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Abstract: Maraging steels are precipitation hardening alloys that can achieve an ultra-high yield
strength (~3 GPa), however associated with low toughness. During exposure to high temperatures,
an oxidation process occurs on the surface of these steels, generally, the oxides formed are hematite
and/or magnetite. The aim of this study was to investigate oxidation on a maraging 13Ni15Co10Mo at
annealing temperature of 900 °C. The bulk microstructure was investigated by several complementary
techniques and the oxidized surface was characterized by Scanning Electron Microscopy (SEM),
Energy Dispersive X-ray Spectroscopy (EDS) and X-ray Diffraction (XRD). The results showed that
the bulk microstructure, at annealed condition, consists of a lath martensite with a hardness of
round 400 HV. The most external and oxidized surface contains the oxides hematite, magnetite
and kamiokite. Finally, the presence of austenite was detected in the first 2 um below the surface.
Chemical microanalysis indicated that the austenite is stable at room temperature in this region due a
composition gradient that makes this region rich in nickel and cobalt. The composition gradient is
due atom diffusion during oxides formation. Austenite near to the surface is very convenient as it
could avoid crack initiation and propagation, improving toughness.
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1. Introduction

Maraging steels are an unconventional class of precipitation hardened ultra-high
mechanical strength steels. Indispensable elements in traditional steels like carbon, silicon
and manganese are residual elements in maraging steels. They are based on the Fe-Ni-Co-
Mo system and show an unparalleled combination of excellent manufacturability, high
strength and fracture toughness [1].

Commercial maraging steels are named according to their level of yield strength
(200 to 400 ksi) they can present in the aged condition. The most common maraging
steels (maraging 200, 250, 300 and 350) have Fe-18.5Ni (wt.%) as base composition, with
increasing molybdenum levels from 3.3-5.0 wt.%, cobalt levels from 8.5-12.5 wt.% and
titanium levels of 0.2-1.6 wt.% [2]. To be able to achieve higher levels of mechanical
strength, such as yield strength of around 3 GPa, the base composition had to be changed
to Fe-13Ni-15Co-10Mo-1Ti (wt.%) [3-6].

The high levels of mechanical strength are due to precipitation of intermetallic com-
pounds such as Ni3(Ti, Mo) and Fe;Mo in a low carbon and soft BCC martensitic matrix
obtained by air cooling after solution annealing (austenitization) [7]. The increase in me-
chanical strength that occurs during aging is associated with the sharp drop in toughness.
For example, for a maraging 350, while the yield strength changes from 935 MPa after
solution annealing to 2195 MPa at hardness peak after aging, the energy absorbed in the
Charpy impact test drops from 190 to 12 J [7]. The Kjc (MPa m?/2) value of a maraging 250

Metals 2022, 12, 2115. https:/ /doi.org/10.3390/met12122115

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met12122115
https://doi.org/10.3390/met12122115
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-2694-2747
https://doi.org/10.3390/met12122115
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12122115?type=check_update&version=1

Metals 2022, 12,2115

2 0f 10

is more than twice that of a maraging 350 [2]. In the case of maraging 400, the toughness
drop is even more critical [3,4,8]. One of the ways to increase toughness is the overaging,
when coarsening of precipitate particles and partial reversion of martensite into austenite
occurs [2]. However, the drop in yield strength is a negative consequence of the overaging
heat treatments.

Systematic studies of protective films on austenitic stainless steels [9-12] and mild
steels [13], however similar studies on maraging steels are scarce.

