ISO 25178.

Roughness Parameter Oxide of the Mar300
(µm)

Oxide of the Mar350
(µm)

Arithmetic Mean Height (Sa) 0.21 0.20
Maximum Height (Sz) 2.22 2.19

Maximum Peak Height (Sp) 0.90 0.85
Maximum Pit Height (Sv) 1.32 1.34

Root-Mean-Square Height (Sq) 0.31 0.25

The oxide layer morphology from each condition and maraging steel grade was
observed by scanning electron microscopy (SEM) and is depicted in Figure 5. Figure 5a
shows that it is possible to observe a completely covered surface without any superficial
defect, and with several heterogeneities, including valleys and cracks (see white circles).
On the other hand, in Figure 5b, nodular formations with different layers, sizes, and
porosities are observed in more detail. The points highlighted with the letters A and B
identify the positions where the chemical analysis by energy dispersive X-ray (EDS) was
performed, and are summarized in Table 3, which highlights the chemical composition
variation. From this observation, it is possible to observe that the metal base is richer in
iron, nickel, titanium, and molybdenum, while the upper part of these nodules is mainly
rich in cobalt.
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Table 3. Energy dispersive X-ray (EDS) spot measurements taken at the different locations shown in
the scanning electron microscopy (SEM) micrograph in Figure 5b.

EDS Quantitative Analysis from A and B Points (Weight Conc.)

Element Number Element Symbol Point A Point B

26 Fe 52.57 60.25
8 O 32.46 27.70
27 Co 13.64 9.47
28 Ni 0.69 1.48
42 Mo 0.59 0.95
22 Ti 0.05 0.15

In Figure 6a, it is possible to observe different heterogeneities dispersed in the different
oxide layers for both maraging steel grades, which are identified with white circles, includ-
ing cracks, ridges, valleys showing the internal oxide, and areas with different straight
edges presenting the limits of the chemical composition. On the other hand, Figure 6b
shows a high-magnification SEM micrograph of the main defects. Furthermore, in this
image, punctual EDS analysis was also carried out on each defect and the results are
summarized in Table 4. As is depicted in this table, there was a difference between points
A (located at the homogeneous surface oxide layer) and B (surface valley). The main differ-
ence between each point may be associated with the generation of different phases along
the oxide layer. On the other hand, point C, located in a nodule at the top of the ridges,
presented a composition close to point A, which suggests that the latter is formed above
the ridges. At point D, which corresponds to the internal part of the oxide layer, a higher
concentration of the main steel elements can be seen. This information confirms a differ-
ence in concentration for the different oxide layers. These differences from a chemical and
morphological point of view may indicate the existence of different phases or compounds
dispersed along the oxide layer thickness. Finally, the EDS spectra conducted inside a
rectangular pore shape (point E) with straight edges presented a chemical composition
rich in titanium and nitrogen, which may be related to the formation of titanium nitride
(TiN) generated during the solidification process in concordance with results previously
reported by Capurro et al. [13] and Silva et al. [14].
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Table 4. Energy dispersive X-ray (EDS) spot measurements taken at the different locations shown in the Scanning electron
microscopy (SEM) micrograph in Figure 6b.

EDS Quantitative Analysis at Points A and B (Weight Conc.)

Element Number Element Symbol Point A Point B Point C Point D Point E

26 Fe 62.65 60.22 62.50 60.98 3.92
8 O 32.68 38.10 32.34 19.11 31.43
27 Co 3.21 0.64 3.39 9.14 0.63
28 Ni 0.35 0.53 0.90 4.90 -
42 Mo 0.94 0.29 0.71 4.66 -
22 Ti 0.17 0.22 0.16 1.21 44.54
7 N - - - - 19.48

A detailed inspection of the broken oxide fragments and internal oxide layer is shown
in Figure 7a. Linear EDS analysis was performed on the white dash line drawn in Figure 7a
to compare the internal and external zone of the oxide layer from a chemical point of view
(Figure 7b). As is shown, different chemical elements were present in both areas, confirming
that the outer part was richer in iron than the inner one.
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Figure 7. (a) Scanning electron microscopy (SEM) micrograph and (b) linear energy dispersive X-ray (EDS) spectrum made
on the white dash line of the Figure 7a of the oxide surface formed on Mar300 maraging steel.

