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ABSTRACT

The impact of Nb content on the characteristics of oxide scale formation was studied during isothermal oxidation tests of the HR120 Fe-
40Ni-24Cr alloy. The oxidation kinetics, phase analysis, and surface morphology were studied using samples with low grain diameter
(LGD) and high grain diameter (HGD) obtained by heat treatment at 1050 °C and 1150 °C, respectively. The LGD and HGD samples were
then subjected to isothermal oxidation tests at 500 °C for 500 hours. The oxidation kinetics were measured by tracking the time for weight
changeovers. Phase analysis was performed using X-ray diffraction (XRD), and surface morphology was examined using scanning electron
microscopy (SEM) and field-emission SEM (FESEM) with energy-dispersive X-ray (EDX) analysis. The oxidation kinetic plots exhibited an
increasing weight gain trend for LGD and HGD samples, and followed a parabolic rate law. A lower parabolic rate constant was recorded
by LGD sample of 7.38 x 10~° mg%cm™*-s™%, indicating a lower oxidation rate, hence having good oxidation resistance. Phase analysis
recorded Cr,03 and MnCr,0, oxides formed on both samples. Surface morphology analysis revealed a uniform oxide layer coexisting with
a protruding Nb-rich oxide structure, further confirmed by EDX, and the LGD sample exhibited good scale integrity. The HGD samples
displayed overgrown protruding oxide structures with non-adherent oxide scale, with evidence of oxide exfoliation. These findings
support the proposed oxide diffusion mechanism, indicating that Nb content has the greatest impact on oxide growth in the HGD samples.
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1. INTRODUCTION The Fe-40Ni-24Cr alloy mainly comprises Fe, Ni and Cr. Cr
would act as the principal oxide former, which forms a
Ni-based Fe-Ni-Cr alloys, such as HR120, are widely  continuous chromia Cr,03 layer during high-temperature
employed in high-temperature industrial environments, oxidation, exhibiting slow growth rate and providing
including gas turbine engines, power generation systems,  effective barrier against oxidation in harsh atmospheres,
petrochemical processing units, and thermal treatment and serving as the main protection barrier by limiting
equipment, where components are routinely exposed to oxygen diffusion into the substrate [7-8]. At high
oxidizing, carburising, and sulfidizing atmospheres [1-2]. temperatures, the performance and resilience of the Fe-
HR120 alloy has been used in furnace components, heat 40Ni024Cr system are sturdily governed by the formation
exchanger sections, radiant tubes and reformer tubes due to and stability of protective oxide scales. Previous studies
its thermal stability, creep strength and resistance to scale have also reported the development of spinel oxides in
formation during prolonged service at temperatures above chromia-forming alloys, which act cooperatively with Cr,03
1000 °C. The Fe-40Ni-24Cr alloy system, from which the to further enhance oxidation resistance [2,9]. The chromia
primary composition of HR120 was developed, offers a layer is further strengthen by the formation of spinel oxides
balanced combination of excellent oxidation and such as MnCr,0,, FeCr,0,4 and NiCr,04, which improve
carburization resistance and excellent mechanical adherence and slow down further oxidation. The protective
properties, making it suitable for use in industrial heating properties of these scales are crucial for ensuring long-term
and heat treatment operations such as annealing, sintering service life in hostile industrial atmospheres, such as heat-
and solution treatment processes [3-4]. Under the treatment furnaces and combustion components [10-11].
operating conditions described above, it is necessary to use
alloys that resist oxidation and maintain structural integrity =~ To further improve high-temperature performance, the
by preventing degradation phenomena, such as oxide development of stable precipitates is required to enhance
exfoliation or internal oxidation, which can affect oxidation and mechanical properties by adding alloying
component life and reliability in long-term service. For  elements that act as carbide formers to the alloy system,
these applications, oxidation resistance is one of the most such as Nb, Mn, and Ti [12-13]. The addition of minor
critical properties governing long-term performance and amounts of Nb and Ti in the HR120 alloy contributes to
durability [5-6]. strengthening through the precipitation of MC-type (metal
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carbide) carbides and improves microstructural stability
during service. In this context, M denotes a metal element
such as Nb or Ti, and C denotes carbon. Typical MC-type
precipitates of NbC, TiC and (Nb, Ti) C carbides are
frequently found in Ni-based alloys and are also used as
carbide reinforcements in certain metal matrix systems
[14]. MC-type carbides strengthen alloys by impeding
dislocations to some extent and have a beneficial effect on
strengthening grain boundary phases in Ni-based alloys
[15]. Nevertheless, in some circumstances, the formation of
coarse Nb-rich oxide precipitates occurs during high-
temperature oxidation of Nb-containing alloys, which
induces localized stresses that encourage the formation of
cracks, thus affecting the quality of the protective oxide
scale [4]. Therefore, it is important to understand how Nb
content influences the oxide growth behaviour of the
HR120 alloy to optimize its performance under prolonged
isothermal oxidation conditions.

