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Abstract

FeCrAl alloys are promising candidates to replace Zr alloys as fuel cladding materials in
nuclear light-water reactors. Grain refinement has been indicated to improve irradiation
resistance. To enhance corrosion resistance as well, the effects of grain refinement on steam
corrosion behavior were investigated in this work. Samples of Kanthal D alloy (Fe-21Cr-5Al)
with two different grain sizes (coarse-grained and ultrafine-grained) were exposed to steam at
1200 °C for 2 hrs. Results indicate improved steam corrosion resistance in ultrafine-grained
Kanthal D with formation of a thinner protective Al oxide layer and the presence of a thin

underlying Cr oxide layer.



1. Introduction

The environment in a commercial nuclear light-water reactor (LWR) is extreme and
poses many severe challenges in terms of material design and implementation [1,2]. More
specifically, the fuel cladding that makes up the fuel rods and contains the uranium-bearing fuel
pellets must be able to withstand continuous operation at temperatures around 300 °C, exposure
to water and steam at such temperature, and extreme radiation exposure, while retaining
sufficient mechanical properties so as to prevent rupture and release of fission products [1,3].

Traditionally Zr-based alloys have been used for fuel cladding in both boiling-water
reactors (BWRs) and pressurized-water reactors (PWRs) [1]. Zirconium alloys were selected
and designed for their resistance to corrosion, resistance to prolonged thermal creep, low neutron
absorption, and significant resistance to radiation damage [4—6]. However, under loss-of-coolant
accident (LOCA) conditions, which include severely increasing temperatures (>1000 °C),
reactions between the Zr cladding and steam occur to produce significant amounts of hydrogen
[7]. If not monitored and controlled, release of such hydrogen can result in explosive
combustion. Such hydrogen combustion resulted in severe damage to the reactor buildings of
units 1, 3, and 4 during the events at the Fukushima Daiichi power plant in March 2011 [8].

Since the events at Fukushima Daiichi, significant investment and efforts have been put
forth to develop accident tolerant fuel and cladding (ATF) [9,10]. One avenue of such research
has led to the investigation of iron-based FeCrAl alloys. Other than removing the risk of
hydrogen production, a significant advantage of such alloys is their ability to form a protective
aluminum oxide layer under the high temperature steam conditions encountered in a LOCA
[3,9,11]. Alongside such high temperature resistance, such FeCrAl alloys also maintain desirable
hydrothermal corrosion resistance under operating conditions through the formation of a more

traditional, protective Cr-oxide layer [3].



To further improve the characteristics of FeCrAl alloys and other steel alloys commonly
or prospectively used in nuclear applications, grain refinement including nanostructuring has
been studied primarily as a means of improving irradiation resistance [12—16]. It has been found
that grain boundaries act as sinks for irradiation-induced defects [12—16]. Thus, the premise of
such research that has widely been shown is that increasing the fraction of grain boundaries
allows for more effective absorption of irradiation-induced defects, enabling retention of a more
intact microstructure for longer time under irradiation.

In this work, equal-channel angular pressing (ECAP) is used to produce an ultrafine-
grained microstructure (UFG, 100 nm < average grain size < 1 um). ECAP is a method of severe
plastic deformation (SPD) for grain refinement [17-20]. Essentially, ECAP is performed by
pressing a material through a die with a sharp (even as sharp as 90°) angle as a means of SPD,
which does not change the dimensions of the sample [19]. Multiple passes and changes in
orientation of the sample between passes through the die can be utilized to control the degree of
deformation and ultimately grain refinement [19].

The oxidation behavior of FeCrAl alloys under many varying experimental conditions
has been well studied. I. Roy, et. al. presented a study on the effects of varying Al content on
steam oxidation behavior at 400 °C of a Fe-17Cr alloy with significant findings on how oxide
layer changes with Al content [21]. A. Chikhalikar, et. al. performed a similar investigation into
the influence of adding Al to an Fe-21Cr alloy on the steam oxidation behavior at 400 and 1200
°C and reported differences in oxide formation at the increased temperature [22].

However, the effects of grain refinement on the steam oxidation behavior of FeCrAl
alloys remains relatively unstudied. Thus, the work presented herein intends to address such a

gap in knowledge. This is accomplished through the examination of the effects of grain



refinement on the oxidation behavior in 1200 °C steam of Kanthal D (KD), a commercially
available FeCrAl alloy (nominally Fe-21Cr-5Al). More specifically, KD processed through
ECAP to achieve a UFG microstructure followed by exposure to steam at 1200 °C will be
compared to an as-received, coarse-grained (CG, average grain size >1pum) counterpart exposed

to the same steam environment.