The corrosion resistance of maraging steels is nothing special, or more precisely, it is
slightly better than the corrosion resistance of high-strength low-alloy (HSLA) steels. On the
other hand, their oxidation resistance is substantially better than that of low-alloy steels [2].
Oxidation of maraging 250 and 300 has been studied in water steam, nitrogen/water vapor,
carbon dioxide and oxygen between 300 and 600 °C [14-22]. For instance, after 90 min at
540 °C a commercial grade maraging 300 presents an oxidized layer with three regions
comprising CoO-a-Fe;O3, x-Fe,O3 and mixed spinel oxide phases, respectively. The oxide
film grows by means of the outward diffusion of metal cations. Oxidation significantly
changes the chemical composition of steel in the region just below the oxide layer, making
austenite formation possible in this region. Oxidation studies in maraging 400 are very rare
but necessary as they have a significantly different chemical composition than traditional
maraging steels 200, 250, 300 and 350. Vicente and co-authors [23] studied the oxidation of
maraging 400 steels during the homogenization heat treatment around 1250 °C. This high
temperature is relevant from the steel processing point of view, but not directly related
to its use. As maraging steel components are used in the hardened condition, solution
annealing temperatures (800-900 °C) and aging (around 500 °C) are also important. Thus,
the aim of this work was to study the oxidation of a maraging steel 13Ni15Co10Mo after
solubilization at 900 °C.

2. Materials and Methods

A non-commercial maraging 400 steel was fabricated by vacuum induction melting
(VIM) and electroslag remelting (ESR) with chemical composition presented at Table 1. The
ingot was homogenized at 1250 °C for 5 h, forged and hot rolled. Then, the final samples
were solution annealed at 900 °C for 1 h and cooled in air.

Table 1. Chemical Composition of the maraging steels (wt.%).

Fe

Co Mo Ti Al Si Mn C

Bal.

12.85

15.64 10.49 0.721 0.052 0.040 0.040 0.016

It was studied oxidized sheets with 30 x 30 mm and thickness of 1.25 mm. It was
characterized three regions through normal direction (z), with different depth: (a) external
layer—as received, without any preparation; (b) intermediate layer—superficial sanded,
until get off external layer and (c) bulk—polished, complete metallography preparation.

Micrographs of bulk region were obtained by Optical Microscopy (OM), Scanning
Electron Microscopy (SEM) (FEG FEI Inspect 50—USP, Sao Paulo-SP, Brazil) and Scanning
Transmission Electron Microscopy (STEM) (JEOL 2100 F, 200 kV—LBNL, Berkeley-CA, US).
Samples were cut, embedded in an epoxy resin, grinded, polished (3 um and 1 um diamond)
and etched with Vilella’s reagent (1 g picric acid, 5 mL HCl and 100 mL ethanol). The
STEM specimens were prepared by FIB (FEI DualBeam Helios NanoLab 650—INMETRO,
Xerém-R], Brazil). The dilatometry was carried out in a DIL 805 A/D dilatometer (USP, Sao
Paulo-SP, Brazil) using cylindrical samples with 4 mm in diameter and 10 mm in length.
The samples were heated to 1200 °C at a heating rate of 1 °C/s held at that temperature for
10 min, and then cooled to room temperature. The cooling rates were 1 °C/s up to 400 °C
and 10 °C/s thereafter to room temperature. Vickers hardness measurements were made
under a load of 1 kg for 15s.
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The semiquantitative analysis of the chemical composition was conducted by Energy
Dispersive X-ray Spectroscopy (EDS) (EDAX). For each region (a, b and c), it was collected
EDS data in three areas of 185 x 185 um and then it was calculated the mean and standard
deviation. X-ray Diffraction (XRD) measurements were performed using a Rigaku Multiflex
diffractometer equipped (IPEN, Sao Paulo-SP, Brazil). Data collection was conducted using
copper K-y radiation in a 26 range of 20-90° using a step interval of 0.08°. For intermediate
thin layer, it was applied complementary analyses by Grazing Incidence X-ray Diffraction
(GIXRD) for angles of 3°, 5°, 7°, 10° and 12°. The Rietveld method was used to calculate
the weight fractions of oxides, the refinement was carried out using GSAS software.

