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Abstract
The formation of the α-Al2O3 scale on reactive element (RE)-doped FeCrAl alloys is 
commonly believed to be primarily caused by inward oxygen transport along grain 
boundaries. However, this study suggests that metal ion outward diffusion also plays 
a role in the development of the oxide scales and their microstructural characteris-
tics. The study examines the oxidation behavior and grain boundary outward dif-
fusion of iron-chromium alloys containing ~ 10 at% aluminum and ~ 22 at% chro-
mium, doped with an over-critical concentration of REs, i.e., Zr and Hf. All samples 
were investigated after thermal exposure at 1100 °C by scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), and atom probe tomogra-
phy (APT). As a result of the overdoping, a considerable increase in oxide growth, 
an increase in the depth of internal oxidation, and RE-oxide formation near and at 
oxide grain boundaries (GBs) were observed as a consequence of increased inward 
and outward diffusion. The effect of overdoping manifests itself differently depend-
ing on the RE type and amount due to different solubility, ionic size, and electronic 
structure of alumina. The sample with Zr retained the adhesion of alumina to the 
alloy after the first and second thermal exposure, while Hf overdoping resulted in 
severe spallation after the second thermal exposure.
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Introduction

FeCrAl alloys are considered highly suitable for high-temperature applications 
such as heating elements and furnace linings due to their exceptional resistance to 
corrosion and oxidation [1–5]. They form an alumina scale (α-Al2O3) at 1100 °C, 
which is responsible for the excellent oxidation resistance. Alumina has excellent 
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thermodynamical stability and a low concentration of defects because the point 
defect formation energy of alumina is known to be large, especially for charged 
defects [6]. However, alumina is susceptible to breakaway corrosion due to consum-
ing the aluminum reservoir in the alloy after long thermal exposure times. This phe-
nomenon has been substantiated through extensive lifetime modeling [7].

The effects of Reactive Elements (REs) on the oxidation process and on the 
formed oxide layer have been studied extensively over the past decades [8–13], and 
it has been found that REs, for example, (1) improve scale adhesion, i.e. alumina 
scale adhesion to FeCrAl alloy. The role of RE in scale adhesion has been inves-
tigated by many researchers, and they suggest, for example, that the formation of 
oxide pegs, which it’s formation was facilitated by RE doping, has a role in adhe-
sion enhancement [14, 15]. Another perspective, based on poisoned interface model 
(PIM), suggests that RE segregates to the scale/alloy interface, pinning the climb 
of misfit dislocation required for the scale growth [16]. James’s comprehensive 
review summarized all possible factors affecting scale adhesion [17]. (2) reduce 
the parabolic growth, and (3) hinder the outward diffusion of cation ions [18, 19]. 
The advantages offered by REs are believed to stem from their large ion size and 
high oxygen affinity [16, 20, 21]. Also, RE distribution and concentration deter-
mine their impact [11]. Most of the recent works suggest that the RE concentra-
tion has to be lower than the solubility limit in the alloy, i.e. around a few hundred 
parts per million [17, 22–24]. Overdoping, however, can generate disadvantageous 
effects, for instance, formation of a second phase such as yttrium aluminum oxide 
(Y3Al5O12-YAG) [25, 26]. Also, high amounts of yttrium cause Y-rich oxide parti-
cles to form at alumina Grain Boundaries (GBs), which has a detrimental effect on 
scale adhesion by enabling micro-cracks and voids [11, 27].

While alumina grows mainly by inward diffusion [28], confirmed using 18O tracer 
measurements [18, 19, 23], protective alumina scales on FeCrAl alloys have long 
to involve two layers: an inner layer comprising columnar grains and an outer layer 
with essentially an equiaxed grain structure [19, 29–33]. The presence of RE-rich 
oxide along the GB and at the outer surface of the scale is considered conclusive 
evidence of outward diffusion of cations [21, 34]. Such outward diffusion of cati-
ons is driven by the gradient in oxygen chemical potential across the scale. Eventu-
ally, over time, the concentration gradient is inversely related to the thickness of the 
oxide [29]. So, the composition of the new oxide formed in surface GB as a function 
of time and alumina scale thickness can give quantitative data on the magnitude of 
the GB flux and aluminum diffusivity.