The heterogeneities observed for the Mar300 maraging steel also were found in the ox-
ide layer in the Mar350 maraging steel. It is necessary to highlight that some imperfections
reported previously for the Mar300 maraging steel (see Figure 6) did not exist in the oxides
of Mar350 maraging steel, as depicted in Figure 8a, where, in the oxide region, several
protuberances and broken areas are clearly visible. Figure 8b shows a magnification of the
broken oxide area and the exposed internal oxide. EDS measurements were performed
at the indicated points (A: protuberance on the oxide, B: internal part of the oxide, and C:
more homogeneous part of the oxide) and the measurements are summarized in Table 5.
These results show that the cobalt concentration was close between the internal region and
that of the homogeneous oxide layer. Furthermore, the oxide layer presented an increase in
the amount of molybdenum and nickel compared to the same area of the oxide formed in
the Mar300 maraging steel (see values reported for the point A in Table 4). This difference
between both grades may be related to the higher content of cobalt in the chemical compo-
sition of steel, which helps the formation of precipitate phases rich in molybdenum during
the aging thermal treatment.
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Figure 8. Scanning electron microscopy (SEM) micrographs of the oxide formed on Mar350 maraging
steel: (a) different heterogeneities found on the surface of the oxide and (b) magnification of a
broken area of the oxide (A: protuberance on the oxide, B: internal part of the oxide, and C: more
homogeneous part of the oxide).

Table 5. Energy dispersive X-ray (EDS) spot measurements taken at the different locations shown in
the scanning electron microscopy (SEM) micrograph in Figure 8b.

EDS Quantitative Analysis from Points A and B (Weight Conc.)

Elem. Number Elem. Symbol Point A Point B Point C

26 Fe 62.61 55.23 59.43
8 O 34.84 27.97 34.01
27 Co 1.25 4.41 4.24
28 Ni 0.67 5.23 0.79
42 Mo 0.42 5.19 1.30
22 Ti 0.21 1.98 0.23

Other defects that were heterogeneously distributed along the oxide layer for both
grades were the protuberances, as shown in Figure 9a,c. The images suggest that these
protuberances were formed by different phases. A high magnification of these defects
is shown in Figure 9b,d, and the interphase between this defect and the oxide layer is
delimited by white dotted lines.

To observe the microstructure and to determine the oxide layer thickness, a cross-
section using the focused ion beam (FIB) technique was used. Figure 10 presents the field
emission scanning electron microscopy (FE-SEM) micrographs done on the oxide layer
growth on Mar300 (Figure 10a,c) and Mar350 (Figure 10b,d) maraging steels. In both films,
it is possible to observe the presence of little micro-holes, and mainly, a blister-like part of
the film; this last defect present in the oxide layer (mentioned previously as protuberances)
is related to differences in the expansion coefficient between the different constitutive
phases, as well as being related to chemical heterogeneities along the oxide layer. From
Figure 10c (oxide produced on Mar300) it was possible to observe that the oxide was not
both homogeneous and continuous. In this sense, there is an air bubble that divides the
oxide into two parts. The part of the oxide located above the bubble was the one with
the thickest layer with a value ranging between 825 and 1310 nm; however, it was not
homogeneous. From this SEM micrograph, it was also possible to distinguish two different
kinds of oxide layers, one more obscure (external) and one clear (internal), which may be
related to the presence of two different phases or compounds. The part of the oxide below
the gas bubble was more homogeneous and its thickness ranged between 601 to 790 nm. It
was also possible to observe a small microstructure of fine grains with a different shade
just below the oxide. From Figure 10e (oxide produced on Mar350) it is possible to observe
an homogeneous oxide layer with a thickness of approximately 1700 nm; however, another
part of the oxide was also appreciated with a gas bubble that divided the oxide in two
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different parts and which produced small cracks on their vertex. The part of the oxide
located above it was small and relatively homogeneous, with a homogeneous thickness that
ranged between 624 and 652 nm. Furthermore, differences in shades that may be attributed
to the presence of two different phases and/or compounds were also observed. The part of
the oxide below the gas bubble ranged between 865 and 1040 nm of thickness. In the same
way as in Figure 10c, it is possible to observe the small fine-grained microstructure with a
different shade just below the oxide. The lighter area on the outermost part of the oxide is
due to the formation of more oxidized compounds, and the small metallic microstructure
just below the metal–oxide interface with an austenitic-rich phase in Ni and Co formed
because of the oxidation process [1–5].
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Figure 9. Scanning electron microscopy (SEM) micrographs of the oxide formed on Mar350 maraging
steel: (a,c) different heterogeneities found on the surface of the oxide and (b,d) magnification of the
protuberances found on the oxide.