3. Results and Discussion

When exposed to high temperatures as during homogenizing (1250 °C) and annealing
(900 °C), the maraging steel 13Ni15Co10Mo undergoes oxidation on its surface. To make
the presentation of the results didactic and clear, as well as to better understand the
microstructure resulting from the oxidation and the phases formed on the surface, it was
characterized three regions through normal direction (z), with different depth. To help the
results presentation, each region was named as: (a) External layer; (b) Intermediate layer
and (c) Bulk. Figure 1 shows a schematic illustration of the studied regions. Figure 1a shows
sheet illustration of the sample used and indicates the directions orientation. Figure 1b
shows a cross section SEM(BSE) image at the y direction, containing the three layers, even
if they are not quite individually distinguished, as will be explained later. It also shows
some evidence of internal oxidation. Because backscattering electrons (BSE) was used to
generate the images, it is possible to see dark and light grey regions in the first 1.7 pm of
depth, this is the estimated depth of the oxidized surface. Figure 1c shows SEM(BSE) image
at the z direction (external layer as received) where it can be seen a light gray region rich in
molybdenum and a dark gray region rich in iron. Figure 1d shows SEM(SE) image of the
bulk microstructure (z direction), showing a characteristic martensite morphology.

®)

External layer
> -

1.7 pm-

Bulk

@

—

1 m

y direction

- £
z direction

Figure 1. Schematic illustration of the studied regions: External layer, Intermediate layer and Bulk.
(a) Sheet illustration and directions orientation; (b) SEM(BSE) image of the cross section (y direction),
annealed sample as polished; (c) SEM(BSE) image of the external layer (z direction), light gray region
is rich in molybdenum and dark gray region is rich in iron, annealed sample without any preparation
(d) SEM(SE) image of the bulk (z direction) showing the martensite microstructure, annealed sample
polished and etched.
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A detailed microstructural characterization was performed in the bulk region, as
this region represents the largest area of the material and, consequently, has the greatest
influence on its behavior and properties. Then, each region (external layer, intermediate
layer and bulk) was characterized individually and simultaneously.

3.1. Bulk Microstructure

The most used heat treatments for maraging steels are: homogenizing, annealing/
austenitization (followed by cooling in air) and aging. The main objective of the homoge-
nization heat treatment is the reduction of micro-segregation from the solidification step.

The heat treatments, beside generating surface oxidation, are also crucial on the
properties control and performance of maraging steels. The metastable Fe-Ni phase diagram
proposed for maraging steels containing Ti, Mo and Co [24] presents several temperature
ranges with the respective phase transformations: (a) CFC austenite solid solution region
at higher temperatures; (b) BCC martensite after quenching; (c) precipitation hardening
of the martensite by small intermetallic precipitates during aging; and (d) overaging and
reversed austenite. During the solution annealing, the material needs temperatures enough
to achieve the austenite field and held for a certain time so that the solute atoms can diffuse
throughout the material and form a single-phase solid solution. For maraging Fe-18Ni the
ideal temperature is 820 °C, however, for maraging Fe-13Ni is necessary temperatures in
the range of 900-1200 °C, this was noted by previous experimental studies of this authors,
and it was suggested prior by some works at the literature [2-4]. After cooling in air until
the room temperature, the material had a supersaturated and metastable solid solution
(100% martensite) with BCC structure. During the aging occurs the precipitation hardening
by the formation of nanometric intermetallic precipitates. The mechanical properties are
controlled by the aging time and temperature, the peak hardness can be achieved for 3-6 h
at 480 °C [5]. For longer times or higher temperatures, the overaging starts to occur leading
to dispersion hardening and reversion of austenite [24].

Figure 2 shows images of OM, SEM and STEM for samples of maraging 13Ni15Co10Mo
after annealing at 900 °C for 1 h and cooling in air. The images show the typical martensite
microstructure (illustrated at Figure 2a) defined by packet, blocks, laths and a high density
of dislocation tangles. The results indicated a very well dissolution of the micrometric
precipitates (FesMo) remained after homogenizing.

AR

Figure 2. (a) Schematic illustration, (b) MO image, (¢) SEM(SE) image and (d) STEM image of
martensite microstructure of maraging 13Ni15Co10Mo annealed at 900 °C for 1 h and cooled in air.
OM and SEM samples were etched with Vilella’s reagent.

