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Abstract: This study shows that in an atmosphere containing water vapor, the oxide layer on the
surface of the 9CrNB steel MarBN (Martensitic 9Cr steel strengthened by Boron and MX Nitrides) was
formed by an outer layer of hematite Fe2O3 and Cr2O3 and an inner two-phase layer of Fe3O4 and
Fe3O4 + (Fe, Cr)2O4, which was confirmed by XRD analysis. Part of the layer consisted of nodules
and pores that were formed during the increase in oxides when the present H2O(g) acted on the steel
surface. The diffusion mechanism at temperatures of 600 and 650 ◦C and at longer oxidation times
supported the “healing process” with a growing layer of Fe oxides and the presence of Cr and minor
alloying elements. The effects of alloying elements were quantified using a concentration profile
of the oxide layer based on quantitative SEM analysis, as well as an explanation of the mechanism
influencing the structure and chemical composition of the oxide layer and the steel-matrix–oxide
interface. In addition to Cr, for which the content reached the requirement of exceeding 7.0 wt. % in
the inner oxide layer, W, Co, Mn, and Si were also found in increased concentrations, whether in
the form of the present Fe-Cr spinel oxide or as part of a continuously distributed layer of Mn2O3

and SiO2 oxides at the steel-matrix–oxide interface. After long-term high-temperature oxidation,
coarser carbides of the M23C6 type (M = Fe,W) significantly depleted in Cr were formed at the
oxide-layer/matrix interface. In the zone under the oxide layer, very fine particles of MC (M = V, Nb,
and to a lesser extent also Cr in the particle lattice of the given phase) were observed, with a higher
number of particles per unit area compared to the state before oxidation. This fact was a consequence
of Cr diffusion to the steel surface through the subsurface zone.

Keywords: creep-resistant steel; high-temperature oxidation; oxide layer; oxidation kinetics; alloy-
ing elements

1. Introduction

Due to the nature of operating thermal equipment, superheater tubes are exposed
to high temperature, which promotes an intense oxidation process [1–3]. The oxidation
behavior of materials at high temperatures represents a very complex process of changes
in their structure [4,5]. A serious problem resulting from rapid oxide growth on the
surface is the reduction in heat transport and the ability of the superheater tube to resist
high vapor pressures due to the material loss during oxidation. The steel’s strength
at high temperature becomes a major problem. Its reduced resistance to creep under
harsh operating conditions (high temperature, high working medium pressure) limits the
maximum application temperature of superheater materials [6,7].
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For superheater tube production, 9–11Cr steels are used, for which sufficient creep
strength, a low thermal expansion coefficient, good thermal conductivity, and resistance
to high-temperature oxidation are required [3]. In general, the resistance of materials
to high-temperature oxidation depends on Cr2O3-based oxides that are formed on the
material surface during service and protect the steel from further degradation [8]. The
increase in chromium oxides depends on outward diffusion of its cations, inward diffusion
of oxygen, and diffusion along grain boundaries [9].

The utilization of 9Cr3W3CoVNbBN martensitic steel MarBN (Martensitic 9Cr steel
strengthened by Boron and MX Nitrides) occurs in ultra-supercritical areas of heat power
plants. As referenced in [10], these high-strength martensitic steels are applicable for
temperature conditions up to 650 ◦C and steam pressure of 35 MPa. The elevated austeniti-
zation temperatures during standardized annealing create conditions for the dissolution
of carbide, nitrides, and carbonitrides [11]. Study [11] specifies that steel tempering after
standardized annealing results in higher microstructural stability, creating the needed
durability when steel is exposed to long-term creep conditions. The composition of the
steel microstructure consists of tempered martensite and bainite with carbides, mostly
M 23 C 6 and finely dispersed MX-type precipitates (M = V, Nb, Cr; X = C, N).

Increasing the concentration of alloys in the alloy and/or reducing the grain size
are alternatives for increasing oxidation resistance, as a protective chromium oxide layer
can be formed that covers the steel matrix surface and prevents further oxidation [12–14].
Furthermore, the oxidation resistance of 9Cr steels can be significantly improved by addition
of alloying elements. As found by the authors of [15], a continuous and stable oxide layer
composed of Cr-rich oxides (Fe,Cr)2O3 and MnCr2O4 served as a protective barrier between
the matrix and the environment at the early stage of oxide formation. The formation of
Mn2O3 improved the oxide layer compacting. Silicon generally increases the resistance to
oxidation. Amorphous SiO2 forms at the oxide/matrix interface as a thin layer. The high
affinity of Si for oxygen allows its increased occurrence even in the inner oxide layer [16].
As reported by the authors of [17] in 9Cr steels, the positive effect of Si stabilized at a value
above about 0.5 wt. %. Study [18] focused on the oxidation of a group of steel grades
containing approximately 11.5 wt. % Cr and different contents of Si, Mn, Mo, and W in
air + H2O(g) at higher temperatures. The authors state that there is a “common influence”
of alloying elements on the magnitude of oxidation, where it can be assumed that steels with
higher Si content (≈0.5 wt. %), high W content, and low Mo content form oxides with higher
protective effect than steels with lower Si content, low W content, and high Mo content.