The results of the X-ray diffraction (XRD) analysis of the oxide layers for both steels
are shown in Figure 11. In the two oxides, the same phases labeled as A, B, C, D, and E
were identified, where the A peaks corresponded to a spinel ferrite, which may be iron,
cobalt, nickel, or a mixture of them, according to References [15,16]. On the other hand, it
was not possible to determine which types of spinel were formed because they have the
same crystallographic structure and lattice parameters [1]. The B peaks corresponded to
hematite (Fe2O3) in agreement with Reference [15]. The peaks labeled with C corresponded
to TiO2 [15], while the D peaks corresponded to molybdenum oxide (MoO3) [15,17]. Finally,
the E peak corresponded to the austenite phase [12]. This phase was rich in Ni, Fe, and
Co [1–4] and formed at the metal–oxide interface during the oxidation process when iron,
cobalt, molybdenum, and titanium were oxidized and diffused through the oxide layer,
leaving the steel surface with a high concentration of nickel; this phase is the microstructure
of fine-grained metal with a darker color just below the oxide observed in Figure 10c,d.
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Figure 10. Field emission scanning electron microscopy (FE-SEM) cross-section micrograph and the magnification with the
oxide layer thickness measurement on maraging 300 (a,c) and 350 (b,d) steels.

The semi-quantification of the phases presents in the oxides led to the determination
of the phase formed in the oxide layer. The oxide layer created for the Mar300 maraging
steel was mainly constituted by about 69.3% spinel, 23.8% hematite, 5.9% MoO3, and 1%
TiO2. On the other hand, the other oxide layer was constituted by about 65% spinel, 23%
hematite, 10% MoO3, and 2% TiO2. It is understandable that a higher amount of titanium
oxide was found in Mar350 maraging steel due to the higher amount of this element in the
chemical composition of this steel; however, the increase in the amount of molybdenum
oxide cannot be associated with the amount of molybdenum in the chemical composition
of this steel. The molybdenum content was almost identical in both steels, and this increase
could thus be due to the greater amount of cobalt that was used to decrease the solubility
of molybdenum in steel, which produces a greater amount of intermetallic precipitates
rich in molybdenum and titanium during the aging heat treatment [18–21]; therefore, it
is possible that on the surface of the maraging steel, this phenomenon provided a greater
quantity of these elements that reacted and formed these oxides.
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Figure 11. X-ray diffractograms of the oxide layer produced on the investigated maraging steels.

The Fourier transform infrared (FT-IR) spectra collected for the oxides of both steels
are shown in Figure 12. The band located at 640 cm−1 corresponded to the of stretching
vibration of Fe-O bonds in the structure of α-Fe2O3 (hematite), in agreement with Refer-
ence [22]. On the other hand, the band located at 586 cm−1 corresponded to the stretching
vibration of the Fe-O links in tetrahedral locations of the cobalt spinel structure—CoFe2O4—
as reported previously [23–26]. Likewise, there were characteristic bands of MoO3 at 993
cm−1 due to vibrations in the Mo=O bonds within the molecule, and at 859 cm−1 due to
Mo-O-Mo bonds that connect the different molecules [27,28].