Figure 3 shows the dilatometric heating and cooling curve obtained from an annealed
sample. The percentage of change in length of the sample was plotted against temperature.
Different characteristic temperatures obtained during the experiment are marked in red on
the curve. During heating, uniform expansion continues until 579 °C when a very subtle
contraction starts to occur, indicating the start of precipitation (Ps) at this temperature [25].
This is followed by a small period of linear expansion with increasing temperature at
632 °C, indicating the precipitation finish (P¢). The austenite reversion starts (Ag) soon after,
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at 696 °C, and finishes (A¢) at 867 °C. Thereafter, the curve moves up as the temperature
of the specimen is raised up to 1200 °C. The cooling curve of the specimen is shown
below the heating curve without any relevant changes in the contraction rates up to
183 °C which is the martensite transformation start temperature (M;). At around 50 °C the
martensite transformation finishes (Mg). This result shows that the annealing temperature
for maraging 13Nil5Co10Mo is above than for maraging steels 18Ni. The annealing
temperature of 900 °C, used for the samples of this study, was adequate and above the
necessary temperature for the complete austenite reversion.

2.0

HEATING RATE: 1 °C/s
1 COOLING RATE: 1200-400 °C: 1 °C/s
400-25 °C: 10 °C/s

—— Heating
------- Cooling

-1.0

y T y T y T y T y T y T
0 200 400 600 800 1000 1200
T (°C)

Figure 3. Dilatometry heating and cooling curves for the maraging 13Ni15Co10Mo showing transfor-
mation temperatures.

The samples at the condition homogenized, annealed and aged (at 480 °C for 3 h)
showed hardness of 486 + 12 HV1, 401 &+ 6 HV1 and 774 &+ 10 HV1, respectively. The
hardness decreasing after annealing is due the dissolution of the micrometric precipitates
FesMo. Although they are not the coherent and/or semi-coherent precipitates responsible
for the ultra-high-strength of maraging (precipitation hardening), they lightly improve
the hardness by dispersion hardening. The annealing is very important to dissolve these
precipitates and the inclusions, ensuring that there is maximum solute in solid solution as
the driving force for precipitation. After aging, the hardness increases 193%. This mean that
the oxidation process, because it occurs just a few micrometers from the surface, does not
affect the bulk composition and, consequently, does not have influence in the improvement
of mechanical strength.

3.2. External, Intermediate and Bulk Microstructure

Figure 4 shows the XRD profiles at z direction from three different depths of the
material: external layer (Figure 4a), intermediate layer (Figure 4b) and Bulk (Figure 4c). All
diffractograms show expected peaks of the martensite BCC matrix. The more pronounced
width of the martensite peaks should be associated with the high concentration of crys-
talline defects, mainly dislocations, in this phase [26-28]. The external layer (Figure 4a)
exhibits the presence of the oxides hematite (Fe,O3), magnetite (Fe304) and kamiokite
(FepMo30g). From the external and intermediate layer, intensive peaks of FCC austenite
we also identified, indicating the presence of this phase near to the surface. Austenite could
not have been induced by mechanical deformation during metallography preparation of
the intermediate layer samples (which was grinded to remove the external layer), as it
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was detected also in the external layer (without preparation). It was made the Rietveld
refinement of the XRD data from the external layer. Although the analysis was performed
on the external layer, due to the depth of X-ray penetration, the diffractogram information
comes from the three layers (a, b and c). The volumetric phase quantification calculated
for hematite, magnetite, kamiokite, martensite and austenite showed 5.4%, 15%, 9.2%, 19%
and 51.4%, respectively. That is, considering external and intermediate layer together, there
is on the surface 51.4 vol.% of austenite, in a region of around 1.7 um thick.

| (a) External layer

(b) Intermediate

7

Intensity

hematite
magnetite I 1 1
kamiokite (c) Bulk
martensite BCC
austenite FCC
20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
26 (%)

Figure 4. XRD profiles of each region at z direction. (a) external layer, (b) intermediate layer and
(c) Bulk.