Quantitative calculations of the GB flux of Al, based on the volume formed in 
surface GBs upon reoxidation of several relatively low RE-doped alloys [35, 36], 
agreed with Fick’s 1st law, that is, the molar flux due to diffusion was proportional; 
to the concentration gradient. This paper will discuss FeCrAl overdoped with REs 
(specifically, Zr and Hf) from the point of view of elemental outward segregation 
of thermally grown alumina scales, which could give an insight into the lifetime of 
these alloys. For this purpose, atom probe tomography (APT) has been employed, 
as it allows for 3-D mapping of atoms in the oxide scale at near-atomic resolution. 
Transmission electron microscopy (TEM) was employed to correlate the results 
from both.
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Experimental Procedures

Sample Preparation and Exposure

The samples were prepared from purity-high elements by arc melting technique 
under a protective Ar gas atmosphere. The compositions were determined by Spark-
Optical Emission Spectrometry (Spark-OES) for Fecralloy™ & FeCrAl–Zr and 
Energy-Dispersive Spectroscopy (EDS) for Fecralloy™, FeCrAl–Zr & FeCrAl–Hf, 
the results are given in Table 1. In both samples, the Zr and Hf levels exceed the 
optimum amount of REs in alloys, which typically is around 0.05 at.%.

The samples were sectioned using a diamond wire saw with a thickness of 2.5 
mm, then annealed in air at 1200 °C for 24 h for homogenization. The samples were 
polished with abrasive SiC paper down to 4000-grit, then using oil-base diamond 
suspension down to 1 µm and ultrasonically cleaned in alcohol and distilled water 
for 10 min.

Initial high-temperature oxidation exposures to form an adherent alumina scale 
were carried out in a chamber furnace in laboratory air at 1100 °C for 200 h, fol-
lowed by cooling to room temperature in air, and measurements were made of the 
oxide layer thicknesses. Following Tolpygo and Clarke [37], the end of one side of 
these preoxidised specimens was subjected to taper grinding at an angle of 0.08° 
to form a wedge shape in which the outer equiaxed layer of scale was removed to 
reveal the columnar grains of the inner layer. This taper polishing was done using 
oil-based diamond, starting with 1 μm, down to 0.04 μm particle size using colloidal 
silica, followed by cleaning for 10 min in an ultrasonic bath. These modified speci-
mens were oxidized for a further cycle at 1100  °C, and measurement of the new 
outward-growing oxide that was associated with the grain boundaries of the exposed 
original inner layer (as oxide ridges) was used to quantify the outward diffusion of 
Al. The stages in this procedure are illustrated schematically in Fig. 1. The optimum 
conditions to grow measurable oxide ridges in the second exposure were found to be 
60 min for Fecralloy™, 20 min for FeCrAl–Zr, and 40 min for FeCrAl–Hf.

Analytical Techniques

The oxide scales on Fecralloy™ and FeCrAl–Zr were investigated by means of 
scanning electron microscopy/focused ion beam (SEM/FIB), transmission elec-
tron microscope (TEM), and laser-assisted atom probe tomography (APT). After 
the second exposure, the FeCrAl–Hf sample had significant spallation and cracks 

Table 1   Alloys composition as analyzed by ICP-OES/EDS

Alloy/Compositions (at. %) Fe Al C Cr Mn Si Y Zr Hf

Fecralloy™ (OES) 67.4 9.65 0.07 22.03 0.19 0.56 0.06 0.06 –
FeCrAl–Zr (OES) 66.5 10.27 0.3 22.45 – – – 0.5 –
FeCrAl–Hf (EDS) 66.8 9.64 0.3 22.74 – – – – 0.52
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in most of the regions of interest, so TEM and APT were not employed in this 
condition. The specific instrumentation used for SEM/FIB was a Zeiss Auriga 
60), for TEM an FEI Thermo Fisher Themis Z, and for APT a CAMECA LEAP 
4000 XHR. The latter is equipped with a UV laser (wavelength 355 nm) and has 
a spot size less than 1 μm. TEM and APT samples were prepared using SEM/FIB 
with a maximum accelerating voltage of 30 kV for thinning steps, and a maxi-
mum accelerating voltage of 2 kV to minimize Ga ion damage to the sample.