2. Methods

2.1.Materials and Processing

The composition of KD is given below in Table 1. KD was purchased in the form of
cylindrical bar stock with a diameter of 20 mm. This as-received KD will hereafter be referred to
as CG KD. Several of the as-received bar stock rods were then used in ECAP processing. Using
route Bc, as detailed in [19], six passes of ECAP at 520 °C were performed. The inside angle
between the entrance channel and exit channel of the ECAP die was 120°. The ECAP-processed
KD will hence forth be referred to as UFG KD.

Table 1: Composition of KD

Fe Cr Al Ni Si Vv Ti Cu Mn C

Wt% | Bal. | 20.57 | 4.790 | 0.260 | 0.240 | 0.030 | 0.020 | 0.020 | 0.180 | 0.026

2.2.Steam Oxidation
From the bulk CG KD and UFG KD rods, four 20x2mm disks were cut, two from a CG

rod and two from a UFG rod. A 3.5mm hole was drilled towards the edge of each of the disks to
allow them to be suspended in the furnace for full exposure to steam. The disks were then sent to
General Electric Research for further sample preparation and the steam oxidation experiments as

outlined in the following sentences and paragraph. Both sides of each disk were polished using



SiC polishing paper to a 600-grit finish. This polishing was followed by ultrasonic cleaning in
purified water and rinsing with methanol.

The disks were suspended in a vertical tube furnace using Pt wire which was used to
avoid degradation of the wire itself and for Pt’s chemical inertness with regard to the samples
themselves. With the samples in place, the furnace was purged through flow of argon. With the
system purged, temperature was ramped up at ~10 °C per minute to a target of 1200 °C with
argon flowing continuously. At 1200 °C the flow of argon was turned off, and steam generated
using purified water was introduced at a flow rate of 5g per minute. Exposure to steam was
maintained for two hours. After the two-hour exposure, power to the furnace was shut off, flow
of steam was stopped, and argon was reintroduced to bring the environment back to ambient
conditions.

2.3.Characterization

X-ray diffraction (XRD) was performed using a Philips X’PERT MPD XRD with a Cu
source. Patterns were collected between 5° and 90°, and a total scan time of 30 minutes was
used. Initial characterization on the micron level was performed using a FEI Quanta 600F
scanning electron microscope (SEM). This instrument was equipped with a field emission gun
(FEQ), a backscatter electron (BSE) detector, and Bruker Xflash 6 energy dispersive x-ray
spectroscopy (EDS) detector. Such SEM characterization included identification of oxide
spalling sites utilizing elemental (Z) contrast provided by BSE imaging. The samples were
Au/Pd sputter coated to improve conductivity and prevent beam drift during SEM observation.
Imagel software was used to measure and quantify the oxide spalling sites from the SEM BSE

images.



Following initial SEM surface analysis and quantification of spalling sites, one of the
steam corroded CG KD disks and UFG KD disks was cut for initial cross sectional analysis in
SEM. The cuts were made using a resin bonded alumina blade in a high-speed precision saw
(Allied TechCut 5). The cut pieces were mounted with cross sectional face exposed and were
polished with a final step of 0.02 um colloidal silica suspension.

An FEI Scios 2 DualBeam SEM was used for transmission electron microscopy (TEM)
sample preparation. This instrument is equipped with a focused Ga ion beam and all necessary
attachments to lift out and thin a TEM lamella. Spalling sites were identified using BSE on each
of the steam oxidized CG and UFG KD discs as locations for lift-outs. Pt was deposited using the
electron beam prior to deposition of a thicker Pt layer using the ion beam to ensure minimal
damage to any oxide layers. Lift-outs were mounted to a Cu TEM grid followed by thinning with
decreasing current and voltage with final thinning to electron transparency, ~100 nm, performed
at 5 kV and 0.3 nA.

For further cross-sectional analysis in terms of thickness measurements of any identified
oxide layers, a ThermoFisher Scientific Helios 5 Hydra UX DualBeam plasma focused ion beam
(PFIB) SEM was used. A ~150 um long by ~10 um wide bead of tungsten was deposited over
the surface of each of the steam corroded CG and UFG KD samples. This was followed by bulk
milling of a trench ~150 um long on each of the samples using a 0.15 pA Xe plasma beam with a
stage tilt of 52° (ion beam normal to sample surface). Following bulk milling the cross-sectional
surface on each sample was cleaned with decreased ion beam currents (down to 4 nA) until the
surface was smooth. With the samples tilted at 52°, the electron beam was used to capture cross-
sectional images along the lengths of the trench on each of the steam corroded CG and UFG KD

samples. From the SEM cross sectional images, a MATLAB script developed by Grant Helmrich



at Oak Ridge National Laboratory was used to trace the identified oxide layer and measure
thickness.

An FEI Talos F200X TEM operating at 200 kV was used for scanning TEM (STEM)
characterization. This instrument is equipped with an X-FEG field emission gun, a high-angle
annular dark field detector (HAADF), and a Super X EDS detector. STEM characterization
included identification of the oxide layer and high-resolution EDS maps to detect thinner oxide
layers.