Figure 5 shows the XRD profile from analysis using grazing incidence X-ray at z
direction of intermediate layer, from near to surface (3°) to bulk direction (until 12°). With
the most grazing angle (3°), in red, there are only austenite peak and some oxides peaks.
The martensite peak (20~44.5°) just starts to show for 5° grazing angle (in green). It
indicates that the austenite is present in a thin layer, between the oxide layer and the matrix.

600 - 600
At deep — 12°
400
500 -
300 — 10°
200 o
400 + 100 7
2 o] —5
& 300
g 3% shallow — 3°
8
=
P

martensite peak

200 9 austenite peak

100 A

Figure 5. GIXRD profiles of intermediate layer at z direction varying incidence angles from 3°
(shallow) to 12° (deeper). There is austenite peak for the shallowest angle (3° curve) and peaks of
austenite and martensite for greater angles (deeper penetration in the sample).

Figure 6 presents a qualitative graph of composition of the main alloy elements (Fe, Ni,
Co, Mo, Ti) through the material, obtained by EDS analysis on z direction of each region:
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(a) external layer, (b) intermediate layer and (c) Bulk. The external layer is formed by three
oxides (that were identified by XRD analysis, Figure 4), but on SEM analysis it was possible
to distinguish just two regions: one dark grey, referent to the oxides rich in iron (hematite
and magnetite), and other light gray, referent to oxide rich in molybdenum (kamiokite).
That is why there are these error bars for Fe and Mo, even collecting data from areas of
185 x 185 pm multiple times. Even though the EDS are a semi-quantitative analysis, the
percentage of the elements from bulk are very close to the composition of the alloy, except
for Mo. In the EDS quantification of these maraging steels, the molybdenum element
presents a slightly lower content than the real one. This happens because, for molybdenum,
only the X-rays characteristic of the L shell (less energetic than the K-layer) are used,
while for the other elements, characteristic X-rays of the K and L shell are detected. After
stoichiometric calculations it was estimated that the percentages of molybdenum obtained
by the quantification of EDS is about 23% lower than the real one. The continuous red line
red indicates the values measured by EDS, the dotted red line represents an estimate of the
real fraction of molybdenum.

70%
(a) (b) (c)
60% -
—=—FeK
50% A
—=—NiK
40% -
=l— CoK
30% -
—
— .- MoL
20% -
TiK
10% - TH
0%
surface Depth P bulk

Figure 6. Qualitative composition of the elements by EDS microanalysis along the depth of the sample:
(a) external layer, (b) intermediate layer and (c) Bulk. Several EDSs were obtained independently in
each layer from z direction and then the results were compiled in this figure. The intermediate layer
is rich in nickel and cobalt, austenite stabilizers.

During exposure to high temperatures, most of the molybdenum atoms that are
close to the surface react with iron and the atmosphere, forming the Fe;Mo3Og oxide
(kamiokite). According to Klein and co-authors [14], the formation of nickel (NiFe;O4) and
cobalt (CoFep;O4) oxides is unlikely, so it can be assumed that, during the formation of
iron and molybdenum oxides, in the border region between the external and intermediate
layers, there is a thin region rich in nickel and cobalt, which diffused towards the bulk.
In the intermediate layer (Figure 6b) the actual molybdenum content is more than 13%
(about 17%), the nickel content is 20%, the cobalt content is 19% and the iron content is
45%. Previous work carried out by Khan and co-authors also confirms the presence of a
multilayer iron and molybdenum oxides during the oxidation of a maraging 350 steel in air
at temperature range 900-1350 °C. EDS analysis confirms that the intermediate oxide layer
had a content 9% of molybdenum, 28% of nickel, 16% of cobalt, and 44% iron [29].

Bourgeot and co-authors [30] presented a metastable experimental diagram showing
the phase fields of Fe-Ni-Mo alloys after quenching from 1100, 1200 and 1250 °C. For
our bulk composition of 10.49 wt.%Mo and 12.85 wt.%Ni, according to their diagram,
there is the presence of only martensite phase after quenching from 1100 °C. However,
for the composition of our intermediate layer (13-17 wt.%Mo and 20 wt.%Ni), there is
the presence of only the austenite phase. The diagram was drawn without considering
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the presence of cobalt, but since Co is an austenite stabilizer element, for our alloy (con-
taining 15.64 wt.%Co) the high-temperature austenite field is possibly even larger than
that obtained by Bourgeot and co-authors and the full martensitic microstructure after
quenching predictable.