The initial preparation of TEM and APT samples was very similar, from 
the creation of a lamella containing alumina grain boundaries, to attaching the 
lamella to a Micro-Post/TEM grid [38, 39]. Needle-shaped APT specimens with 
a shank angle of about 10° and an apex radius of less than 100 nm were prepared 
by the lift-out technique. Oxide samples containing grain boundary oxide were 
aligned approximately parallel to the field evaporation direction. The importance 
of attaining this particular APT sample shape is to acquire a high electric field (of 
the order of 1010 V/m [40], to induce the removal of a conductive emitter surface 
atom as an ion. In case of materials like alumina with poor electrical conductiv-
ity, a combination of ultra-short laser pulses and high electrical voltage is used 
[41]. The sample tips were analyzed by APT at a temperature of ~ 35 K, a UV-
laser pulse frequency of 125–200 kHz with a laser pulse energy of 30–40 pJ, and 
a detection rate of 0.25%. Reconstruction of the atom probe data was performed 
using AP Suite 6 software, based on the tip evolution profile. 3D atom distribu-
tion, 1D concentration profile across GB and interface, and proxigram analysis, 
which is a concentration of selected element as a function of distance to the iso-
concentration surface, were employed [42]. The Thermo-Fisher Themis-Z was 
operated in the S/TEM mode at an accelerating voltage of 300 keV. Both bright-
field (BF) and high-angle annular dark-field (HAADF) image modes were used.

The quantitative measures of solute segregation present at interfaces, com-
monly calculated using the methods proposed by Krakauer and Seidman [43], 
often reduce the characterization to a single value, i.e., the Gibbsian interfacial 
excess. The Gibbsian interfacial excess value Γ has been calculated, which indi-
cates the solute atoms at internal interfaces. It is defined as [43]:

Fig. 1   Schematic illustration of the experimental procedures used to observe the outward growth of Alu-
mina due to Al outward GB diffusion a typical alumina oxide structure after first oxidation. b After the 
first oxidation, the sample was polished by removing a portion of the formed oxide layer. c Re-oxidation 
after taper polishing
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where Nexcess
i

 is the excess number of atoms at an interface, A is the interfacial area 
over which Γ

i
 is determined. N�

i
 and N�

i
 are the number of atoms in α-phase and 

β-phase adjacent to the interface, � is the Gibbs dividing surface, and C represents 
the concentration of an element i in phase α or phase β [44].

Grain Boundary Outward Aluminum Flux

Oxide ridge volume measurements were obtained after the second oxidation using 
SEM/FIB. After sectioning through the oxide at 0°, the SEM stage was tilted to 54° 
in order to measure the cross-sectional area of the ridge Aridge . By assuming that out-
ward diffusion along an isolated grain boundary occurs without any lateral ‘leakage’ 
of atoms from grain boundaries to adjacent grains, the alumina grain boundary flux 
( JAl is defined as the number of ions per length and time t), can be calculated using 
the relationship [45]:

where LGB is the lateral length of the GB, NAl
GB

 is the number of segregated Al atoms 
along GB, where NAl

GB
 can be obtained from the measured grain boundary ridge vol-

ume V
m
= Aridge ⋅ LGB . The unit cell volume of α-Al2O3 ( Vunitcell ) is 0.254 nm3 and 

with the number of Al ions per unit cell of α-Al2O3 ( NAl
unitcell

 ) being 12. This yields:

inserting Eq. (3) into Eq. (2), the aluminum GB flux can be determined as follows:

Results

Oxide Scale Microstructure and Composition (SEM)