Glow discharge optical emission spectroscopy (GD-OES) was performed using a
calibrated HORIBA Scientific GD-Profiler 2 instrument equipped with differential
interferometry profiling (DiP) for precise depth measurement. A 4 mm circular diameter anode,
which determines the area of a measurement, was used with the following source parameters:
700 Pa pressure, power set at 35 W, with pulsing off. Depth profile scans were taken for 3
minutes and monitored live to ensure full measurement of oxide layer(s); level plateau of profile
indicated penetration of oxide layer(s) and measurement of bulk material.

Although thorough details on the calibration process of GD-OES is out of the scope of
this discussion, it is worth outlining the process in terms of quantitative depth profiling. For
quantification, a collection of materials standards with precisely known compositions are
required, and these standards should contain significant quantities of elements typically
encountered preferably in the form of similar alloys or compounds. Using these standards, GD-
OES measurements are made, composition and density of the standards are correlated to those
scans, and correlation curves are developed on an elemental basis. Also, with each scan using a
standard, depth of the sputtered region is measured using an interferometer or a microscope, and

such a measurement over the time sputtered is entered alongside the composition of the standard



allowing for correlation of sputtering rate. In this work, standards for alumina and multiple
stainless steels were included in calibration of the machine. In addition, measurements of depth
based off the differential interferometry profiling (DiP) system were compared with calculations
using calibrated sputtering rates, and the two methods provided proportional results. However,
per recommendation from HORIBA Scientific, the calibrated sputtering rate method was used in

this work as it is considered to be more accurate in well calibrated systems.

3. Results
3.1.0xide Spallation

XRD was performed to gain insight into the crystal structure of oxides on the steam
corroded CG and UFG KD. The indexed XRD patterns for the steam corroded CG and UFG KD
are shown below in Figure 1. Rhombohedral, a-Al>Os was identified which was expected from
oxide scale on the surface, and a-ferrite was also identified which is from the FeCrAl matrix.
The presence of the peak corresponding to a-ferrite at ~82° from the steam corroded UFG KD is

believed to result from texture in the UFG KD grain structure.
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Figure 1: XRD patterns from the steam corroded CG KD (a) and steam corroded UFG KD (b)



In performing initial characterization using SEM, the main objective was to identify any
differences on the surface of the oxides of the steam corroded CG and UFG KD. Features with
bright elemental contrast under BSE imaging were identified on both the steam corroded CG and
UFG KD samples. However, differences were observed between such sites found on the CG KD
vs. the UFG KD; the primary difference was size. Examples of such sites are shown in Figure 2.
The site shown in Figure 2b is on the larger side of those observed on the surface of the steam
corroded UFG KD samples. Many of the sites observed on the UFG KD samples were smaller
and more rectangular in nature as opposed to the larger more oval shaped sites observed on the

steam corroded CG samples as represented in Figure 2a.

Figure 2: SEM micrographs of representative spalling sites on the surface of the steam corroded
CG (a) and UFG (b) samples. Low magnification micrographs were taken using backscatter
electron imaging and the inset micrographs are secondary electron images.

To further investigate the exact nature of the assumed spalling sites, SEM EDS
compositional mapping was performed. The elemental EDS maps of the site shown in Figure 2a
are shown in Figure 3 and are representative of the maps taken of sites observed on both the
steam corroded CG and UFG KD. As can be seen from the aluminum elemental map (Figure 3b)

and from the oxygen elemental map (Figure 3e), the majority of the surface is covered by an



aluminum oxide layer. However, the sites that appeared with bright elemental contrast under
BSE imaging, are devoid of Al and O under EDS mapping and instead show the presence of iron
(Figure 3c) and chromium (Figure 3d). This indicates damage or spalling of the aluminum oxide
layer, which is likely due to thermal stresses induced during cooling. Also of note, is the
observed chromium enrichment in the spalling site. Such enrichment was also observed in the
spalling sites on the steam corroded UFG KD samples, and this enrichment is speculated to occur
on grain boundaries which will be discussed in more detail in a later section. However, it is not
necessarily believed that such chromium enrichment plays a significant role in the observed

spallation as such enriched veins are not observed in all the measured sites.

Figure 3: EDS Al (b), Fe (c), Cr (d), and O (e) maps of a representative spalling region as
shown in secondary electron image (a) taken from a steam corroded CG KD sample.