Figure 13 shows the Raman spectra for the oxide layer of each maraging steel grade
investigated here. However, in both oxide layers, the same species were found. Hematite
(α-Fe2O3) labeled as A [29,30], spinel cobalt ferrite CoFe2O4 bands (B) [24,31,32], and
Molybdenum oxide (MoO3) were identified (C) [17,33,34]. As was clearly evident in the
FT-IR and RAMAN spectra, it was not possible to detect the titanium oxides, and this is an
indication that this element was in the innermost layers.
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Figure 12. Fourier transform infrared (FT-IR) spectra of oxides produced on the maraging steels
investigated here.

Figure 14a shows the survey X-ray photoelectron spectroscopy (XPS) spectrum of the
oxide produced in Mar300 maraging steel, where the signals of the elements iron (Fe 2p and
Fe 3p), carbon (C 1s), cobalt (Co 2p), and oxygen (O 1s) stand out. The chemical composition
(in atomic concentration %) is also identified. Figure 14 also shows the high-resolution C 1s
(b), O 1s (c), and Fe 2p (d) core-level spectra of the oxide produced on the maraging steel
300 grade before and after sputtering for 5 min with Ar+ plasma. Tables 6 and 7 include the
binding energy values (in eV) of the studied signals and the surface chemical composition,
respectively. The C 1s core-level spectrum could be decomposed into four contributions
(see Table 6). The main contribution at 284.8 eV was assigned to adventitious carbon, the
other minor contributions at 285.6, 286.4, and 288.1 eV were derived from the presence of
C-O, C=O, and O=C-O bonds, respectively [35,36]. After etching for 5 min, there were only
two contributions at 284.8 and 286.0 eV, and the surface concentration of C decreased from
47.94% to 18.4% (see Table 7), being indicative, as expected, of a adventitious contamination,
which is very common on the surface of metals. The assignment of the oxygen species in
the O 1s signal was not easy. The O 1s signal can be decomposed into three contributions at
529.3, 531.2, and 532.4 eV. The contribution at 529.3 eV, denoted as Oα, can be related to the
presence of surface lattice oxygen (O2−), whereas the contribution at 531.2 eV, denoted as
Oβ, was assigned to the presence of defect oxide or to the surface low coordination oxygen
ion. The third contribution at 532.4 eV mainly proceeded from the hydroxyl groups and
C-O and C=O groups. After etching for 5 min, the relative intensity of the contribution
due to lattice oxygens increased, and the relative intensity of the other two contributions
decreased because of the removal of the surface contamination. In fact, the oxygen surface
content slightly increased after etching, from 38.57% to 42.34% (see Table 7) [37,38].



Metals 2021, 11, 746 15 of 24

Figure 13. Raman spectra of oxides produced for the maraging steels investigated here.

Table 6. Binding energy values (in eV) of the studied elements, the percentages of the relative area in brackets, and the
Fe2+/(Fe2+ + Fe3+) ratios for the studied oxide produced on maraging steels before and after etching for 5 min with
Ar+ plasma.

Sample C 1s O 1s Fe 2p3/2 Co 2p3/2 Mo 3d5/2 Fe2+/(Fe2+ + Fe3+)

Mar300

284.8 (82)
285.6 (8)
286.4 (5)
288.1 (5)

529.3 (63)
531.2 (24)
533.4 (13)

709.2 (43)
710.8 (48)
712.9 (9)

781.3 232.1 43

Mar300
5 min Ar+

284.8 (95)
286.0 (5)

529.7 (78)
531.2 (14)
532.2 (8)

708.9 (50)
710.5 (37)
712.6 (13)

780.7
782.0 53

Mar350
284.8 (80)
286.0 (13)
288.0 (7)

529.7 (72)
531.2 (16)
532.4 (12)

708.5 (17)
710.2 (60)
712.4 (23)

780.7
782.7

232 (59)
232.7 (41) 17

Ma350
5 min Ar+

284.8 (96)
287.4 (4)

529.8 (78)
531.1 (15)
532.4 (7)

708.4 (40)
710.0 (35)
712.4 (25)

782.3 232.1 40
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Figure 14. X-ray photoelectron spectroscopy (XPS) spectra of samples with the oxide produced on maraging steel
300 (Mar300) before and after etching for 5 min with Ar+ plasma (Mar300 5 min Ar+). (a) Survey spectrum of sample
Mar300: (b) C 1s, (c) O 1s, (d) Fe 2p, and (e) Fe 2p3/2 deconvoluted.
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Table 7. Surface chemical composition (in at. %) for the studied oxide produced on maraging steels
before and after etching for 5 min with Ar+ plasma.