Some studies have stated that Nb's strong affinity for
oxygen controls its segregation and oxidation behaviour,
which in turn influences the alloy's performance at high
temperatures. At times, Nb contributes to the stabilization
of protective oxide scales, while in others it encourages the
development of localized oxide protrusions or crack
initiation within the scale [14-16]. Studies on the oxidation
of Ni-based superalloys have carefully documented the
buildup of Cr and Nb on the alloy surface, along with the
establishment of Nb-rich oxide structures [4,17]. Other
findings specify the construction of a layered oxide scale
characterized by a Cr-rich outer layer and a Nb-rich
sublayer, as well as the enrichment of Nb in the Cr,05 scale.
Even though Nb has a relatively low concentration in bulk,
it easily separates to the surface and oxidized under severe
environments, indicating its tendency to move toward
chemically active sites and participate in confined oxidation
processes.

One of the recognized phenomena in high-temperature
exposure of metal alloys is the formation of internal
oxidation, which is prone to form underneath the external
scale by inward diffusion and reacting with the substrate
between the oxide-metal phase. Al and Si are the alloying
elements that are predominantly prone to form internal
oxide scale beneath the outermost oxide layer [18-20]. Al-
rich oxide is often detected near the surface region, whereas
Si-rich oxide may also form. Al-rich and Si-rich oxides
contribute significantly to the overall protective effect of the
scale under high-temperature condition.

The oxidation resistance of HR120 Ni-based alloys is
governed by their chemical composition and strongly
influenced by their microstructural characteristics,
particularly grain diameter [4,21]. During high-
temperature oxidation, grain diameter plays a crucial role
in oxidation behaviour by controlling diffusion pathways
for both metallic and oxygen species. The heat treatment
process is one of the effective methods for modifying grain
diameter, where the annealing temperature and duration
determine the extent of recrystallization and subsequent
grain coarsening [21].
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Several studies have investigated the oxidation behaviour
on Ni-based alloys containing Nb, focusing on effect of Nb
content on the bulk alloy or on the stability of the oxide
scale. Some interest has been devoted to studies focusing on
the effect of Nb content on the oxide scale in relation to grain
diameter. At times, the role of Nb-rich oxide protrusions and
their interaction with protective chromia and their
dependence on microstructural scale have not been
systematically explored. The present study addresses this
gap by investigating how Nb content in HR120 alloy
influences oxidation kinetic, oxide phase establishment and
oxide scale morphology under isothermal conditions, while
explicitly comparing low-grained and high-grained
diameter conditions. By relating the Nb segregation
behaviour to the grain diameter-dependent diffusion
pathway, thus work reveals new mechanistic insights into
the development of protrusion Nb-rich oxides and their
impact on the integrity of the protective scale. Moreover, a
diffusion-based oxidation model is proposed to describe the
sequential progression from planar to perpendicular to
protruding oxide growth, providing a framework for
optimizing alloy design for long-term high-temperature
performance.

This study investigates the impact of Nb content on the
oxidation Kkinetics, oxide phase formation, and oxide scale
morphology of HR120 alloy in the Fe-40Ni-24Cr system
under high-temperature isothermal oxidation conditions.
The impact of grain diameter variation has been the
primary focus of this study, which is a comparison between
low and high grain diameter alloy structures. This study is
about the establishment and formation of stable Nb-rich
oxide structures, and then verifying its role as a protective
oxide scale formation or contributing to the oxide
exfoliation phenomenon. The present work provides the
correlation between grain diameter, Nb segregation, and
the evolution of protruding Nb-rich oxides in HR120 alloy
during prolonged oxidation. Furthermore, a diffusion-based
oxidation model is proposed to describe the sequential
progression of planar, perpendicular, and protruding oxide
growth, thereby linking microstructural evolution to
oxidation kinetics.

2. METHODOLOGY
2.1. Materials

The material employed in this research is the HR120 alloy,
a Ni-based alloy. The chemical composition of the alloy was
determined by means of an optical emission spectrometer
(OES) and is reported in weight percent (wt. %): 33.580 Fe,
40.080 Ni, 24.050 Cr, 0.718 Mn, 0.444 Nb, 0.438 Si, 0.085 Al,
0.048 C, 0.165 Co, 0.029 Ti, 0.249 Mo, and 0.114 Cu. Based
on its major elemental constituents, this alloy is categorized
under the Fe-40Ni-24Cr alloy system. Rectangular
specimens have a final dimensions of 10 mm x 10 mm x
3 mm.