To quantitatively determine the differences observed in the spalling sites on the steam
corroded CG KD and the UFG KD, area measurements were made utilizing the SEM images and
EDS maps similar to those shown in Figure 3. 25 sites were identified and measured from the

steam corroded CG KD samples and 27 were identified and measured from the steam corroded



UFG KD samples. With navigation in SEM covering the entire areas of the samples, the sites
were randomly identified through such navigation. With the area measurements, area equivalent
diameter for the sites along with area fraction and number density were calculated. These
quantified values are given in Table 2. As aligns with initial observations, the spalling sites on
average are 16.15 um larger on the steam corroded CG samples compared to the UFG KD
samples. However, the density of the spalling sites is 4.11 times greater on the steam corroded

UFG KD compared to the steam corroded CG KD.

Table 2: Quantified differences between spalling on steam corroded CG and UFG samples. The
error associated with the average diameter values is the standard deviation calculated across
the measurements.

Sample Average Diameter of Area Fraction of Number Density of
Spalling Sites (um) Spalling Sites (%) Spalling Sites (m2)
CG 27.64 £ 6.44 3.43 5.42x107
UFG/ECAP 11.49 £5.90 2.92 2.23x108

3.2.0xide Thickness and Properties

To provide further insight into the characteristics of the oxide(s) formed on the surface of

the samples, initial characterization using SEM was performed on the cut cross section samples.

SEM BSE images of the oxide layer from such a cross sectional view taken from the steam

corroded CG and UFG sample are shown in Figure 4. The oxide layer appears to be fairly

uniform on both the steam corroded CG sample and UFG sample. In terms of elemental contrast

through BSE imaging, there initially does not appear to be multiple oxide layers of different

compositions; however, with the slight nonuniformity on the surface of the oxide on the UFG

sample (Figure 4b) and the slight difference in contrast, it was initially believed that a second

oxide layer existed on the steam corroded UFG KD sample. Also, as seen in the inset of Figure




4a, there appears to be a vein with an enrichment in chromium. Such enrichment could be similar
to that observed in Figure 3 where it is speculated that chromium enrichment could occur along
grain boundaries. Likewise, such features were also observed in SEM of the cross sectioned
steam corroded UFG KD sample. As can be seen in the inset of Figure 4a, it does not appear that

such an enrichment has any localized effects on the uniformity of the alumina layer.
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Figure 4: Backscatter electron SEM micrographs of oxide on the surface from a cross sectional
view of the steam corroded CG (a) and UFG (b) samples. Inset is a composite EDS map
clarifying existence of a P inclusion.

To further investigate the possible existence of any secondary oxide layers on either or
both of the steam corroded CG and UFG KD samples, SEM EDS elemental maps were collected.
Such EDS maps taken from the steam corroded UFG sample are shown in Figure 5 and are
representative of what was observed on both the steam corroded CG and UFG samples. As can
be seen in the elemental maps for aluminum, Figure 5b, and oxygen, Figure 5c, the region that
appeared to be of slightly different contrast and nonuniformity under BSE imaging on the steam
corroded UFG sample (Figure 4b) is still compositionally an aluminum oxide. It is believed that
such observations are due to topological effects or rather the sample is oriented such that more of

the surface is visible as opposed to a perfect cross-sectional orientation. For further clarification,



it is believed that the mounted sample is oriented such that signal was collected from the surface
of the sample behind the plane of the cut which is visible due to the gap between the mounting
polymer and the sample. Such orientation is likely to have been caused due to imprecisions in the
cutting and mounting process. Similarly, it is believed that the brighter contrast near the
aluminum oxide layer, visible in Figure 5a, stems from abrasive cutting as it does not show up as
a distinct layer in elemental mapping. Nonetheless, the SEM EDS elemental maps in Figure 5
indicate that a significantly thick aluminum oxide layer is dominant with no secondary layers

evident at such a scale.
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Figure 5: SEM EDS Al (b), O (c), Cr (d), and Fe (e) maps of representative surface oxide
structure. Specific region is shown in secondary electron image (a) taken from a steam corroded
UFG sample.

Alongside characterization using SEM, Glow discharge optical emission spectroscopy
(GD-OES) was performed on the steam corroded CG and UFG KD to gain further insight into
the composition and thickness of the oxide layer structures on the samples. GD-OES, when

calibrated with relevant material standards both in terms of composition and sputtering rate,



provides compositional vs. depth profiles that are compositionally accurate including light
elements down to hydrogen, highly resolving to submicron scale in terms of depth, and
statistically relevant in terms of measured area. GD-OES compositional depth profiles taken
from the steam corroded CG and UFG KD are shown in Figure 6. With the aforementioned
factors in terms of capability, especially the statistically significant area (4 mm diameter circular
test region), great weight is put on these results in terms of determining thickness of any oxide
layer or layers. As such, it is believed that these measurements in terms of thickness are more
accurate than both SEM and TEM analysis especially considering that no destructive sample
preparation is required for GD-OES as is the case for the SEM cross sectional analysis, and the

thickness measurements are not over a localized area as is the case in TEM.
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Figure 6: GD-OES composition-depth profiles of surface to bulk region of steam corroded CG
(a) and UFG (b) KD samples. Black dashed line represents estimated total oxide thickness.