Sample C O Fe Co Mo

Mar300 47.94 38.57 10.13 3.24 0.12
Mar300

5 min Ar+ 18.41 42.35 31.12 8.14 0.00

Mar350 37.49 42.58 14.83 4.90 0.20
Mar350

5 min Ar+ 10.82 41.60 36.64 18.19 0.38

The Fe 2p core-level spectra of the oxide produced on maraging steel 300 grade before
and after etching for 5 min with Ar+ are shown in Figure 14, where the deconvolution of the
Fe 2p3/2 signal is also included, and the corresponding values of the different contributions
are shown in Table 6. It is well known that the position of the contributions of the Fe 2p3/2
signal, as well as its satellite peak, are very sensitive to the oxidation state of iron [39–41].
It is clear that the etching process modified the Fe 2p signal. Upon etching, the intensity
of the signal increased and the surface iron content increased from 10.13% to 31.12% in
atomic concentration % (see Table 7). The deconvolution of the Fe 2p3/2 main peak of the
samples is also shown in Figure 14e. This peak was deconvoluted in three contributions at
708.9–709.2 eV assigned to Fe2+, 710.6–710.8 eV assigned to Fe3+, and 712.6–712.9 eV related
to an interaction of Fe2+ and Fe3+ [42]. It is interesting to know that the Fe2+/(Fe2+ + Fe3+)
ratios on the surface of both samples were calculated from the XPS deconvolution (see
Table 6), and as expected, the Fe2+/(Fe2+ + Fe3+) ratio increased after etching, indicating
a higher proportion of the spinel phase CoFe2O4 and hematite [35,43–49]. This was also
supported by the higher cobalt content after etching (Table 7) from 3.24% to 8.14% in at. %.
The shape of the Fe 2p spectra also indicated that magnetite (Fe3O4) was not formed.

The Co 2p core-level spectra (not shown) were very complex. The Co 2p spectrum
before etching showed a maximum at 781.3 eV assigned to Co2+, but this assignation
was complex because the presence of Co3+ species cannot be ruled out. Upon etching,
two maxima were observed at 780.7 and 782.0 eV. The new contribution at low-binding
energy was assigned to reduced Co species [47–52]. The Mo 3d signal was very noisy and
hardly visible, and the Mo 3d5/2 presented a maximum at 232.1 eV, assigned to Mo6+ from
MoO3 [17,53,54]. Upon etching, the Mo 3d signal was not visible.

Figure 15 shows the survey spectra for the oxide produced on Mar350 maraging
steel and the C 1s, O 1s, Fe 2p, and Mo 3d core-level spectra before and after etching for
5 min with Ar+ plasma, and Tables 6 and 7 include the binding energy values (in eV)
of the studied signals and the surface chemical compositions for the same samples. The
C 1s high-resolution spectra (Figure 15b) were similar to those observed in the case of
the maraging steel 300 grade sample, but the surface contents of C were lower, being
37.39% and 10.88% for the sample before and after etching. As aforementioned, some of the
contributions of oxygen were due to the hydroxyl and hydrocarbon groups; the decrease
of the carbon amount after etching was indicative of the fact that the surface of the oxide
was less hydrophobic [35–38]. The O 1s core-level spectra also showed three contributions
(Figure 15c and Table 6) at 529.7, 531.2, and 532. 4 eV, but in this case, the relative intensity
of the surface lattice oxygen (O2−) was much higher, and the surface content of O 1s
was also higher compared to that observed for sample maraging steel 300 grade. This
also points out the higher observed hydrophilicity. After etching, the surface content of
oxygen was barely modified. The Fe 2p core-level spectrum for maraging steel 350 was
different (Figure 15d,e), with a much lower relative intensity of the contribution at 708.5 eV
assigned to Fe2+, and the calculated Fe2+/(Fe2+ + Fe3+) ratio was much lower (0.17). This
fact points out that, before etching, this sample presented a high concentration of cobalt
spinel. After etching, the Fe2+/(Fe2+ + Fe3+) ratio increased to 40, but interestingly, the
Fe/Co atomic ratio was 36.64/18.14 = 2.01, very near to the theoretical value for the cobalt
spinel CoFe2O4. However, this was not compatible with the relative high content of Fe2+.
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The Co 2p spectrum (not shown) before etching showed two maxima at 780.7 and 782.7 eV,
with a difficult assignation, but indicated the presence of Co2+ and Co3+, although this
assignation was complex. The possible formation of a surface cobalt spinel Co3O4 cannot be
discarded together with the presence of the spinel CoFe2O4. Upon etching, one maximum
was observed at 782.3 eV. The Mo 3d signal was then clearly observed (see Figure 15f), and
the Mo 3d5/2 presented a maximum at 232.1 eV, assigned to Mo6+ from MoO3 [17,53,54].
Before etching, the Mo 3d signal was modified with the appearance of a reduced oxide with
a binding energy value of 229.6 eV, assigned to Mo4+ of MoO2. In this case, after etching,
the surface atomic concentration of Mo increased from 0.20% to 0.38%.