2.2. Heat Treatment Procedure

The Fe-40Ni-24Cr alloy was subjected to various heat-
treatment procedures to vary the average grain diameter.
Heat treatments were conducted at 1050 °C and 1150 °C for
a 3-hour soag period, followed by rapid quenching in water.
The average grain diameters were determined using the
line intercept method in accordance with ASTM E112,
yielding values of 30.25 pm and 40.17 um for the samples
treated at 1050 °C and 1150 °C, respectively. The samples
are denoted as low grain diameter (LGD) and high grain
diameter (HGD), corresponding to the 1050 °C and 1150 °C
treatments, respectively.

2.3. Isothermal Oxidation Test

An isothermal oxidation test was carried out on the heat-
treated LGD and HGD samples at 500 °C for a total period of
500 hours in laboratory air. Preceding to the test, the
samples were ground using SiC sandpaper to a surface
finish of P600 grit. The surface area and initial weight of
each sample were determined using analytical balance. The
ground samples were then exposed to isothermal oxidation
at 500 °C for various time intervals, which are 100, 200, 300,
400, and 500 hours, to determine the weight change.
Following each testing interval, the samples were weighed
again. Oxidation kinetics were evaluated by calculating the
change in weight per unit surface area as a function of
oxidation time. Oxide phase identification was conducted
using X-ray diffraction (XRD) on a SIEMENS diffractometer
equipped with BRUKER D5000 software. Phase
determination was performed using DiffracPlus Evaluation
Software in conjunction with PDF-2 search/match
programs. The XRD utilized a monochromatic Cu Ko
radiation source (A = 1.5406 A), with scans implemented
over a 20 range of 22°-82. Oxide surface morphology was
examined by means of a scanning electron microscope
(SEM) fortified with an energy-dispersive X-ray (EDX)
spectrometer model JEOL ]JSM-6460 LA, for samples
exposed at 300 and 500 hours. Field emission scanning
electron microscopy (FESEM) analysis was accomplished
on samples exposed for 500 hours to provide higher-
resolution surface imaging, model CARL ZEISS 35 VP. The
energy range used was between 20 keV and 30 keV.
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3. RESULTS AND DISCUSSION
3.1. Oxidation Kinetics

The oxidation kinetics plot revealed in Figure 1 presents the
weight change per surface area as a function of time for the
LGD and HGD samples over a 500-hour exposure period.
Both samples exhibit an initial rapid weight gain throughout
the early stage of oxidation, particularly within the first 100
hours. The curve indicates straight increase of weight
pattern which is the characteristic of linear oxidation
behavior which is shows by constant rate. At this period, the
mechanism of oxidation comprises the nucleation process
of oxide particles followed by lateral and vertical growth to
develop an incessant oxide layer that protect and
encapsulates the external alloy surface.

The smaller grain diameter of the LGD sample contributed
to a higher grain boundary area, which allowed for rapid
diffusion of oxygen and metal ions. This condition
accelerated the initial development of the oxide layer, which
led to the formation of a continuous and protective scale
earlier in the LGD sample than in the HGD sample. This
phenomenon continued until a constant and thin oxide
layer completely covered the outer alloy surface. When a
stable oxide layer is established, the oxidation rate slow
down, and oxidation continues only by slightly increasing
the scale’s thickness until its achieved its most protective
state. The reduction in oxidation rate is reflected by the
lower overall weight gain experienced in the LGD samples
as the exposure period is prolonged, reaching 0.1233
mg-cm? at 500 hours. The aforementioned condition is in
line with our previous study [7], which documented rapid
initial oxide scale formation in fined-grained samples,
similar to the behaviour of the LGD sample in this study.

When oxidation was prolonged for 100 hours, the LGD
sample exhibited a visible change from a linear curve to a
parabolic curve. This phenomenon indicated that the oxide
layer had increased its barrier to oxygen access. At the final
stages (300-500 hours), more stable oxidation profile and
significant lower weight change has been recorded by LGD
sample, indicating the formation of an adherent, dense and
protective oxide scale. Throughout the subsequent
oxidation period, LGD sample steadily showed lower weight
gain compared to HGD samples.
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Figure 1. Weight change per unit surface area versus exposure time for low grain diameter (LGD) and high grain diameter (HGD)
samples during isothermal oxidation at 500 °C for 500 hours.

On the other hand, the HGD sample has a larger grain
diameter and smaller grain boundary area than the LGD
sample, indicating a slower initial oxidation reaction, as
recorded by the lower weight gain during the start of
oxidation test up to 100 hours. The development of a
continuous and protective oxide layer is delayed due to the
limited number of grain boundaries in the HGD samples
which reduces the diffusion paths for oxygen and metal
ions, which most likely form only after the 100 hours

oxidation test. Subsequently,

the oxidation process

continued which further increased the oxide scale in an
attempt to develop an effective barrier, resulting in a higher
overall weight gain occurring after 100 hours of exposure,
reaching a value at 500 hours of 0.1497 mg-cm™2. The HGD
sample showed continuous weight gain throughout the
oxidation test, indicating that oxidation continued, most
likely due to the development of a porous, non-uniform
oxide layer, or perhaps due to some of the oxide layers
peeling off. Similar weight-gain trends have been reported
by other scholars studying alloys with varying grain sizes

[6], as well as in our previous study [4].