In assessing the influence of alloys, the authors of [19] concluded their work with a
recommendation for steels operating in environments containing water vapor, namely, to
replace part of the molybdenum with tungsten as a carbide-forming element to maintain
creep strength. According to the authors, tungsten does not have a negative effect on the
oxidation behavior of steels, manganese can help slow the rate of evaporation of chromium-
containing volatile hydroxyl compounds, and silicon has a beneficial effect on slowing the
rate of chromium depletion in the subsurface steel zone. This is how the prolongation of
time to oxide breakaway is achieved. As reported by the authors of [20], apart from the
decreasing oxide thickness, the most significant change in W alloying was the increased
proportion of secondary phase at the oxide/matrix interface and also in the matrix.

The aim of this paper was to assess the influence of alloys and precipitating secondary
phases on the high-temperature oxidation processes of 9Cr MarBN steel in humid environ-
ments. The aim was to describe their role in the mechanism of changes in the structure of
the forming oxide layer, at the oxide/matrix interface, and in the matrix under the oxide
layer during and after oxidation in a mixed atmosphere of air + 10% H2O(g). The paper also
aims to assess their influence on the resistance of 9Cr steels to high-temperature oxidation.
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2. Materials and Methods
2.1. Material

First, 9Cr3W3CoVNbBN MarBN high-strength steel (Martensitic 9Cr steel strength-
ened by Boron and MX Nitrides) was selected as the experimental material. This steel
contains boron and nitrogen, intended to precipitate fine particles of different types with a
hardening and stabilizing effect on the martensitic matrix. The steel chemical composition
is provided in Table 1.

Table 1. T Actual MarBN steel chemical composition.

Element C Mn Si P S Cr Ni Cu Mo V

wt. % 0.08 0.47 0.29 0.009 0.002 8.80 0.15 0.07 0.04 0.20

Element W Co Al Ti Nb B As Sn N B + N

wt. % 2.96 2.95 0.011 0.002 0.06 0.014 0.009 <0.01 0.0079 0.0219

The conclusive heat treatment of the MarBN steel ranged within the interval of
1060–1070 ◦C during standardized annealing and ultimately tempered at a range of
780–800 ◦C.

Oxidation test samples were derived from the provided 12.27 mm wall thickness tube,
with a small-diameter hole near one edge needed to hang the samples in the furnace. All
samples were ultra-sonically cleaned in acetone and dried prior to the experiment.

2.2. Methods

A horizontal laboratory furnace was utilized to create the conditions required to
evaluate high-temperature steel oxidation. The main structures of the furnace consisted of
the fuel supply, the high-temperature chamber, and an exhaust section. The application
of distilled water to a horizontal retort created necessary atmospheric conditions for the
experiment. A peristaltic pump was utilized to influence the atmospheric conditions by
adjusting the automatic flow rate to 10% water vapor. Steel samples were hung in the high-
temperature working chamber, and temperature was continuously monitored utilizing
thermocouples. The reaction of the steel to the water vapor oxidation was evaluated at
600 ◦C and 650 ◦C for a duration of 3000 h.

The samples were taken from the furnace at the time periods of 500, 1000, 2000 and
3000 h.

The OLYMPUS VANOX-T light microscope was used for structural analysis of the
as-delivered steel and the condition after long-term oxidation. Samples for microscopic
analysis were prepared by standard metallographic procedures: grinding, polishing, and
etching in Nital (2% HNO3 in methanol). The morphology characterization and oxide
layer composition were determined by the scanning electron microscope (SEM) JEOL
JSM 7000F with energy-dispersive spectrometer. The oxidized layer phase composition
was determined using X-ray diffraction with Rigaku Ultima IV equipment, with Cu Kα

radiation (λ = 1.5406 Å) operated at 40 kV and 50 mA. The precipitation state of carbide
and other phases in the steel before oxidation was analyzed by the JEOL JEM-2100F UHR
transmission electron microscope (TEM) using the carbon extraction replica method. These
were stripped from the metallographic prepared surfaces after separation in the Villela-Bain
etchant. The chemical composition of each particle type was determined by EDS in the
scanning transmission electron microscope (STEM) mode, and the phase analysis of the
individual precipitate particles present in the provided steel substructure was carried out
by means of selected-area electron diffraction (SAED) analysis with TEM. The substructure
regions analyzed for steel samples were the longitudinal section regions, as in the case of
metallographic analysis of their microstructure.
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3. Results and Discussion
3.1. Microstructure of the MarBN Steel in the Initial State

The MarBN steel microstructure is documented in Figure 1. Observation shows that
the microstructure is heterogeneous, formed by particles unevenly distributed in the steel
matrix. Particles at the prior austenite grain boundaries, particles at the interfaces of the
tempered martensite formations and within them, particles in the tempered bainite forma-
tions, and also relatively fine particles around and within these formations were observed.
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Figure 1. MarBN steel microstructure: (a) after rolling and before standardization annealing and
tempering, (b) after standardization annealing and tempering, LM, etch.

The microstructure after rolling was formed by martensitic and bainitic laths, which
were formed in the prior austenite grains. The laths of martensite and bainite were uni-
formly distributed and had different orientations in different regions of the microstructure.
Prior austenitic grain boundaries were also observed in the microstructure, on which oval
particles of precipitates were locally excluded. These particles were often arranged in
rows that were related to the original austenite grain boundaries. A small amount of
smaller oval precipitate particles were found inside the bainitic and martensitic laths and
at their interfaces.