After an initial 200 h of oxidation at 1100 °C, the average external oxide scale thick-
ness of Fecralloy™, FeCrAl–Zr, and FeCrAl–Hf was measured from three differ-
ent samples and at a tenth different position, and it was found to be 3.1 ± 0.3 μm, 
5.6 ± 2.7 μm, and 4.9 ± 2.2 μm, respectively. Figure 2 shows SEM images of the cross 
sections of the oxidized samples. Whereas Fecralloy™ did not form internal oxides, 
quite extensive internal oxidation had occurred on both FeCrAl–Zr and FeCrAl–Hf 
samples to average depths of 79.2 ± 3.2 μm and 18.2 ± 2.2 μm, respectively.
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Topographies using SEM of the surface of FeCrAl–Hf after bevel polishing and 
re-oxidation in the second exposure are shown in Fig. 3. While a layer of transient 
Fe-rich scale had formed, most of it had spalled extensively to expose partially 
spalled alumina (Fig. 3b) which exhibited ridges (Fig. 3c), indicating that transport 
of cations along alumina grain boundaries had occurred. Distinct areas of Hf oxide 
were present in some areas from which the alumina had spalled (Fig. 3d). Topogra-
phies of the scales formed on Fecralloy™ and FeCrAl–Zr after the same re-expo-
sure, shown in Fig. 4, illustrate new alumina ridges formed over grain boundaries in 
the alumina scale.

Oxide Scale and Composition (TEM)

After the second exposure, high-resolution electron imaging by TEM/STEM was 
performed on the Fecralloy™ and FeCrAl–Zr specimens. The FeCrAl–Hf speci-
mens were not examined due to the severe scale spallation that had occurred.

Figure 5 shows the elemental maps of Fe, Cr, and Zr ions for Fecralloy™. The 
atomic fraction at the oxide layer for Fe ranges between 4.05 × 10–4 to 3.3 × 10–3, 
Cr between 4.53 × 10–5 to 2.1 × 10–3 and Zr between 5.3 × 10–5 to 3 × 10–3, meaning 

Fig. 2   Secondary electron images of the samples after first oxidation for 1100 °C for 200 h. a Fecral-
loy™. b FeCrAl–Zr. c FeCrAl–Hf
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nearly no segregation to the oxide layer. The cross-sectional HAADF-STEM image 
of the oxide scale grown on the FeCrAl alloy overdoped with Zr (FeCrAl–Zr) and 
EDX elemental mapping images are shown in Fig. 6.

As Fig. 6b, there was an indication of a Cr-enriched region within the alumina 
layer. The 1D concentration profile (Fig.  6c) demonstrates a relatively sudden 

Fig. 3   SEM topographies of scales formed on FeCrAl–Hf after the second oxidation exposure (1100 °C 
for 40 min): a low-magnification image showing thin alumina scale with areas of spallation. b Higher-
magnification image showing alumina scale and areas of Hf oxide exposed after spallation of outer Fe-
rich scale. c Oxide ridges on alumina beneath spalled Fe-rich scale; and d alumina and relatively large 
area of Hf oxide revealed beneath spalled external Fe-scale

Fig. 4   SEM micrograph of a Fecralloy™. b FeCrAl–Zr (overdoped), after second thermal exposure for 
60 min, and 20 min, respectively. Both SEM images show Alumina oxide ridges formed on top alumina 
GBs
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increase in Cr concentration in the indicated region in Fig. 6a by an arrow. Further 
investigation of GBs in the alumina scale detected Zr segregation to the oxide grain 
boundaries (Fig. 7) reaching a concentration of 7.27 at%.

Atom Probe Tomography (APT)

APT was used to examine the microstructure in greater detail and gain a better 
understanding of the distribution of the atoms in the oxide scale. APT analyses 
were made of samples from newly grown ridges, including the GB beneath it, on 
Fecralloy™ and FeCrAl–Zr, and from the oxide-alloy interface of FeCrAl–Zr after 
the second oxidation exposure. Elemental enrichment of these characteristics often 
allows APT to monitor the grain boundaries, and Fig.  8 shows reconstructed 3-D 
atom probe tomography images of a tip-sample (containing part of an alumina grain 