Figure 2 shows the determination of oxidation rate law
behaviour for LGD and HGD samples, using oxidation kinetic
plots which were further analysed. The logarithmic plot in
Equation (1) was used to determine the oxidation rate law,
with x denoting the change in weight per surface area, t
denoting time, and m and ¢ denoting constants. The value of
m in Equation (1) determines the oxidation rate law obeyed
by the sample, with m = 1 indicating a linear rate law and m

= 2 indicating a parabolic rate law.

=1
log x —mlogt+c

(1)

The value of m that has been determined through the
analysis of the data plotted in Figure 2, recorded a value of
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2.41 for the LGD sample and 1.90 for the HGD sample. These
values are in the range of 1.5 to 2.5, indicating that both LGD
and HGD samples obey the parabolic rate law. Nevertheless,
the value of m for the HGD sample falls below 2, indicating
the possibility of oxidation, and it shows linear behaviour
compared to the LGD sample. In addition, the R2 value of the
coefficient of determination for the straight trendline for
both samples is 0.953 for LGD and 0.951 for HGD, indicating
a strong correlation and a good fit of the recorded
experimental data to the logarithmic plot. Overall, the
determination of the oxidation rate law yielded consistent
findings for both samples, indicating that there was a
transition in the oxidation mechanism from linear
behaviour at the early stage to parabolic behaviour with
diffusion-controlled phenomena at the later stage, with a
more ideal parabolic oxidation rate law behaviour being
exhibited by the LGD sample.

After confirming that both LGD and HGD samples obeyed
the parabolic rate law, the analysis is extended to the
determination of the parabolic rate constant, K, based on
Equation (2), with x denoting the change in weight per
surface area, K, denoting the parabolic rate constant, t
denoting time and c denoting a constant.

x2=Kpt+c (2)

The parabolic rate constant in Figure 3 was higher for the
HGD sample, at 1.18 x 1078 mg®-cm™*-s™%, indicating a higher
oxidation rate. This finding is in line with the oxidation
kinetics curve of the HGD sample in Figure 1 which shows a
higher weigh gain during the prolonged oxidation test. In
contrast, the LGD sample showed a lower parabolic rate
constant of 7.38 x 107 mg®cm™*-s7%, indicating a slower
oxidation rate. This lower rate constant confirms that the
LGD sample has superior oxidation resistance compared to
the HGD sample.
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Figure 2. Log of weight change per unit surface area versus log of exposure time for low grain diameter (LGD) and high grain diameter
(HGD) samples during isothermal oxidation at 500 °C for 500 hours for the determination of oxidation rate law.
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Figure 3. Square plots of the change in weight per unit surface area as a function of exposure time to determine the parabolic rate
constant (Kp) for low grain diameter (LGD) and high grain diameter (HGD) samples after exposure at 500 °C for 500 hours.

3.2. Phase Analysis

Figure 4 shows the XRD patterns of the LGD and HGD
samples after 300 hours of exposure. The analysis showed
that the most intense diffraction peak corresponds to the
base metal of the Fe-Ni-Cr alloy. In addition, other peaks of
lower intensity are detected from the Cr,03; and MnCr,0,
oxide phases. This indicates that a relatively thin oxide layer
developed on the alloy surface, permitting deeper X-ray
penetration into the underlying metal. On the other hand,
Figure 5 shows the XRD patterns of the LGD and HGD
samples after 500 hours of exposure. The phase identified
after 500 hours of exposure was similar to that observed
after 300 hours. Nevertheless, the base metal peaks after
500 hours of exposure showed a lower intensity that was
significantly reduced from that after 300 hours of exposure,
indicating thickening of the oxide scale. These peaks were
detected as Cr,03 and MnCr,0, oxide phases.

The relative intensities of the Cr,03, MnCr,0, oxide phases
and Fe-Ni-Cr base metal peaks were compared by means of
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semi-qualitative peak matching approach for both LGD and
HGD samples at exposure period of 300 hours and 500
hours. LGD and HGD samples retains an intense base metal
peaks at an oxidation time of 300 hours, which is in line with
the development of a thin outer oxide layer. The HGD
sample recorded sharp intense peaks of Cr,03 and MnCr,0,
oxide phases at an oxidation time of 500 hours, with a
significant reduction of the Fe-Ni-Cr base metal peaks. This
observation indicates that a thicker oxide scale has been
developed on the outer oxide layer with larger fraction of
oxide. Image-based peak extraction of the 500 hours XRD
traces shows that the Cr,05 signal in HGD is #2.5-2.6x that
of LGD (x150-160% higher), consistent with its greater
weight gain (0.1497 mg-cm™2 for HGD vs. 0.1233 mg-cm™2
for LGD). While these image-derived values are
approximate, and full quantitative phase fractions (wt.%)
would require Rietveld refinement, the combined trend
from XRD and oxidation kinetics clearly indicates that HGD
promotes faster oxide growth and more complete surface
coverage compared to LGD.
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Figure 4. Comparison of X-ray diffraction (XRD) pattern for low grain diameter (LGD) and high grain diameter (HGD) samples after 300
hours of oxidation at 500 °C, arranged in stacking sequence, revealing the oxide phases formed during isothermal oxidation conditions.