The morphology of the microstructure after normalizing annealing and tempering
appeared homogeneous at lower magnification. It was a needle-like morphology with
particles of precipitates. The microstructure consisted of tempered martensite and tempered
bainite. In the smaller regions of the evaluated microstructure, they were mostly parallel-
oriented. The observed bainitic laths had a considerably larger width compared to the
martensitic laths. Darker and lighter areas were visible in the slatted morphology of
the microstructure, which was the result of inhomogeneous redistribution of precipitate
particles. A more detailed study of the microstructure showed that at the interfaces of the
needles, there were fine particles of precipitates. In light areas of the microstructure, the
proportion of particles was smaller, and in darker areas, it was higher. The nature of the
exclusion of these probable carbide particles was thus influenced by the differences in the
morphology of the needles between the laths of tempered martensite and lower bainite.
Their exclusion also occurred during tempering at the prior austenite grain boundaries,
which accentuated these boundaries. In areas with narrow and short martensite laths, the
distribution of carbide particles is more homogeneous than in areas with thicker and longer
martensite laths.

TEM Analysis of MarBN Steel in the Initial State

Figure 2a,b exhibit the microstructure of the steel at its initial state prior to expo-
sure to the atmospheric oxidation conditions documented by TEM. Upon evaluation, the
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microstructure was determined to be mixed and heterogeneous. Formations consisted
of tempered martensite and tempered bainite, as well as precipitate particles of varying
morphology, size, and non-standardized distribution in the steel structure, at different
morphological formations, at the boundaries of relatively coarse prior austenite grains,
at the tempered martensite and tempered bainite formation interfaces, and within these
formations. The process of standardization steel annealing influenced the distribution and
nature of tempered martensite due to the nature of martensite laths as well as bainite forma-
tions of the tempered bainite. Additionally, studies [21,22] evaluated the standardization
annealing process and structure of 9–11Cr martensitic steels.
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Figure 2. Particles morphology and distribution in the microstructure of initial steel state (a,b).
Particles present in the area of prior austenite grain boundaries (c); particles present in the area of
tempered martensite (d); particles present in the area of tempered bainite (e); and present particles in
steel substructure (f), with SAED pattern and corresponding phase analysis. The red circles on the
bright field images (c–f) mark the area corresponding to the SAED.

Figure 2c shows the results of SAED analysis of particles present at and around the
prior austenitic grain boundaries, which, according to the EDS analyses results, contained,
in addition to a high C content, mostly Cr, a slightly lower Fe content, W, and in some
cases a minor V content. The SAED results show that the particles in question represent
complex M23C6-type carbides crystallizing in a face-centered cubic lattice (FCC, S.G. 225).
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Hence, these are M23C6-type carbides with possible mutual substitution of Cr, Fe, W,
and V atoms in the lattice of phase particles. The steel substructure analysis showed
that particles in the steel substructure were particles with oval, rod-like, and globular
morphologies located inside the tempered martensite and tempered bainite formations and
at their interfaces, which are the result of steel tempering. In addition to C, the particles
present in the tempered martensite regions had a high Cr content, lower Fe and W contents,
and a minor V content. Based on the diffraction analysis results, the particles were also
identified as complex carbides of the M23C6 type with possible substitution of Cr, Fe, W,
and V atoms in the lattice of the given phase. The particles present in the tempered bainite
regions’ formations had a high Cr content, in addition to C, and lower Fe and W contents.
These particles were also determined by diffraction analysis to be complex M23C6 carbides
with possible inter-substitution of Cr, Fe and W atoms in the lattice of the phase. The
particles present in the tempered bainite regions’ formations had high Cr and lower Fe and
W contents in addition to C. These particles were also determined to be complex M23C6
carbides with possible mutual substitution of Cr, Fe, and W atoms in the lattice of the
given phase based on the diffraction analysis results. Very fine globular particles with
a relatively uniform distribution were also present in the steel substructure in the initial
state. According to the EDS analyses results, they contained a high content of Nb and
a lower content of V in addition to C. Based on SAED analysis, the given particles were
identified as NbC crystallizing particles in a face-centered cubic lattice (FCC, S.G. 225), for
which substitution of Nb and V atoms is possible. In the study [23], the precipitates Fe- and
Cr-rich MX carbides and Fe-rich M3C carbides were identified using TEM analysis.

3.2. Oxide Layer Morphology and Identification of MarBN Steel after Oxidation at 600 ◦C

The cross-section of the oxidized steel after 500, 1000, and 3000 h of oxidation at 600 ◦C
in an oxidizing mixed atmosphere of air +10% H2O(g) is shown in Figure 3.

On the steel surface, after 500 h of oxidation at 600 ◦C, there was a thin uneven oxide
layer with a thickness of about 7–10 µm (Figure 3a). At the interface between the outer
and inner oxide layers, a discontinuously distributed relatively high number of voids was
visible. The formation of voids in the oxides can be explained by the transport mechanism of
water vapor molecules through the oxide layers [24,25]. The oxygen transport towards the
steel surface is facilitated specifically by H2O. At higher water vapor concentrations, a large
number of voids is created by the CrO2(OH)2 oxide formation. At the same time, diffusion
along voids takes place (outer oxide layer), which is faster than diffusion along interstitial
sites (inner oxide layer). This was investigated, e.g., in the work of the authors of [26–28].
The boundary between the inner and outer layer, visible in Figure 3a, represented the
original steel surface. The inner oxide layer grew as part of the original surface and formed
a segmented interface with the steel matrix.