Figure 15. X-ray photoelectron spectroscopy (XPS) spectra of samples with the oxide produced on grade 350 maraging steel
before (Mar350) and after etching for 5 min with Ar+ plasma (Mar350 5 min Ar+). (a) Survey spectrum of sample, (b) C 1s,
(c) O 1s, (d) Fe 2p, (e) Fe 2p3/2 deconvoluted, and (f) Mo 3d.
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3.3. Sliding Properties

Scratch tests led us to determine the adhesive damage between the oxide layer and
the metallic maraging alloy substrate, also denoted as Pc2. Figure 16 (left hand side)
exhibits the whole scratch track. The behavior was clearly discerned by comparing the
micro-fracture events and damage features in regions close to the track edges. Figure 16
(right hand side) shows top-view field emission scanning electron microscopy (FE-SEM)
images of nanoscratch tracks, where some interesting features are clearly visible—mainly,
chipping, also known as decohesion. Furthermore, the Pc2 directly determined from the
FE-SEM micrographs are summarized in Table 8. From Figure 16 and the data summarized
in Table 8, it is clearly visible that the oxide layers grown on the maraging 350 alloy required
a higher force in order to detach the oxide layer growth under the CO2 atmosphere from
the metallic maraging substrate.

Figure 16. (a) Field emission scanning electron microscopy (FE-SEM) image for the nanoscratch track and (b) magnification
of the top-view FE-SEM images of nanoscratch tracks where the first adhesive damage appears.

Table 8. Pc2 directly determined from the field emission scanning electron microscopy (FE-SEM)
micrographs for each oxide produced on each maraging steel.

Maraging Steel Pc2 (mN)

Mar300 2
Mar350 25

4. Discussion

The results on both oxide layers showed that the film was not homogeneous and
that several phases formed the layer. The processes of how they are formed and grown
have been approached by several authors from different points of view, and divergent
information has been found. On the basis of the results found in this work, several points
can be highlighted; one of them is that TiO2 is in the innermost layers of the oxide, because
it was not detected by X-ray photoelectron spectroscopy (XPS). Only the X-ray diffraction
(XRD) that penetrated through different layers was able to detect it. This observation is
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in fair agreement with References [55–57] and Klein et al. [1–3], based on thermodynamic
information from experiments conducted under a steam atmosphere, which highlighted
that, in the first stage of oxidation process, all elements were oxidized, and mainly titanium,
which exhibited high reactivity with oxygen, but it ended up being covered by iron oxides
because of the faster kinetics of the oxide formation reactions of this element. The same
statement was made for MoO3, but the results obtained from Raman and Fourier transform
infrared (FT-IR) techniques detected this oxide in the outermost layers. These results
were related to the chemical composition of steels, although the amount of molybdenum
was similar between them, there was a difference in the amount of cobalt, which for this
research was between 9.5 wt. % and 11.6 wt. %, which is slightly higher than the levels
reported by Klein et al. [1–3], who reported a value of around 8 wt. %.