Utilizing the composition-depth profiles, Figure 6, an immediate difference that is
observed between the steam corroded CG and UFG KD samples is the thickness of the
aluminum oxide layer. On the steam corroded CG KD the oxide is estimated to be 1.69 um
compared to the significantly thinner layer estimated at 0.84 pm on the steam corroded UFG KD
sample. Another notable difference between the steam corroded CG and UFG KD, is the profile
of oxygen concentration through the depth of the oxide. On the steam corroded CG KD, Figure
6a, the O concentration increases in a linear fashion from the surface to ~0.1 pm in depth and at
~0.6 um the O profile peaks and then begins a slow decreasing trend; at ~1.2 um in depth a slow
transition is made to a steeper linear decrease in O concentration. This steeper decrease occurs
from ~1.5 pm to ~1.9 pm with a difference of 0.4 um. In terms of steam corroded UFG KD,
Figure 6b, the O concentration profile shows a quick decrease from an initial peak in
concentration where it settles at a plateau at a thickness of ~0.2 pm below the surface; at slightly
before ~0.4 pm below the surface, the profile shifts to a sharply, almost linearly decreasing

trend. This almost linear trend begins at ~0.3 um and persists till ~1.1 pm for a difference of 0.8



pum which indicates a slower decrease in O concentration with depth compared to the steam
corroded CG condition.

Also of note, is the detected presence of magnesium near the surface of the steam
corroded CG KD. However, it is believed that the presence of magnesium results from slight
impurities in the steam as its concentration peaks more towards the surface and tapers off to
indistinguishable levels before even reaching the bulk matrix. That does not explain why
magnesium is present in CG sample but not the UFG sample. It could be possible with the
indication of enhanced oxygen diffusion through the oxide on the CG sample that there is also
enhanced diffusion of magnesium impurities whereas the aluminum oxide on the UFG sample
with indicated slower inward oxygen diffusion acts to prevent inward diffusion of such
impurities as magnesium. The implications of the aforementioned observations are significant
and will be discussed in further detail in the discussion section.

In order to confirm the observed differences in thickness of the aluminum oxide layers on
the steam corroded CG and UFG KD, further cross-sectional SEM analysis was performed. More
specifically, one ~150 um long trench was milled on each of the steam corroded CG and UFG
KD samples using a PFIB equipped SEM. Low-magnification SEM images of these trenches are
shown in Figure 7c and d from the steam corroded CG and UFG KD respectively. Such milling
was performed to obtain cross sectional SEM images while preventing the aforementioned
deleterious effects inflicted during mechanical cutting and polishing as well as maintaining a
consistent perspective between samples. Higher magnification SEM images used to measure
oxide thickness are show in Figure 7a and b for the steam corroded CG KD as well as Figure 7e

and f for the steam corroded UFG KD.



KD Matrix

Figure 7: SEM secondary electron images of cross sections from steam corroded CG (a-c) and
UFG (d-f) KD prepared using plasma FIB milling. (c) and (d) show low magnification images of
~150 um long trenches of steam corroded CG and UFG KD, respectively. (a) and (b) show
higher magnification images of cross sections from steam corroded CG KD, and (e) and (f)
display similarly high magnification images from the steam corroded UFG KD.

Using the higher magnification images like those shown in Figure 7 a, b, e, and f, the
aluminum oxide layer was traced within a MATLAB script and thickness was measured. Using
the MATLAB script, 10,281 measurements were made from the images of the steam corroded
CG KD, and 10,477 measurements were made from the images of the steam corroded UFG KD.
With these measurements, the average thickness of the aluminum oxide on the steam corroded
CG KD was calculated to be 1.25 um with a standard deviation of 0.13 um; for the steam
corroded UFG KD, the average thickness was calculated to be 1.01 um with a standard deviation

of 0.13 um. These values reinforce the observation from GD-OES that the aluminum oxide layer



is thicker on the steam corroded CG KD compared to the steam corroded UFG KD. It should be
kept in mind when comparing the average thickness values from the SEM analysis to the
measured thickness using GD-OES that even though the measurements along the ~150 um
length trenches are significant for FIB/SEM technique, measurements from GD-OES still
represent depth profiles over a drastically larger, ~4 mm diameter area. Therefore, the thickness
measurements by GD-OES are considered more statistically accurate.