With increasing oxidation time, it was possible to observe a change in the thickness
and morphology of the outer and inner oxide layers on the steel. After 1000 h of oxidation
at 600 ◦C (Figure 3c), the outer layer had a greater thickness, about 15–20 µm. Compared
to the outer layer formed after 500 h of oxidation, it was more compact and more evenly
distributed on the surface. The amount and size of the voids, which were already forming
isolated areas, especially at the interface between the outer and inner oxide layers, were
also reduced. The interface between the inner oxide layer and the steel matrix was more
uniform. As the authors of [29] stated in their work, the formation of the inner oxide layer,
which is crucial in protecting the base metal, is due to the internal oxidation. It is generally
assumed that the outer oxide layer grows outward by diffusion of Fe cations through the
inner and outer oxide layers to the outer-oxide-layer/matrix interface, while the inner
oxide layer grows inward by diffusion of oxygen through the outer and inner oxide layers
to the inner-oxide-layer/matrix interface [29,30].
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Figure 3. Cross-section of the oxidized steel with concentration profiles of analyzed elements across
the oxide layer at temperature 600 ◦C after (a,b) 500 h, (c,d) 1000 h, (e,f) 3000 h oxidation, SEM.

After 3000 h of steel oxidation at 600 ◦C, the outer oxide layer thickness increased to
a maximum of about 25 µm (Figure 3e). The layer was compact and covered the surface
quite uniformly. Voids at the interface of the outer and inner layers were sporadic and were
isolated embedded in the oxide layer. As stated by the authors of [30], it is likely that void
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closure may have occurred, due to re-oxidation. The inner oxide layer at the steel interface
produced morphology with larger protrusions into steel.

Concentration profiles of the analyzed elements obtained by processing the quanti-
tative EDS SEM analysis (Figure 3b,d,f) showed the mechanism of oxide layer saturation
from the steel side. After 500 h of oxidation, mainly Fe and Cr oxides were present in the
outer oxide layer, with the Cr content being above about 3 wt. %. At the interface of the
outer and inner oxide layer, Cr was above 25 wt. %, probably as a part of the carbides in
the steel. The inner layer of Fe oxides was enriched with elements diffusing from the steel:
Cr, Co, W, and Mn. As it was a part of the steel original surface, the content of Cr, W, or Co
in some places corresponded to carbides or carbon nitride of mentioned elements in the
microstructure of creep-resistant steel.

The Si occurrence was mainly visible at the interface between the inner oxide layer
and the steel matrix (Figure 3b).

The inner layer of Fe oxides was enriched in elements diffusing from the steel. As it
was part of the original steel surface, the Cr, W, or V content in some places corresponded to
carbides or carbonitrides of these elements in the heat-resistant steel microstructure. After
1000 h of oxidation, Cr content in the outer layer decreased to a level above about 1.4 wt. %
(Figure 3d). In the inner layer of Fe oxides, the redistribution of elements occurred during
diffusion. The Cr content was very different; in some areas, it corresponded to Cr oxide at a
level of more than 4.0 wt. %, while in other places, it could be found in complex FeCr-based
oxides with a content of about 20 wt. %. The content of Co, W, and Mn was lower with the
increasing thickness of this layer. The content of V varied by tenths of wt. %. The highest
concentration of Si remained at the inner-oxide-layer/matrix interface.

The elements diffusion from steel and oxygen diffusion into steel continued during
3000 h of oxidation (Figure 3f). According to the authors of [31], the outer layer grew at
the oxide/atmosphere interface due to the transport of Fe ions through the oxide and the
Cr-rich oxide grew at the oxide/matrix interface due to internal oxygen transport.

The Cr-rich inner layer was also identified in other 9Cr steels, e.g., in the works
of [9,12,32]. The steel oxidation mechanism was also described by the authors of [29] in
their work. They specified that both outward Fe ions diffusion as well as inward oxygen
diffusion also took place along the grain boundaries. After prolonged exposure, the internal
oxides’ size increased and new oxides were formed deeper in the matrix. As reported by
the authors of [33], the inner oxide layer with the presence of the Cr-enriched spinel layer
formed during oxidation slowed down further diffusion of cations and anions. As a result,
the 9Cr steel was highly resistant to high-temperature oxidation. While the Cr content in
the outer oxide layer dropped to approx. 2.0 wt. %, at the outer and inner oxide layers’
interface, the Cr content was around 16 wt. %, which is a prerequisite for its presence in
FeCr spinel. The content of Co, W, and V was increased at the interface of the outer and
inner layer of oxides. The content of Mn and Si was increased mainly at the interface of the
inner oxide layer with the matrix.

3.2.1. EDS SEM Maps of MarBN Steel Oxide Layer after Oxidation at 600 ◦C

To determine the elements distribution in the oxide layer at the earlier oxidation stages
after 500 h and at the end of oxidation after 3000 h, the EDS SEM analysis was performed
across oxidized samples, the outcome of which was EDS maps of the analyzed elements’
distribution, shown in Figures 4a–h and 5a–h.