Fig. 5   a HAADF-STEM image of the oxide layer grown on Fecralloy™ after the second exposure. b–d 
EDS maps of Fe, Cr, and Zr ions, respectively. EDS maps showing a segregation of Zr ions to the oxide 
layer

Fig. 6   a The oxide scale formed on FeCrAl–Zr alloy after the 2nd thermal exposure. b Elemental map 
shows the distribution of Cr ions. c 1D concentration profile along the indicated direction in (a)
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boundary) farthest from the new oxide ridge grown on Fecralloy™. The location of 
the grain boundary is indicated in Fig. 8c, based on one-dimensional C ion enrich-
ment. The APT analysis of the alumina grown on Fecralloy™ did not reveal any dis-
cernible patterns (such as segregation at grain boundaries or segregation to the oxide 
layer), based on the atomic distribution of Fe or Cr ions present in the alloy.

A further APT sample of Fecralloy™ was taken from a sample of the alumina 
grain boundary nearest to the oxide ridge (near the oxide/air interface), Fig. 9a. Fe 
was found in the grain boundaries of the alumina layer close to the oxide/air inter-
face, as indicated in Fig. 9b, which also shows the spatial distribution of part of the 
deposited silver layer, O ions, and Al ions. Figure 9c and d shows the atomic density 
maps for Fe and Cr at the indicated location in Fig. 9a. It can be seen that the Fe is 
segregated along the GB to the oxide/gas interface. Also, there are traces of Cr in 
the vicinity of the same region. The Gibbsian interfacial excess of Fe (Fecralloy™ 
sample) at the alumina oxide GB was calculated and it was ΓGB

Fe
= 0.42 nm−1.

Fig. 7   a STEM-HAADF image of alumina scale for FeCrAl–Zr sample. b EDS map across the alumina 
GB showing a segregation of Zr ion along alumina GB (c)

Fig. 8   APT reconstruction elemental maps of a tip-sample from oxide scale grown on Fecralloy™



50	 High Temperature Corrosion of Materials (2024) 101:41–59

1 3

In the case of FeCrAl–Zr, two APT samples of oxide scale containing GBs and a 
sample containing an oxide-alloy interface were successfully prepared. As shown in 
Fig. 10a and b, the isosurface map of Fe and 3D atomic distribution of Cr indicated 
a triple junction point at the oxide-alloy interface, which represents the intersec-
tion point of adjacent oxide grain and the oxide/alloy interface. The triple junction 
point was confined between the alloy and two oxide grains and was identified by 
its hump-like location and shape (e.g., Figs. 5a, 8a show the same hump-like at the 
triple junction point). The emergence of a Fe-rich band (Fig. 10a) and a Cr-rich band 
(Fig. 10b) above and close to the alumina GB were thought to be signs of Cr and Fe 
ion segregation as a result of overdoping.

Additionally, the presence of Fe and Zr precipitates near the grain boundary 
may increase the segregation of Fe and Zr ions along it. The profiles of local 

Fig. 9   a The location from which the APT sample was prepared. b Reconstructed 3-D APT images 
showing atomic distribution of Fe, Al, O and Ag on FecralloyTM. c and d Atomic density maps of Fe 
and Cr

Fig. 10   a APT reconstructed isosurface maps of Fe in oxide layer grown on FeCrAl–Zr tip-sample after 
the 2nd exposure for 20 min. b atom distribution of Cr
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atomic concentrations vs. proximity to the triple junction point in FeCrAl–Zr 
(proximity histogram, or ‘proxigram’) shown in Fig. 11a allow the relative con-
centrations of Zr, Cr, and Fe to be compared. These indicate that Cr (3.3 at%) is 
more prevalent than Fe or Zr. The 1-D concentration profiles taken from the grain 
boundary exhibit a sudden increase in Zr concentration, see Fig. 12b. The Gibb-
sian excess of Zr for the regions of interest (ROIs) in Fig. 12a was calculated to 
be ΓGB

Zr
= 0.7 nm−2 . Since the Gibssian excess of Zr in FeCrAl–Zr is higher than 

Gibssian excess Fe in Fecralloy™, and the ionic size of Zr is higher than Fe, this 
suggests an enhancement of segregation and an increase in GB width.