With the differences in the oxide layer observed between the steam corroded CG and
UFG KD in the GD-OES concentration-depth profiles (Figure 6), it was determined that further
investigation of the oxide layer and interface was required. Thus, FIB TEM lift-outs were made
of the steam corroded CG and UFG KD in order to analyze the oxide and oxide-matrix interface
under TEM. The lift-outs were made from regions near spalling sites in order to concurrently
gain further insight into such spalling regions alongside intact oxide. Low magnification
HAADF STEM images of the oxide, the interface with the bulk matrix, and the spalling region
from the steam corroded CG and UFG KD are shown in Figure 8. The thickness of the aluminum
oxide on the TEM samples of the steam corroded CG KD and UFG KD was measured to be
1.04+0.09um and 0.91£0.20um respectively. This is in reasonable agreement with the
observations from the GD-OES results. The measured thickness values from GD-OES are
considered more statistically accurate as the areas utilized for measurements in TEM are
considerably more localized. Grain structure within the aluminum oxide on both the steam
corroded CG and UFG KD can be seen in the HAADF TEM images in Figure 8. The grains that
make up the aluminum oxide on the steam corroded UFG KD appear to be more columnar in
structure, which is highlighted at higher magnification in Figure 8c, whereas the grain structure

of the aluminum oxide on steam corroded CG KD is more equiaxed in nature.
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Figure 8: Low magnification STEM HAADF cross sectional images of the alumina structure
near a spalled region on the CG sample (a) and UFG sample (b). (c) is a higher magnification
STEM HAADF image of the region outlined in red in (b). Red outlines in (c) highlight columnar
grain structure seen in the steam corroded UFG KD.

To gain further insight into the oxide layer structure from a compositional perspective
and any potential differences that lend explanations to the differences seen in the oxide formation
on the steam corroded CG and UFG KD, STEM EDS was performed. Compared to EDS in
SEM, EDS in STEM provides much higher resolution. Also, through the use of FIB sample
preparation, any damage due to mechanical cutting and polishing present in the cross sectioned
samples used for EDS in SEM are not present in the TEM samples. STEM EDS maps of the
steam corroded CG KD are shown in Figure 9. As can be observed based on the aluminum
(Figure 9c) and oxygen (Figure 9f) maps, the oxide layer is confirmed to be an aluminum oxide
as expected. The STEM EDS elemental maps of iron (Figure 9d) and chromium (Figure 9d)
further indicate that there are no additional oxide layers on the steam corroded CG KD along
with no evidence of an underlying oxide or a shift in oxide formation near a spalling site; this is
further reinforced in the elemental map of chromium and oxygen overlayed (Figure 9b) as there

is no distinct layer indicating a chromium oxide.



Figure 9: STEM HAADF cross section image of oxide/matrix interface region adjacent to a
spalling site (a) and corresponding STEM EDS composite Cr,O (b), Al (c), Fe (d), Cr (e), and O
(f) maps taken from a steam corroded CG sample.

STEM EDS elemental maps of the steam corroded UFG KD are shown in Figure 10. The
same dominant aluminum oxide layer that is expected is confirmed by elemental maps
corresponding to aluminum (Figure 10c) and oxygen (Figure 10f). However, a thin chromium
oxide is observed to have formed under the aluminum oxide on the steam corroded UFG KD.
This layer can be seen in the overlay map of chromium and oxygen (Figure 10b). This formation
of such a chromium oxide layer is a distinct difference as can be observed in the direct
comparison between Figure 9b and Figure 10b and of significance in the comparison between the

steam corroded CG KD and UFG KD.
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Figure 10: STEM HAADF cross section image of oxide/matrix interface region adjacent to a
spalling site (a) and corresponding STEM EDS composite Cr,O (b), Al (c), Fe (d), Cr (e), and O
(f) maps taken from a steam corroded UFG sample.

An attempt to collect mass gain/loss data was made. However, it was determined
considering the large initial size (20mm in diameter by 2mm thick) and mass (~7 grams) of the
samples along with the very small thickness of the oxide scale, that the setup used for the
experiments was not sensitive enough to distinguish mass gain stemming from the growth of the
oxide from environmental noise within the system/balance. To further illustrate this, calculations
were performed considering the oxide as uniform Al,O3 and the thicknesses measured from GD-
OES that such oxide growth would only result in about 5.0 and 2.5 milligrams of mass gain for
the steam corroded CG and UFG KD, respectively. These values are only 0.07% and 0.04% of

the total mass of the samples, so it is logical that a higher degree of sensitivity and stability



within the system would be required for detection of such change. It is left to future work to
perform longer steam corrosion experiments or utilize more sensitive thermogravimetric analysis
(TGA) equipment with much smaller samples to carefully analyze oxide growth in terms of mass

gain.

4. Discussion
4.1. Oxide Spallation

Spallation of protective oxides is common on a variety of alloys including stainless steels,
nickel superalloys, and FeCrAl alloys [23-26]. Thus, the observation of spallation of the
aluminum oxide layer on the steam corroded CG and UFG KD was not unexpected. Spallation of
a protective oxide is fundamentally due to mismatch in thermal expansion between the oxide and
underlying material [27-30]. After formation of the oxide at an elevated temperature, during
cooling, as metal typically experiences a higher degree of thermal contraction than the covering
oxide, a significant degree of stress builds up in the oxide [26,30,31]. With such applied stress,
factors pertaining to the cohesion of the oxide layer dictate the degree and morphology of
spallation [30]. As stress is a function of area, thickness of the oxide is also a factor in
contributing to spallation [29].