The outer and inner oxide layers were rich in Fe after 500 h of oxidation (Figure 4b).
Chromium was detected in higher concentration in the inner layer, and the outer layer was
more depleted of this element (Figure 4d). This was confirmed by the Cr concentration
profile across the oxide layer (Figure 3b).
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This suggests a mechanism of Cr oxide formations that were produced by the oxidation
of Cr-rich carbides (deposited prior to oxidation along martensite/bainite plate boundaries
and at the prior austenite grain boundaries in the steel structure). During high-temperature
oxidation, they became part of FeCr2O4 and Cr2O3 [34]. The Fe and Cr distribution maps
(Figure 4b,d) were complementary: the Cr-rich regions were depleted of Fe, and vice versa.
The oxygen map showed its increased content at the location of Cr-enriched zones. Similar
reasoning was also described in [9,35]. The inner oxide layer was mainly enriched in cobalt
(Figure 4e). The silicon effect was achieved due to its diffusion into steel surface and SiO2
formation on its surface (Figure 4h). After 500 h of oxidation, the highest proportion of the
W-rich secondary phase was concentrated at the oxide/matrix interface, which can be seen
by the brightest places in Figure 4f.

After 3000 h of exposure, the microstructure evolution during oxidation at a given
temperature of 600 ◦C varied with the amount of Cr, with a sharper interface formed by
the brightest places with the highest Cr concentration in the inner oxide layer and also at
the interface of the inner and outer oxide layers (Figure 5d). In the oxidation process on
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the SiO2 layer (Figure 5h), chromium oxide was formed during 3000 h of oxidation. The
oxygen activity, thermodynamically induced by SiO2, was too small to form iron oxide
layers. Hence, as might be expected from the thermodynamics described in more detail by
the authors of [36] in their paper, the Si oxide formed a relatively compact layer beneath
the chromium oxide in the inner oxide layer. This distribution was confirmed by EDS SEM
analysis of both elements in Figure 5d,h. Tungsten, after 3000 h of oxidation, formed a more
continuous distribution at the inner-oxide-layer/matrix interface (Figure 5f). Similarly, Si
distribution changed with oxidation time. Its bright regions in Figure 5h indicated a higher
concentration at the inner-oxide-layer/matrix interface [20]. Furthermore, the authors
of [37] confirmed that long-term oxidation resulted in stable Si oxides’ formation and their
segregation at the oxide/metal-matrix interface.

Oxide growth is determined by affinity to oxygen and diffusion of alloying elements.
According to [38], the Gibbs free energy of formation of all Mn-oxides is more negative
than that of Fe-oxides, and the Gibbs free energy of formation of MnO and Mn-Cr spinel
is even more negative than that of Cr2O3. This statement was also supported, e.g., by the
authors of [39]. As they stated in their work, Mn-Cr spinel oxides are probably formed
by the reaction of MnO + Cr2O3 →MnCr2O4. Therefore, the presence of Mn in the oxide
layer should increase the oxides’ stability. Thus, Mn can be expected to be preferentially
concentrated in the oxides at the oxide/matrix interface in the early stage of oxidation [40],
as was confirmed in our study (Figures 3f and 5g).

3.2.2. XRD Phase Analysis of the Oxide Layer at 600 ◦C

In order to investigate the oxidation products of MarBN steel after 3000 h of oxidation
at 600 ◦C, the steel was analyzed cross-sectionally by XRD diffraction. As shown in Figure 5,
the oxide layer was formed mainly by Fe and Cr oxides. The main phases of the oxide layer
were hematite, Cr2O3, and magnetite. By combining the data from the XRD record with
the EDS SEM analyses, it was possible to identify Fe-Cr spinel even though the spectrum
of (Fe,Cr)3O4 completely coincided with the XRD spectrum of magnetite. The results of
the study [41] were similar and indicate diffraction peaks of Cr2O3, Fe3O4, and Fe2O3. The
sequence of formed oxide layers was also found by [42].

However, taking into account the results shown in Figure 6, it is clear that the main
phases of the outer oxide layers are hematite and magnetite [41].
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3.3. Morphology and Identification of the Oxide Layer on MarBN Steel after Oxidation at 650 ◦C

The surface of 9Cr3W3CoVNbBN steel after 500 h of oxidation at 650 ◦C in an air
environment with 10% water vapor is shown in Figure 7a. An oxide layer with a thickness
of 15–20 µm was formed on the surface. This layer was fairly uniform and compact, but
it formed a separate interface from the inner layer with the occurrence of voids in a fairly
continuous linear arrangement. The arrangement of voids was also discussed by the
authors of [43].
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Furthermore, the paper concluded that voids have the highest tendency for crack
nucleation. Compared to void spacing, void size induces higher impact on the oxide
cracking tendency. As stated by the authors of [30], for the iron–chromium system where
breakaway oxidation occurs, the resulting layer microstructure contains many voids, and
spallation is also common.

The inner oxide layer reached a thickness of about 60–70 µm. It was formed during
the oxidation process as part of the original steel surface. The interface with the steel matrix
was not as significantly separated as in the case of the outer and inner layers but also largely
consisted of voids defining the oxide/matrix interface.

At the start of the oxidation process, the internal oxygen diffusion is rapid due to thin
oxide layers.