Austenite is not a stable phase at room temperatures in maraging steels. The calcu-
lated values of Ms and Mf corroborate this, where the martensite transformation finishes
around 50 °C [25]. The oxidation process causes changes in the local and superficial com-
position that allow austenite stabilization at room temperature. This oxidation occurred
due air exposure at high temperatures during the heat treatment of annealing (900 °C).
This process also happens during high temperatures exposure of others maraging steel
grades (18Ni). The literature has been recurrently reporting the formation of hematite
and magnetite in these materials [14-17]. However, it was not found in the literature any
indication of kamiokite formation. Most studies did not even identify oxides containing
molybdenum, Pfistermeister and co-authors [22] claimed to detect iron (ii) molybdate
(FeMoOy4) and Florez and co-authors identified molybdenum oxide MoOs [31]. Apparently,
the formation of kamiokite is a particular case of maraging 13Nil5Co10Mo, due its higher
molybdenum content.

The distribution of the oxides, austenite and martensite phases along the thickness
(from external surface towards the bulk) is not easy to distinguish. They can be distributed
as overlapped layers (oxides, austenite then martensite) or as single layer with a mixture
distribution of these multiple phases. The literature reports that even the oxides can be
distributed in overlapped layers [17]. However, the results obtained in this work suggest
that very close to the surface there is a thin layer consisting of oxides and austenite.
Followed by a transition layer consisting of oxides, austenite and martensite. The oxide
region seems to end abruptly, while the austenite region seems to be gradually transforming
into martensite. The thickness of the region containing oxides is around 1.7 pm.

From the perspective of a wide industrial application, the low toughness has been a
limitation for maraging 13Nil5Co10Mo in the aged condition. A superficial layer made by the
combination of ductile austenite and oxides, in overlapped layers or single layer of multiple
phases, can hinder the crack initiation and also be a barrier against extreme environments.

Since maraging steels are precipitation hardened alloy, it is important to point that
the commercial standard condition for such material is annealed and aged. The results
obtained indicated that oxidation processes during annealing do not influence the bulk
hardness improvement during aging. However, the results also showed that there is a
composition gradient a few micrometers from the surface. It is worth producing future
studies about the precipitation behavior in this region.

4. Conclusions

There is very little information in the literature about the oxidation behavior of this
class of maraging steel at a very important temperature, in which the material is solution
annealed before aging, therefore, making many of the results of this paper a novelty.
The following conclusions could be drawn from the present work on the microstructural
characterization of the bulk and surface of maraging 13Ni15Co10Mo annealed in air at
900 °C for 1 h.

The OM, SEM, STEM, XRD, dilatometry and hardness analyses on the bulk region
showed the presence of a single martensite phase. It is a lath martensite with all the
solutes in solid solution and containing high density of dislocation tangles. The marten-
site was formed during cooling and the dilatometry curve indicated that the completed
transformation occurred around 50 °C. It was measured a hardness of 401 £+ 6 HV1.

The SEM, EDS, XRD and GIXRD analyses were conducted in regions of different
depth from the surface. The analyses showed the presence of different oxides (hematite,
magnetite and kamiokite) and the austenite phase. The austenite is not a stable phase at
room temperature in maraging 13Nil5Co10Mo. This occurs in this steel due the synergy
between three factors:
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Increase in the austenite stabilization field, due to the cobalt content.
Formation of kamiokite, hematite and magnetite oxides on the steel surface during
exposure to high temperatures, due to the high Mo content.

e  Migration of cobalt and nickel atoms towards the bulk during the formation of oxides.

Due to the low toughness of the maraging 13Ni15C010Mo, the presence of a duc-
tile austenite region on the surface, can open a window of scientific and technological
opportunities for these steels.
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