Klein et al. [1–3] and Rezek et al. [4] reported that the oxide formed was magnetite
(Fe3O4), but in this research, cobalt ferrite, CoFe2O4, and hematite (α-Fe2O3) were found.
According to the literature [16,58–62], also it is possible to generate hematite, and the
main reaction to generate it is a diffusion reaction, specifically by the diffusion of cobalt
and nickel in the form of Co2+ and Ni2+ species from the metallic matrix to the outside.
These ions end up occupying the octahedral sites of spinel, replacing Fe2+ iron, and
displacing it to the outside of the film, where it is exposed to a higher concentration
of oxygen, and they are oxidized to Fe3+. The formation of nickel-rich austenite in the
oxide–metal interface is due to the decomposition of the martensite at temperatures above
500 ◦C [63]. However, remnants of iron and nickel may be subsequently present within the
formed spinel [5,56,61,64,65]. This statement was confirmed with the results of the energy
dispersive X-ray (EDS) measurements made on the surface of the oxide layer, where small
amounts of nickel were detected.

The formation of hematite is related to the atmospheres used in the heat treatment
in this research. Hong et al. [44] and Zhang et al. [66] described that iron-based materials
oxidized at temperatures between 377 ◦C and 527 ◦C under steam, and mainly with CO2
atmospheres, producing negative free energy for the formation of hematite; therefore,
under these conditions, part of the magnetite exposed to higher concentrations of oxygen
(outermost layers) is oxidized to hematite (Fe3O4→ α-Fe2O3) [56,62,66]. Genuzio et al. [62]
also mentioned that the kinetics of this transformation are very fast and that it depends on
the chemical composition and the availability of defects in the crystalline network, which
allow for the growth of the new phase through specific crystallographic plans. According
to Genuzio et al. [67], from 397 ◦C, α-Fe2O3 is formed in the middle of the magnetite, which
grows dendritically and with morphological differences that distinguish it from the matrix.
Similar differences were mentioned by Genuzio et al. [62], and these findings coincided
with the protuberances found in the oxides of this research.

5. Conclusions

Both maraging steel grades studied in this research presented a non-homogeneous
oxide layer, with several defects spread over the entire surface, such as holes that exposed
more internal layers, cracks, porosity, and high roughness. The oxide formed was com-
posed of four different phases, the majority being cobalt spinel ferrite (CoFe2O4), hematite
(α-Fe2O3), molybdenum oxide (MoO3), and titanium oxide (TiO2).

The conditions of time, temperature, and atmospheres used in the heat treatment
allowed us to have a percentage of more than 65% of spinel for both steels.

It was found that the chemical composition of the oxide changed over depth; the
inner parts were richer in alloy elements, and in general, the outer ones were richer in
iron. An example of this is that the largest amount of titanium, nickel, and molybdenum
was found in the inner parts of the oxide. These findings were confirmed when TiO2
and nickel-rich austenite were only detected by low-angle X-ray diffraction (XRD), which
highlighted that these elements were located on the metal–oxide layer interface. This fact is
related to a greater amount of cobalt in its chemical composition. This element acts so that
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molybdenum forms fine intermetallic precipitates during aging, which ends up making it
available on the surface and creates conditions for its oxidation.

The formation of hematite depended strongly on the temperatures, partial pressure of
oxygen, and the atmospheres used in the heat treatments. Under these conditions, part
of the surface magnetite turned into α-Fe2O3 with a different morphology and with a
chemical composition with few alloying elements. The low diffusion of nickel, a product of
the formation of rich austenite, in this element together with an increase in the chemical
composition of cobalt in these steels (with its ions with a high preference for occupying
the octahedral sites in the network) influenced the transformation of the initially formed
magnetite in CoFe2O4 cobalt ferrite. However, different nickel contents were detected in
energy dispersive X-ray (EDS) measurements made on the different exposed oxide layers,
which means that, together with iron, this element can replace cobalt inside the spinel.

The maraging 350 steel presented a good adherence between the oxide layer and the
metallic substrate growth under the CO2 atmosphere. This demonstrates its capability for
being used under aggressive conditions.
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