At this time, internal oxidation can easily occur inside the grain and explains well
the formation of Cr-rich oxide [44]. As the paper further states, the oxidation of grain
boundaries/laths of martensite and bainite and the formation of Cr-rich oxides inside the
grain contribute to the inner oxide layer’s growth at an early stage. After 1000 h of steel
oxidation at 650 ◦C due to diffusion processes, the thickness of the outer layer increased to
about 40 µm (Figure 7c), with the highest concentration of voids remaining at the original
interface of the outer and inner layer, as it was observed after 500 h of oxidation (Figure 7a).
The authors of [45] describe that in a closed furnace space, thermodynamic equilibrium
is reached at the oxide/matrix and oxide/atmosphere interfaces, which determines oxide
growth by diffusion of reactants through the oxide layer. Metal cations and oxygen anions
tended to migrate through the oxide layer in opposite directions. As can be seen in Figure 7c,
the interface between the inner oxide layer and the matrix was not sharply separated; still,
it had a more structured morphology.

After 3000 h of the MarBN steel oxidation at 650 ◦C, an outer compact oxide layer
with a thickness of about 60 µm was formed on the surface (Figure 7e). The occurrence of
voids at the outer and inner oxide layers’ interface was rare. Higher void concentration was
found at the inner-oxide-layer/matrix interface. Several papers confirmed void presence at
this interface [9,42,46].

The concentration profile of the analyzed elements after the cross-section after 500 h
of oxidation showed that the outer layer mainly contained Fe oxides and a proportion of
Cr at the level of max. 2.7 wt. % (Figure 7b). At the interface of the outer and inner layers
of oxides, the concentration of Cr was found at the level of its presence in carbides. The
inner oxide layer consisted mainly of Fe oxides and Cr. The layer also contained W and
Co, which were part of the original steel surface. Si and Mn were mainly located at the
oxide/matrix interface.

After 1000 h of oxidation, diffuse redistribution of the analyzed elements took place:
in the outer oxide layer, the Cr content was above about 5.0 wt. %, and in the inner layer,
Cr was part of the oxide layer in the form of oxides with a content of about 4.0 wt. % or
part of FeCr spinel with a content above 20.0 wt. % (Figure 7d). Other analyzed elements
Co and W were found in the inner oxide layer and at the oxide-layer/matrix interface
in concentrations corresponding to their content in the steel or as part of carbides and
carbonitrides. The distribution of Si and Mn was mainly at the oxide/matrix interface.

After 3000 h of oxidation, Cr content in the outer layer was lower than after shorter
exposure times, ranging from 1.2 to 1.9 wt. % (Figure 7f). In the inner oxide layer, the Cr
content was at a level corresponding to that in spinel, i.e., above 14.0 wt. %. The content of
Co, W, and V corresponded to their content in the steel. A higher W content was recorded as
part of the carbides, not only in the inner oxide layer but also at the oxide/matrix interface.
At the inner oxide layer and matrix’s interface, Fe oxides were analyzed, and high Cr
content of about 18.0 wt. %, Co content of more than 4.0 wt. %, W content of 4.0 wt. %
and above, and V content in tenths of wt. % were detected. The distribution of Si and Mn
remained at the oxide/matrix interface.
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3.3.1. EDS SEM Maps at 650 ◦C

The distribution maps of analyzed elements show that with increasing exposure time
of MarBN steel in a mixed furnace atmosphere at 650 ◦C, regions with higher concentration
of alloying elements with protective anti-oxidation effect were formed (Figure 8a–h).
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Figure 8. EDS distribution maps of analyzed elements after 500 h of oxidation at 650 ◦C.

After 500 h of exposure, the formed outer oxide layer contained mainly Fe oxides with
a small proportion of Cr oxides (Figure 8b,d). The oxide layer and matrix’s interface with
higher proportions of W, Mn and Si was formed (Figure 8f–h). Higher Co concentration
was identified in the inner oxide layer (Figure 8e).

After 3000 h of high-temperature oxidation in the alloyed 9Cr3W3CoVNbBN steel, an
inner layer mainly rich in Cr, Mn, and Si was formed, with the highest concentration at the
inner-oxide-layer/matrix interface (Figure 9a–h). W concentration in the inner oxide layer
and at the oxide-layer/matrix interface increased (Figure 9f).
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It is an assumption that this Cr-rich layer formation is the result of transition from
internal to external oxidation, where the outward Cr diffusion rate exceeds the inward
oxygen diffusion rate. When the oxide is sufficiently dense, it significantly slows down the
oxygen diffusion inward, as stated by the authors of [44] in the conclusions of their work.
As the authors of [44] stated in their paper, Cr-rich oxide precipitates were the result of
preferential oxidation along the grain boundaries and laths of martensite, while the latter
were the result of internal oxidation. As further analyzed by the authors of that work, the
inner oxide layer consisted of Cr in Cr-rich spinel oxide surrounded by Fe-rich spinel oxide.
The formation of such a composite oxide layer was also reported in our study.