The development of spinel-type oxides has been observed
in our prior studies, consisting of the MnCr,0, oxide phase
which exist together with other Cr-containing spinels such
as the FeCr;0, and NiCr,0, oxide phases. But, the
diffraction peaks of these three spinal oxide phases overlap
due to the similarity in their spinel crystal structures. Based
on elemental EDX analysis (presented in the following
results), enrichment of Mn and Cr was dominant, therefore,
only MnCr,0, peaks were labeled in the XRD results. The
addition of Mn to the alloy enhances the protective
properties of the MnCr,0, oxide. This improvement occurs
because Cr,03 tends to volatilize during prolonged high-

temperature exposure, which can lead to oxide exfoliation
or the formation of a porous scale. In contrast, the presence
of MnCr,0,4 suppresses this effect, promoting the growth of
a dense and compact oxide layer with superior protective
characteristics [4]. Other studies have reported that, under
certain oxidation conditions, the Ni-rich phase trapped
within the FeCr,0, spinel may either remain metallic or
further oxidize, forming a more complex (NiFe,Cr);0,
spinel structure. In addition, several investigations have
documented the creation of a Cr-rich oxide layer at the
oxide-metal interface, typically consisting of Cr,03 or mixed
chromia-based phases [10].
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Figure 5. Comparison of X-ray diffraction (XRD) pattern for low grain diameter (LGD) and high grain diameter (HGD) samples after 500
hours of oxidation at 500 °C, arranged in stacking sequence, revealing the oxide phases formed during isothermal oxidation conditions.

3.3. Surface Morphology

Figure 6 shows SEM images of LGD and HGD samples after
300 hours of oxidation test. A uniform oxide layer with
visible serrations and distributed isolated white particulate
are observed on both sample surfaces. The white particle
structures were evenly dispersed around the sample
surface. These white particles were further inspected after
an oxidation time of 500 hours. In addition, serration
features are initiates from the primary grinding marks
during sample preparation, indicating that a thin oxide scale
had established on the outer layer.
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Figure 7 shows the SEM images along with the respective
EDX analyses of LGD and HGD samples after 500 hours of
exposure. The SEM image of the LGD sample (Figure 7a)
reveals a homogeneous oxide layer with noticeable
protruding white oxide particles. EDX analysis of this white
oxide particles at spot 006 (Figure 7c) detected major
elements O, Cr and Nb. The Cr signal is attributed to Cr,0s3,
while Nb is most likely derived from Nb-rich oxides, which
subsequent FESEM analysis (presented later) confirms a
higher Nb signal intensity. Minor elements Fe and Ni were
also detected, corresponding to spinel oxides FeCr,0, and
NiCr;04, and potentially from the underlying base alloy due
to the tinny oxide layer. Moreover, other elements were also
detected in minor content consisting of Mn and Si.
Meanwhile, analysis of the alloy matrix at spot 007 (Figure
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7d) using EDX analysis recorded significant higher content
of Cr and Mn elements suggesting the presence of Cr,03 and
MnCr,0, oxide phases which was supported by XRD

analysis results. Also, other minor contents of Fe, Ni, Si and
Nb elements were recorded.

Figure 6.

Scanning electron microscopy (SEM) images of the surface morphology of (a) low grain diameter (LGD) and (b) high grain

diameter (HGD) samples after 300 h exposure at 500 °C under isothermal oxidation.
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Figure 7. Surface morphology of (a) low grain diameter (LGD) and (b) high grain diameter (HGD) samples after 500 hours of isothermal
oxidation at 500 °C observed by scanning electron microscopy (SEM). The corresponding EDX spectra for the LGD sample at (c) spot 006
and (d) spot 007, and for the HGD sample at (e) spot 010 and (f) spot 011, identify the elemental composition at the indicated analysis
spots.