APT tip-sample from the FeCrAl–Zr sample containing an oxide-scale inter-
face yielded the 3-D atom maps of the distribution of Fe, Cr, Zr, Al, and O shown 
in Fig.  13. The data in Fig.  13c infer that Zr ions are segregated to the oxide 

Fig. 11   Proximity histograms (proxigrams) of a Triple junction point. b Fe precipitate

Fig. 12   a 3-D APT reconstructed analyses for a tip sample from FeCrAl–Zr, showing grain boundaries 
and the regions of interest (analysis was made in the Z-direction). b 1-D concentration profile on a grain 
boundary
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layer. As indicated, these were generated at four segments along the oxide alloy 
interface. In particular, the maximum value of the atomic concentration of Fe 
occurred in the alloy region of ID6.

Based on the curve of the interface near the bottom of the 3-D elemental map 
for Fe (Fig.  13a), this location appears to be near a triple junction region. Fig-
ure 14 indicates the change in concentration of these elements across the oxide-
alloy interface. On average, Fe was present at a level of 29.22 at. % in the oxide-
alloy interface but only 1.24 at% in the oxide grain. The corresponding levels for 
Cr were 6.12 at. % and 0.39 at. %, while the level of Zr in the alloy and oxide was 
the same (0.097 at% and 0.11 at%, respectively.

Fig. 13   3D elemental map distribution in APT tip-sample of FeCrAl–Zr containing oxide/alloy interface. 
a Fe. b Cr. c Zr. d Al. e O. f AlO

Fig. 14   APT analysis of oxide/alloy interface region of FeCrAl–Zr sample after 2nd isothermal oxida-
tion at 1100 °C in air for 20 min. a Fe isosurface used to highlight the interface region. (ID4-ID8) cor-
responding 1D concentration profile showing the segregation behavior of Al, O, Fe, Cr, Zr ions through 
oxide/alloy interface
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Outward Flux of Al Along Alumina GB

The data acquired for the flux of aluminum along alumina GB is shown in Fig. 15a, 
which is plotted using a double-logarithmic of the oxide thickness against the Al 
flux along GB, using Eq. 4. Very good agreement was found with results published 
by Nychka and Clarke [35], shown in Fig. 15b. The results for alloys Fecralloy™ 
and FeCrAl–Zr followed Fick’s law of diffusion. From Fig. 15a, it can be deduced 
that the flux of Al along GB has enhanced in overdoped FeCrAl with Zr.

Discussion

The methodology of sample preparation and quantifying the Al flux along oxide GB 
was based on the second polishing step and tuning of the second oxidation time to pro-
duce a specific (ridged) microstructure on the oxide surface. where its growth is time and 
oxide thickness-dependent. The second polishing is considered a critical stage, but it is 
also a contentious step since polishing could introduce additional dislocation, and sub-
sequently, yield a higher flux. To reduce this effect, the second polishing should be per-
formed using as small as possible polishing particle size and for at least 11 min. Other 
milling techniques reportedly [36] have disadvantages that affect the Al flux. With Xe 
gas milling, for instance, Xe ions can impede oxide grain boundaries, consequently hin-
dering Al segregation along them. Mechanically-polished Hf-doped samples exhibited a 
higher flux for the same species, compared to Xe-milling of the same samples.

The straightforward formula to evaluate the flux along oxide GBs disregards 
several factors that could affect the results, e.g., low-, and high-angle GBs are not 
addressed in Eq. 4, even though these two factors have an impact on segregation. 
The leakage of atoms from GBs to adjacent grains was also disregarded. However, 
Eq.  4 can serve its purpose by giving an estimated value of Al flux along GBs. 
The results of the present work correlate well with Nychka and Clarke’s results 
(Fig. 15b) and comply with the 1st Fick law of diffusion.