In the case of the steam corroded CG and UFG KD, explanations as to why the spalling
sites on the steam corroded UFG KD are smaller and denser compared to the CG KD are needed.
As oxide thickness has been established to be a factor in spallation, it is reasonable to assume
that the thicker oxide layer observed on the steam corroded CG KD experiences higher degrees
of stresses due to mismatch in thermal expansion between oxide and metal. As such, the
increased oxide thickness leading to increased stresses is a likely contributor to the increase in

spalling site size.



It is also likely that there are differences in cohesion of the aluminum oxide between the
steam corroded CG KD and UFG KD. J. Tien, et. al. reported that additions of Y or Sc to various
FeCrAl alloys can improve cohesion of the protective oxide to the metal; they argued that such
alloying elements act as sinks to vacancies through atom-vacancy complexes and that formation
of yttrium or scandium oxide particles prevents growth of voids at the interface between oxide
scale and metal matrix [28,32]. A study by J. Kuenzly on oxidation of NizAl provides further
explanation on how a vacancy flux exists due to the Kirkendall effect, which can lead to vacancy
supersaturation in the matrix ultimately resulting in void formation [32]. Several other studies
also exist on adding reactive elements such as yttrium in FeCrAl alloys to improve cohesion of
protective oxides [27,33-35]. It should also be noted that these studies attributed the benefits for
addition of alloying elements such as yttrium to reducing lateral oxide growth (growth parallel to
the surface) by slowing the inward diffusion of oxygen and outward diffusion of aluminum. The
underlying mechanism of lateral growth is the reaction of aluminum and oxygen within the
existing oxide layer itself leading to further internal oxide growth. Stress build-up in the oxide
layer through such internal growth is reduced as diffusion and subsequent formation is slowed
down by yttrium addition [28,33-35].

Yttrium is not present in the CG and UFG KD, however, several of the identified
mechanisms leading to the reduction in spalling seen by adding yttrium can be related to findings
within the steam corroded UFG KD. Grain boundaries have been found to act as effective defect
sinks, which is the premise for utilizing grain refinement as a means of improving irradiation
resistance [12—14]. Thus, it follows that in the steam corroded UFG KD, a supersaturation of
vacancies leading to potential void formation is prevented by the increased volume fraction of

grain boundaries acting as sinks to any source of vacancies, which ultimately contributes to



enhanced oxide cohesion. Also, similar to formation of yttrium oxides to slow or prevent lateral
oxide growth presented in the literature, the formation of a thin chromium oxide layer
underneath the primary aluminum oxide on the steam corroded UFG KD could act similarly in
preventing lateral growth and strain build-up in the primary aluminum oxide layer [28,33-35].
Furthermore, F. A. Golightly, et. al. discussed how a columnar grain structure in the oxide of the
yttrium containing FeCrAl likely slows diffusion of oxygen compared to an equiaxed structure in
the yttrium free alloy [35]. As a more columnar grain structure is seen in the steam corroded
UFG KD compared to more of an equiaxed structure in the steam corroded CG KD, such a factor
could further contribute to the differences observed in spallation behavior. Another aspect that
could be considered is actual grain size of the oxide as grain size could contribute directly to
plasticity. However, the grain size of the oxide on the steam corroded UFG KD is not observed
to be significantly different than that on the steam corroded CG KD. Thus, elements within
previous discussion are held to have a greater effect in terms of the observed differences in
spallation.
4.2. Oxide structure

As observed, there are several differences between the oxide structure formed after
exposure to steam on the CG and the UFG KD. Perhaps the most notable difference is that the
aluminum oxide formed on the steam corroded UFG KD is thinner than that observed on the
steam corroded CG KD. This is likely due, at least in part, to slower oxygen diffusion into and
through the aluminum oxide layer on the steam corroded UFG KD as evidenced by the GD-OES
compositional depth profiles (Figure 6). As alluded to previously, such slower diffusion of
oxygen could be due to the larger columnar grain structure observed in the steam corroded UFG