The HGD sample was analyzed using SEM-EDX technique,
resulting in several observations consisting of SEM image
(Figure 7b), EDX spectra at spot 010 (Figure 7e) and spot
011 (Figure 7f). A uniform oxide layer was observed on the
HGD sample with some white oxide particles scattered on
the surface. The white oxide particles have a protruding
structure that projecting outward from the surface. These
white oxide particles were further analyzed using EDX at
spot 010 resulting that were almost similar to the LGD
sample which mainly composed of Cr,O0; and Nb-rich
oxides. Also, the similar EDX results of the HGD and LGD
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samples in the oxide matrix region indicated that this region
was established by Cr,03; and MnCr,0, oxide phases.

Surface morphology of LGD sample after 500 hours of
isothermal oxidation that had been observed by FESEM
technique is shown in Figure 8. The low magnification
image at 500x (Figure 8a) displays the wavy surface
features results from the grinding marks forms during the
sample preparation process, exhibiting a moderately
uniform oxide layer with scales that are not very thick. The
higher magnification image at 10,000x (Figure 8b) showing
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protruding white oxide particles for further analysis with
EDX to verify their elemental composition.

Elemental composition analysis using EDX on the oxide
matrix (Spectrum 1, Figure 8c) recorded greater contents of
0, Fe, Ni and Cr elements, with lower contents of Mn and Nb
elements. This finding confirms that the surface oxide
consists of the existence of several oxide phases, namely
Cr,03, MnCr,0,4, FeCr,0, NiCr,0, and Nb-rich oxides.
Elemental composition analysis on the protruding white
oxide particles (Spectrum 2, Figure 8d) based on higher
magnification image (Figure 8b) recorded higher contents
of O, Cr and Nb elements, indicating the establishment of Cr-
rich and Nb-rich oxides in these protrusions region.

For direct comparison with the post-oxidation EDX results
(reported in atomic percent), the as-received alloy
composition (originally measured in wt.%) was converted
to atomic percent (at. %) which are 33.50 Fe, 38.04 Ni, 25.77
Cr,0.73 Mn, 0.27 Nb, 0.87 Si, 0.18 Al, 0.22 C, 0.16 Co, 0.03 Ti,
0.14 Mo, and 0.10 Cu. This baseline at. % composition was

used to evaluate potential elemental enrichment or
depletion after oxidation, particularly the Nb enrichment
observed in protruding oxide particles.

EDX point analysis at a protruding particle (Spectrum 2)
yielded 46.89 at. % 0, 17.56 at. % Nb, 14.79 at. % Cr, 4.39 at.
% Fe, 5.72 at. % Al, and 10.36 at. % C. The Nb:0 atomic ratio
of  0.375 (17.56/46.89) is close to the stoichiometric value
for Nb,Os (0.40), suggesting the presence of a high-valence
Nb oxide. However, the ratio is also within range for NbO,
(0.50), particularly given the concurrent detection of Cr that
may form Cr,03. The local Nb concentration represents an
enrichment of ~65x compared to the bulk Nb content (0.27
at. %), with Nb accounting for ~ 41% of the total detected
metal atoms at the spot. These findings strongly indicate Nb
segregation and Nb-oxide formation at the protrusions. As
EDX provides only semi-quantitative accuracy for oxygen
and the protrusions also contain mixed Cr/Fe/Ni species,
definitive phase identification will require follow-up high-
resolution analyses such as transmission electron
microscopy (TEM) coupled with EDX analyzer.
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Figure 8. Surface morphology of the low grain diameter (LGD) sample at (a) 500x magnification and (b) 10,000x magnification after
500 hours of isothermal oxidation at 500 °C observed by field emission scanning electron microscopy (FESEM). The corresponding EDX
spectra for the LGD sample at (c) spot Spectrum 1 and (d) spot Spectrum 2, identify the elemental composition at the indicated analysis

spots.

Other studies have documented surface enrichment of Cr
and Nb in alloy materials in oxidation research on Ni-based
superalloys, particularly highlighting the development of
Nb,Os5 oxide structures. This phenomenon generally results
in a layered oxide scale with a Cr-rich outer layer and a Nb-
rich sublayer, in which Cr,03 and Nb,Os are the primary
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phases, and Nb enrichment is often detected within the
Cr,03 layer [17].

The exact Nb-oxide phase could not be conclusively
identified by XRD due to the localized nature of these
protrusions, which likely fall below the detection threshold.
However, based on previous research [4], Nb-rich oxides in



similar Fe-Ni-Cr alloys are commonly recognized as NbO,.
The elevated carbon content detected in some regions is
likely associated with MC-type carbide precipitates existing
in the alloy. The construction of MC-type carbide
precipitates, particularly TiC, NbC and (Nb,Ti)C in the Fe-Ni-
Cr alloy system has been documented in our past studies
[21]. These carbides act as Nb reservoirs, supplying Nb ions
that facilitate the formation of Nb-rich oxides at the
protrusion regions, as founds in this study.

Overall, the protruding white oxide particles were
confirmed to be Nb-rich phases based on the
aforementioned analysis. A diffusion model was developed
to further discuss the formation mechanism of protrusion
oxides.