3.3.2. XRD Phase Analysis of the Oxide Layer at 650 ◦C

To identify the phases present in the oxidation products, an XRD analysis was also
performed on the oxidized surface of the MarBN steel after 3000 h exposure in a mixed
environment at a temperature of 650 ◦C (Figure 10). The result shows the presence of
Fe oxides (hematite and magnetite), Cr oxides, and a minor proportion of Co oxide. The
main oxide phase detected by XRD analysis was hematite and Cr oxide together with
magnetite. In the case of an oxidation temperature of 650 ◦C, Co oxide was identified. As
the authors stated in the paper [47] concerning the different intensity of diffraction peaks
in XRD patterns, it was found that the oxidation of the materials was accelerated with the
increase in experimental temperature.

Crystals 2023, 13, x FOR PEER REVIEW 15 of 20 
 

 

3.3.2. XRD Phase Analysis of the Oxide Layer at 650 °C 

To identify the phases present in the oxidation products, an XRD analysis was also 

performed on the oxidized surface of the MarBN steel after 3000 h exposure in a mixed 

environment at a temperature of 650 °C (Figure 10). The result shows the presence of Fe 

oxides (hematite and magnetite), Cr oxides, and a minor proportion of Co oxide. The main 

oxide phase detected by XRD analysis was hematite and Cr oxide together with magnetite. 

In the case of an oxidation temperature of 650 °C, Co oxide was identified. As the authors 

stated in the paper [47] concerning the different intensity of diffraction peaks in XRD pat-

terns, it was found that the oxidation of the materials was accelerated with the increase in 

experimental temperature. 

 

Figure 10. XRD phase analysis of the MarBN steel oxide layer after oxidation at 650 °C. 

3.3.3. TEM Analysis of MarBN Steel after Oxidation at 650 °C 

The steel microstructure’s nature after exposure to the oxidizing furnace atmosphere 

at 650 °C for 3000 h is obvious from Figure 11a,b. In the region below the oxide layer 

formed, a zone with a markedly different distribution and arrangement of particles pre-

sent is visible. Coarser particles were observed there without any indication of their typi-

cal arrangement like in the rest of the steel microstructure. By assessing the nature and 

chemical nature of these particles based on EDS analysis, it was shown that they contained 

a high content of C with a majority of Fe and W and a significantly lower Cr content com-

pared to the particles below this zone. This fact indicates that the particles were signifi-

cantly depleted in Cr due to diffusion into the oxide layer on the steel surface during the 

oxidation process (at 650 °C during 3000 h). As the authors of the study [34] stated, the 

increase in Cr-enriched oxides on the steel surface is accompanied by their decrease in the 

matrix and the growth in the particle size in the area at the oxide/matrix interface. Based 

on SAED results (Figure 11c), it can be argued that these are particles of complex carbides 

of the M23C6 type crystallizing in a face-centered cubic lattice with possible mutual substi-

tution of Fe, W, and, to a minor extent, Cr atoms in the lattice of particles of the given 

phase. Very fine particles with high regional number of particles per unit area were also 

observed in the given zone just below the oxidized surface. This, according to results of 

EDS analysis, contained a high proportion of C with a majority of V and also Nb, as well 

as a minority of Cr. Based on SAED results, it can be argued that these are VC phase par-

ticles crystallizing in a cubic lattice (S.G. 196) with possible mutual substitution of V, Nb, 

and minority Cr atoms in the lattice of particles of the given phase. Similar results of EDS, 

SEM, and TEM analyzes of oxidized 9–12Cr F-M steel substructure were also declared in 

the study [48]. The authors stated that there was a zone of Cr depletion under the oxide 
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3.3.3. TEM Analysis of MarBN Steel after Oxidation at 650 ◦C

The steel microstructure’s nature after exposure to the oxidizing furnace atmosphere at
650 ◦C for 3000 h is obvious from Figure 11a,b. In the region below the oxide layer formed,
a zone with a markedly different distribution and arrangement of particles present is visible.
Coarser particles were observed there without any indication of their typical arrangement
like in the rest of the steel microstructure. By assessing the nature and chemical nature of
these particles based on EDS analysis, it was shown that they contained a high content of C
with a majority of Fe and W and a significantly lower Cr content compared to the particles
below this zone. This fact indicates that the particles were significantly depleted in Cr due
to diffusion into the oxide layer on the steel surface during the oxidation process (at 650 ◦C
during 3000 h). As the authors of the study [34] stated, the increase in Cr-enriched oxides
on the steel surface is accompanied by their decrease in the matrix and the growth in the
particle size in the area at the oxide/matrix interface. Based on SAED results (Figure 11c),
it can be argued that these are particles of complex carbides of the M23C6 type crystallizing
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in a face-centered cubic lattice with possible mutual substitution of Fe, W, and, to a minor
extent, Cr atoms in the lattice of particles of the given phase. Very fine particles with high
regional number of particles per unit area were also observed in the given zone just below
the oxidized surface. This, according to results of EDS analysis, contained a high proportion
of C with a majority of V and also Nb, as well as a minority of Cr. Based on SAED results,
it can be argued that these are VC phase particles crystallizing in a cubic lattice (S.G. 196)
with possible mutual substitution of V, Nb, and minority Cr atoms in the lattice of particles
of the given phase. Similar results of EDS, SEM, and TEM analyzes of oxidized 9–12Cr F-M
steel substructure were also declared in the study [48]. The authors stated that there was
a zone of Cr depletion under the oxide layer. As the authors further state, this promoted
the enrichment of Cr into the layer by growing oxides. Cr-rich precipitates were present
immediately below the Cr-depletion zone in the matrix.
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Figure 11. (a,b) Particles morphology and distribution in the microstructure of steel after exposure to
the oxidizing furnace atmosphere (650 ◦C for 3000 h). (c) Coarse particles present in the zone under
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the oxide layer; (d) thin particles present in the zone under the oxide layer; (e) particles present in
the area of prior austenite grain boundaries; (f) particles present in the area of tempered martensite;
(g) particles present in the area of tempered bainite; and (h) present particles in steel substructure
with SAED pattern and corresponding phase analysis. The red circles on the bright field images (c–f)
mark the area corresponding to the SAED.