Fig. 15   Grain boundary flux of aluminum versus wedge oxide thickness for a FeCralloy™ and FeCrAl–
Zr alloy after re-oxidation for 1 h and 20 min, respectively, and b Data for several alloys pre-oxidized for 
120 h at 1100 °C in air, and re-oxidized for 4 h at 1100 °C in air [35]
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Earlier studies have demonstrated that the presence of RE(III) elements leads to 
a notable expansion in grain boundary width as the ionic radius and concentration 
increases. This expansion generates accumulated stress, facilitating the rapid precip-
itation of RE oxides, and in some cases leads to oxide spallation [46–48]. Numerous 
models have attempted to predict the effects of REs: the so-called poisoned interface 
model (PIM) [49] proposed that the REs and cation impurities segregate to the alloy/
scale interface and react with the defects, having an impact on the oxide growth 
mechanism. However, the PIM model contradicts the findings in Pint’s paper [31], 
where it lapses any role of RE doping in the scale. Furthermore, it does not con-
sider the potential presence of small voids at oxide/alloy interface. The grain bound-
ary segregation model proposed that the REs and cation impurities share the same 
defect routes for incorporation into oxide scale growth. Cation impurities tend, in 
general, to segregate at GBs the same as aliovalent cations, which requires vacancies 
or interstitials to preserve electric neutrality, which in turn increases the diffusivity 
in GBs [50]. The first mechanism of GB segregation model can be interpreted that 
the presence of REs at the GBs makes them act as site blockers to the other cation 
impurities, hence reducing its segregation. The other postulation of that model is 
the swamping-out mechanism [51], supported experimentally using HRTEM and 
STEM energy dispersive X-ray analysis [52]. In that mechanism, isovalent seg-
regants (e.g., Y+3) swamp out Si and Ca impurities. The aliovalent cation segrega-
tion can enhance the GB diffusivity of Al cations and O anions by increasing the 
anion and cation vacancies. The recent trend to explain the effect of the RE relies 
on the band structure of Al2O3 scales [53–56], where the electrons and holes play a 
role in the scaling reaction (i.e., creation and annihilation of vacancies at interfaces). 
The participation of the electron or holes arises from near-band edge defect struc-
ture. Doping with reactive elements could alter the electronic structure, due to the 
segregation, and involve a migration of grain boundary disconnections; a class of 
GB ledge defects characterized by a step height h and a Burgers vector b. containing 
positively charged and negatively charged jogs [57, 58]. The increase in the amount 
of RE can increase the migration of disconnections. Eventually, this led to enhanced 
segregation.

The practical limits associated with the REs commonly used in commercial alloys 
were reported by several researchers [17, 22–24], and there was an agreement that 
the proper amount of the RE is several hundreds of ppm, and the amount itself dif-
ferentiates from one RE element to another, but stayed in that range. These limits are 
related to the solubility limits of the REs and the presence of impurities, like S and 
C. Exceeding these limits would lead to the formation of second phases (Fig. 3b, d) 
or intermetallic compound with aluminum, spallation, and oxide layer failure.

The Fecralloy™ formed the thinnest oxide thickness with no internal oxida-
tion after the first and second oxidation at 1100 °C, demonstrating the feasibil-
ity of RE addition when incorporated under defined conditions [11, 21]. The 
3-D atom distribution maps acquired in this work from APT of alumina formed 
on Fecralloy™ after the 2nd thermal exposure (Figs. 8, 9) show data from sec-
tions of alumina grain boundaries: the area shown in Fig.  8 contains an alu-
mina grain boundary farthest from the newly-formed oxide ridge, while that in 
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Fig. 9 represents an alumina grain boundary nearest to the ridge (near the oxide/
air interface). The map in Fig. 9b shows Fe atoms detected at an alumina grain 
boundary. This contrasts with the absence of any notable segregation of Fe (or 
Cr) in the maps in Fig. 8. Presumably, the source of those Fe atoms was surface 
diffusion of Fe atoms that exists from the first oxidation process, which occupied 
200 h.

The APT reconstruction analyses correlate with the STEM/EDS results (see 
Figs. 5, 8), as both indicated the absence of Fe or Cr ion segregation at alumina 
grain boundaries in the Fecralloy™ sample, which reflects the feasibility of the 
REs acting as site blocker of outward ion segregation.