FESEM images with EDX spectra analysis of the GD sample
are shown in Figure 9. The low magnification images at
500x (Figure 9a) display a homogeneous oxide layer with
circular protrusions of white oxide particles, which were
further analysed by EDX at Spectrum 3. The higher
magnification images at 10,000x (Figure 9b) focus on the
oxide spallation area. Elemental composition analysis of the
spalled region (Spectrum 1, Figure 9c) revealed the
presence of O, Fe, Cr, Nb, Al, Si, and C. The higher Nb content
is associated with Nb-rich oxides. Whereas, the detection of
Al contents is associated with the primary Al-oxide layer
formed underneath the outer Cr-rich oxide scale. Al ions
tend to diffuse inward, forming a subscale Al-rich oxide.
This Al-rich oxide scale contributes to the establishment of
an internal oxide layer. Comparable findings on the internal
oxide layer of Al-rich phases have been documented by
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other scholars [19-20] and in our past studies [18]. The
findings indicated that the addition of Al and Si alloying to
the alloy system promoted the formation of Al-rich and Si-
rich oxide phases, with oxide growth penetrating into the
outer primary scale substrate and acting as an internal
oxide. The findings in this study revealed that the spalled
oxide regions exposed the internal oxide, as confirmed by
EDX, which showed high Al content in these regions,
indicating the formation of Al-oxide in the internal oxide
layer.

The elemental composition EDX analysis of the outer
spallation region (Spectrum 2, Figure 9d) showed higher
contents of O, Nb, and C, with lower contents of Fe, Ni, and
Cr. This observation indicates that the spalled region was
previously composed of Nb-rich oxides with less
contributions from Cr-containing oxides. This finding is
similar to that found in Spectrum 2 in the LGD sample. This
analysis supports the initial assumption that the protruding
Nb-rich oxide has a higher growth rate and may form an
unstable structure. This mechanically unstable structure
may lead to crack propagation on the protruding region,
which in some cases leads to a total spalling of the oxide
scale. In this study, the exfoliation of Nb-rich oxide
protrusion structure will expose the base alloy surface that
was previously protected by an oxide scale, and cause an
acceleration of the oxidation rate to form fresh new oxide to
encapsulate the exposed and exfoliated oxide areas. The
higher oxidation rate of the HGD sample is due to repeated
exfoliation-reoxidation, as evidenced by the greater weight
gain observed at 500 hours (Figure 1).
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Figure 9. Surface morphology of the high grain diameter (HGD) sample at (a) 500x magnification and (b) 10,000x magnification after
500 hours of isothermal oxidation at 500 °C observed by field emission scanning electron microscopy (FESEM). The corresponding EDX
spectra for the HGD sample at (c) spot Spectrum 1, (d) spot Spectrum 2, and (e) spot Spectrum 3, identify the elemental composition at

the indicated analysis spots.

EDX analysis of the elemental composition in the matrix
region (Spectrum 3, Figure 9e) showed results similar to
Spectrum 1 in the matrix of the LGD sample, indicating that
the oxide surface had formed several oxide phases. The
overall analysis confirmed that the LGD and HGD samples
developed similar mixed-oxide phases in the matrix region,
primarily consisting of Cr,0s, MnCr,0,, and other Cr-
containing spinel oxides.

3.4. Diffusion model

The analysis of oxidation kinetics and oxide growth
behavior enabled the development of a diffusion model
describing the formation of protruding Nb-oxide structures
under LGD and HGD conditions, as illustrated in Figure 10.
This schematic model is based on the proposed sequence of
oxide formation and does not correspond to specific
exposure times. The progression of oxide evolution is
divided into four distinct stages: stage 1 is the nucleation of
oxide particles during the initial oxidation stage; stage 2 is
the planar oxide growth along the surface as the nuclei
coalesce; stage 3 is the perpendicular oxide growth
associated with oxide thickening and protrusion
development, and lastly stage 4 is the later-stage instability
of protruding Nb-oxides.

SA stage 1 ff oxide particle nucleation, during initial
oxidation, fine oxide nuclei form across the alloy surface.
When a metal alloy is exposed to high-temperature
conditions, metal ions (M*) from the base metal diffuse
outward toward the metal-air interface and interact with
ambient oxygen, forming a Cr-containing oxide nucleus. In
addition, the MC-type carbides in the alloy, such as (Nb,Ti)C,
will supply Nb ions, which form Nb oxides. Both LGD1 and
HGD1 samples display this nucleation behavior, however,
the higher grain boundary density in LGD1 samples
facilitates a more uniform and finer distribution of oxide
nuclei, whereas HGD1 samples show localized nucleation
with larger particle spacing. This difference in early oxide
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distribution lays the foundation for subsequent growth
morphologies.