The steel structure’s nature in the region below the zone showed a very similar
character to the initial state of analyzed steel, with a typical arrangement of particles at
the boundaries of the relatively coarse prior austenite grains, at the tempered martensite
and tempered bainite formations interfaces, and within these formations. The particles
present at and around the prior austenitic grain boundaries, according to EDS analyses
results, contained, in addition to a high C content, a major Fe and Cr content, a slightly
lower W content, and a minor V content. The SAED results showed that particles represent
complex carbides of the M23C6 type with possible mutual substitution of Fe, Cr, W, and V
atoms in the lattice of particles of the given phase. The particles located in the tempered
martensite regions contained, in addition to C, high Cr and lower Fe and W contents.
Based on SAED results, the particles were also identified as M23C6-type complex carbides,
with possible substitution of Cr, Fe, and W atoms in the lattice of the given phase. The
particles present in the tempered bainite regions formations had high Cr and lower Fe
and W contents in addition to C. These particles were determined to be complex M23C6
carbides with possible mutual substitution of Cr, Fe, and W atoms in the lattice of the
given phase based on the diffraction analysis results. Very fine globular particles with a
relatively uniform distribution with high contents of both C and V and lower contents of
Nb and Cr were also observed in the steel substructure. By electron diffraction analysis,
the particles were identified as VC crystallizing particles in a cubic lattice with possible
substitution of V atoms by other alloying elements, mainly Nb and Cr. Fine particles in the
steel state after exposure to oxidation process in the reaction atmosphere showed a greater
presence of Cr compared to the initial state, which was due to its diffusion from the coarser
carbide particles towards the steel surface through the subsurface zone and simultaneous
formation of fine particles that showed a higher regional number of particles per unit area
compared to the initial state.

4. Conclusions

The 9Cr3W3CoVNbBN MarBN steel (Martensitic 9Cr steel strengthened by Boron
and MX Nitrides) was oxidized at 600 and 650 ◦C for 3000 h in a mixed atmosphere of
air + 10% H2O and characterized by SEM, TEM and XRD analyses. In this study, the
mechanisms leading to the improvement of resistance to high-temperature oxidation were
understood by using modern electron microscopic analyses. These were supplemented by
XRD analysis to detect the phases in the oxide layer.

The results and their discussion in this work led to the following conclusions:

• The microstructure of MarBN steel after normalizing annealing and tempering
consisted of tempered martensite and tempered bainite with particles of carbide-
based precipitates.

• An oxide layer was formed on the surface of the MarBN martensitic–bainitic steel,
which consisted of the outer layer formed by Fe2O3 with Cr2O3 presence and the inner
oxide layer formed by Fe3O4 and spinel Fe-Cr.

• EDS SEM analysis showed the importance of the alloys’ transport into the forming
oxide layer during long-term exposure. Chromium, as the main alloying element, was
essential in the inner oxide layer during the Fe-Cr spinel formation. Mn and Si were
important in the passive layer of oxide formation at the oxide/matrix interface already
in the earlier stages of oxidation, and during long-term oxidation, their effect only
increased during long-term oxidation.

• By XRD analysis, Fe2O3, Cr2O3, and Fe3O4 phases were identified in the oxide layer
after 3000 h of oxidation at a temperature of 600 ◦C, whereas Fe2O3, Cr2O3, CrO2,
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Fe3O4, and CoO3 were identified at a temperature of 650 ◦C. By combining the data
from the XRD record with EDS SEM analysis, it was possible to identify Fe-Cr spinel,
which together with Fe3O4 created an effective barrier against further oxidation.

• TEM analysis from the zone under the oxide layer showed coarser particles of complex
carbides of the M23C6 type (M = Fe, W) significantly depleted of Cr due to its diffusion
into the oxide layer on the steel surface during the oxidation process.

• In the zone under the oxide layer, very fine particles with a high number of particles
per unit area were also observed, which, according to the results of the EDS analysis,
contained a high proportion of C with a majority content of V and Nb and a minor
Cr content. Diffusion of Cr was directed from the coarser carbide particles from the
surface of the steel through the subsurface zone by the formation of fine particles.

• Under the indicated zone, the steel structure’s nature was very similar to the initial
state of the analyzed steel.

• The entire described process leads to the result that 9Cr heat-resistant steels have a
high resistance to high-temperature oxidation due to the formation of spinel enriched
with alloys in the inner oxide layer, supported by passivation by Si oxides at the
oxide/matrix interface. The strength properties of the steel remain preserved due to
the presence of fine stable carbides V and Nb and due to the structure at a distance
from the oxide layer, which preserves the character of the original structure.
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