It can be inferred from Fig. 15, and based on the SEM images, that the out-
ward grain boundary diffusion of Al in FeCrAl–Zr was enhanced as a result of 
overdoping, contrary to the beneficial effect of REs on the outward diffusion of 
Al in the Fecralloy™ sample. Segregation of Fe and Cr ions was identified by 
the appearance in the oxide layer of bands rich in Fe and Cr ions, as indicated 
in the reconstructed elemental maps shown in Fig.  10. According to the sim-
ple theory of equilibrium segregation [59], increasing the amount of RE would 
raise the concentration of segregant at GB until it reaches the saturation concen-
tration, leading to the formation of RE oxides [60]. Others [52] have proposed 
that increasing the amount of REs increases the disorder in the alumina lattice, 
allowing improved diffusion rate through the oxide [61].

After the second exposure of the FeCrAl–Zr sample, Zr ions were found to 
have segregated along oxide grain boundaries (see Figs.  7b, 12). The forma-
tion of a Cr-precipitate near the grain boundary could contribute to the segre-
gation of Cr ions along grain boundaries. This points to a dynamic segregation 
and purification process of the alumina scale (see Figs. 10b, 6b, c) and surface 
energy minimization.

The level of overdoping of the FeCrAl–Hf alloy led to disastrous degradation 
of its ability to form a protective alumina scale. The alloy exhibited reduced 
oxide scale adhesion, and formation of a second phase oxide or intermetallic 
compound with Al that promoted internal oxidation by enhancing inward dif-
fusion [9, 62], as illustrated in Figs. 3 and 5. The major undesirable effect was 
scale spallation, apparently promoted by the formation of HfO2 at the alloy/scale 
interface, presumably due to differences in thermal expansion among the oxides 
[63, 64]. Additionally, the lattice mismatch between alumina and hafnia and the 
increased Pilling-Bedworth ratio upon hafnium oxidation are related. Hafnium 
has an extremely high affinity for oxygen [65] and tends to induce higher den-
sity of defects in alumina oxide compared to Zr, and this characteristic is evi-
dent in the formation of Hf oxide in FeCrAl–Hf sample and the formation of Fe 
oxides on the surface, as depicted in Fig. 3. Hf ion has a larger ionic radius and 
higher charge density make it more prone to introduce lattice distortion and cre-
ate vacancies, which can act as charge carriers and affect the transport proper-
ties. Meanwhile, the solubility of oxygen in Hf is lower than it is in Zr, this may 
explain the higher oxidation depth in the FeCrAl–Zr sample (Fig. 2b).
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Conclusions

The oxidation behavior of Fecralloy™ and FeCrAl overdoped samples with Hf or 
Zr was investigated using a novel technique involving reoxidation of an isothermally 
formed scale from which the outer layer of the alumina scale has been formed. The 
results can be summarized as follows:

1.	 The inward diffusion was enhanced in the overdoped samples where the inward 
diffusion is more enhanced by overdoping with Zr than overdoping with Hf based 
on the depth of internal oxidation.

2.	 Based on the thickness of the oxide scale formed on the overdoped alloys, outward 
diffusion of aluminium was enhanced (see the J values for the grain boundary 
flux of Al, Fig. 15).

3.	 In the overdoped FeCrAl with Zr, the Fe and Cr ion segregation within oxide 
grains was observed (Figs. 10a, b, 12), which may attributed to the overdoping 
effect or as a remnant of the transient stage. Additionally, the presence of Zr ions 
was detected within the oxide grain boundaries of the overdoped sample with Zr.

4.	 The sample overdoped with Hf experienced strong scale spallation after the sec-
ond exposure, significantly higher than the Zr-overdoped sample. This precluded 
further analysis of this alloy.

5.	 The beneficial effects, including the hindered outward diffusion of Al and other 
constituents along the alumina grain boundaries, reducing the growth rate, and 
enhancing the adhesion of the alumina scale to the alloy, were observed in the 
Fecralloy™ sample. In contrast, the overdoped sample with Hf exhibited strong 
spallation after the second exposure, which was relatively much higher than in 
the overdoped sample with Zr.
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