At stage 2, during planar oxide growth, the nuclei coalesce
laterally as oxidation progresses, producing a continuous
planar oxide layer. The protective scale will dominate at this
stage, namely Cr,O0; and spinel oxides composed of
MnCr,0,, NiCr,0, and FeCr,0,, and will coexist with the
confined Nb-oxide particles. In the LGD2 samples, the
higher grain boundary density enhances lateral diffusion
and promotes a more uniform planar oxide layer,
contributing to a dense, homogeneous scale. On the other
hand, the HGD2 samples exhibit lateral oxide growth with
some thickness variations, leaving a possible spot of
protruding oxide. The phenomenon at this stage is related
to the change in weight of LGD and HGD samples at the
beginning of the 100-hour oxidation time (Figure 1), where
the LGD sample showed a higher weight gain than the HGD
sample due to extensive lateral oxide coverage on the
surface. As oxidation progresses beyond this stage, lateral
growth will continue in the HGD sample until adjacent oxide
particles are fully fused, thereby preparing the stage for
vertical growth and subsequent protrusion development.

In stage 3, which is the perpendicular oxide growth, the
oxide continues to grow as lateral layers form. Vertical
oxide growth will enhance the progress of oxide thickening
that occurs due to oxygen inwards diffusion and cation
outward diffusion from the base metal. Stage 3: Notice the
commencement of a protruding structure of Nb-oxide. The
LGD3 sample exhibits a prominent protrusion structure of
relatively small size and is evenly distributed, with less
stress accumulation due to grain-boundary diffusion. On the
other hand, HGD3 samples with lower grain boundary
density, which promote lattice diffusion, will result in the
growth of Nb-oxide protrusion structures. This
phenomenon contributes to the mechanical instability of
the oxide scale formed in the HGD sample, as shown in the
FESEM image in Figure 9.
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Figure 10. [llustration of the proposed physical diffusion mechanism responsible for the development of protruding Nb-oxide
structures in low grain diameter (LGD) and high grain diameter (HGD) samples, showing the influence of grain diameter on the oxide
scale growth during high temperature exposure.

Stage 4, the final stage, shows the growth behaviour of the
protruding oxide structure in the LGD4 and HGD4 samples.
Due to the extensive growth, it causes the structure to
protrude outwards in a bigger angular structure which
induces localized stresses leading to crack propagation
around the protruding structure and may cause subsequent
oxide exfoliation. When extensive cracking occurs or worse
if the oxide peels off, it will lose the oxide scale revealing
localized peeled areas that diminish protection. The peeled
scale leaves the alloy surface exposed, triggering rapid re-
oxidation and a higher oxidation rate that grows fresh oxide
to encapsulate the exposed regions. The higher oxidation
rate observed for the HGD sample is attributable to this
cyclic exfoliation-reoxidation mechanism, as evidenced by
the greater weight gain upon prolonged exposure at 500
hours (Figure 1). In contrast, the LGD4 sample behaved
differently, showing a uniform oxide layer and stable
protruding oxide structure without excessive growth and
restrictive exfoliation, as well as superior protective
properties that persisted over prolonged exposure. This
stable behaviour of the LGD4 sample can be attributed to a
lower oxidation rate, as evidenced by the lower parabolic
rate constant shown in Figure 3. As the oxidation growth
rate decreases, it facilitates the formation of a stable oxide
layer with a homogeneous dispersion of Nb-rich protruding
oxide structures that do not cause excessive cracking or
exfoliation, as documented by the FESEM images shown in
Figure 8.
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4. CONCLUSION

In summary, the Nb content in the HR120 Fe-40Ni-24Cr
alloy significantly affects the oxidation behaviour of LGD
and HGD samples during isothermal oxidation at 500 °C for
up to 500 h. A Parabolic oxidation rate law was obeyed by
LGD and HGD samples, with a lower parabolic rate constant
recorded by the LGD sample of 7.38 x 10™° mg®cm™*s7%,
indicating a lower oxidation rate, hence having good
oxidation resistance, which was calculated to be 37% lower
than that of HGD sample. Oxides Cr,0s; and MnCr,0, were
recorded by XRD analysis as the dominant phases. Surface
morphology analysis using SEM and FESEM documented
the distribution of Nb-rich precipitates for the LGD and HGD
samples, with the LGD sample exhibiting good scale
integrity but evidence of exfoliated oxide in the HGD sample,
reducing the protective scale capability. A diffusion model
for the growth mechanism of Nb-rich oxide protruding
structures has been proposed and consists of four stages.
Overall, oxidation resistance improved, with evidence of
lower oxidation rate constants and good scale stability,
attributable to the lower grain-diameter structure of the
LGD sample. Finally, quantitative phase analysis using
Rietveld refinement and cyclic oxidation testing are the
main focus of our future work to assess long-term
durability.
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