KD [35]. C. Mennicke, et. al. observed a columnar grain structure in the aluminum oxide on a



yttrium containing FeCrAl alloy, and explained that such columnar structure was formed due to a
reduction in outward diffusion of aluminum as prevented by yttrium segregation at the
metal/oxide interface and along oxide grain boundaries [36]; the reduction in outward diffusion
of aluminum would reduce the growth of aluminum oxide grains within the existing oxide
resulting in an overall more columnar structure. The formation of yttrium oxides as discussed in
aforementioned studies could be present in such a case as well [27,28,32,35]. In the case of the
steam corroded UFG KD, rather than yttrium playing a role in preventing outward diffusion of
aluminum, the chromium oxide layer observed on the steam corroded UFG KD could reduce the
outward diffusion of aluminum as well as further slow the inward diffusion of oxygen.
However, it warrants discussion why chromium oxide is formed on the steam corroded
UFG KD but not on the steam corroded CG KD. Not only is Al203 more thermodynamically
favorable compared to Cr2O3 but Cr203 is also known to further oxidize to form volatile gaseous
oxides, such as CrOs, and oxyhydroxides in steam environments at elevated temperatures above
~800-1000 °C along with chromium itself preferentially forming such gaseous oxides and
oxyhydroxides instead of stable Cr2O3 [37—42]. The stability of Al2O3 at high temperatures with
positive contributions of chromium especially at lower temperatures is a major consideration and
advantage in developing FeCrAl alloys. Nonetheless, the presence of a thin chromium oxide
underneath the aluminum oxide is still visible in the steam corroded UFG KD. It has been well
established that diffusion along grain boundaries is significantly faster than through grains
themselves [43—46]. Thus, the diffusion of aluminum and chromium to the surface of the UFG
KD in order to form oxides would be enhanced compared to the CG KD. Such enhanced
diffusion of chromium could lead to improved probability of formation of a chromium oxide at

the metal-oxide interface where oxygen has diffused through the aluminum oxide layer. Also,



with the formation of chromium oxide underneath the aluminum oxide layer, volatilization of the
chromium species would likely be reduced. In review of the literature, formations of significant
chromium oxide layers on numerous FeCrAl alloys have been observed alongside aluminum
oxides after steam exposure at temperatures ~400 °C [21,22,47]. Wen Q4i, et. al. in a study on the
addition of molybdenum to a FeCrAl alloy present the observation of a Cr rich nanolayer under a
dominant aluminum oxide layer even at steam oxidation conditions of 1200°C, attributing such
observations to a degree of chromium oxide vapor becoming saturated in the stable aluminum
oxide that formed over top of a previously stable, solid chromium oxide layer [48]. It has also
been posed in the literature that during an increase in temperature, an existing chromium oxide
layer can facilitate nucleation of an aluminum oxide layer, which tends to grow outwards due to
aluminum having a stated higher affinity to react with oxygen [48,49]. Through the addition of
such considerations, it seems likely that the observed chromium rich layer underneath the
aluminum oxide in this work could potentially be classified as more of a transient oxide that is
not completely stable under the experimental conditions [50].

With such observations, it piques interest as to how exactly a multilayered oxide structure
transitions into an aluminum oxide dominant structure with an underlying thin chromium oxide
layer on the UFG KD with increasing temperature. Further investigation is suggested into the
steam corrosion behavior of UFG KD at lower temperatures, representative of LWR normal
operating conditions, as well as steam corrosion behavior at elevated temperatures for extended
periods.

In relation to the observations of magnesium near the surface of the steam corroded CG
KD sample, several studies have been found in the literature on its effects on steam corrosion

behavior of FeCrAl alloys [51-53]. However, these studies indicate that the source of



magnesium is present as impurities, on the scale of 80 ppm, in the materials with discussion on
how magnesium contributes to the formation of multiple oxide layers including MgAIO phases,
and how outward diffusion of magnesium could contribute to a reduction in inward diffusion of
oxygen similar to such behavior discussed above [51-53]. Nevertheless, in the case of the steam
corroded CG KD, GD-OES results (Figure 6) indicate more of an inward diffusion of
magnesium possibly from impurities in the steam, and magnesium containing oxide layers are
not observed in either SEM EDS or STEM EDS. It is not necessarily believed that the presence
of magnesium in the oxide of the steam corroded CG KD contributes deleteriously to the
corrosion behavior of CG KD, but in order to provide any confident statements on such a

phenomenon, further investigation is recommended.

5. Conclusions

Ultrafine-grained Kanthal D achieved through equal-channel angular pressing, along with
coarse-grained Kanthal D, was exposed to steam at 1200 °C for 2 hours. It was observed that an
aluminum oxide layer formed and served as a protective layer against corrosion. Spalling of the
aluminum oxide layer was observed on both the steam corroded UFG and CG KD. However,
spalling sites were smaller but occurred more densely on the steam corroded UFG KD. It was
also determined that the aluminum oxide layer is thinner on the steam corroded UFG KD
compared to the steam corroded CG KD. This is attributed to slower inward diffusion of oxygen
through a more columnar grain structure in the aluminum oxide layer as well as the presence of a
thin underlying chromium oxide layer, which is believed to hinder outward diffusion of
aluminum on the steam corroded UFG KD. With such findings, it was determined that the
resistance of KD to corrosion in a high-temperature steam environment was improved through

grain refinement.
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