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Oxide dispersion-strengthened (ODS) steels are attractive candidates for fuel cladding in Generation IV reactors,
due to their exceptional radiation resistance and high-temperature stability. This study investigates the micro-
structural evolution and oxidation kinetics of industrial pilgered 13Cr-ODS steel tubes during isothermal expo-
sure at 1200 °C. Results indicate that the initially deformed, fibrous grains undergo partial recrystallization and
significant grain coarsening after 20 h of exposure. This structural degradation is driven by a compromise be-

tween high stored deformation energy and Zener pinning from nano-oxides. High-temperature oxidation follows

a transition from linear to parabolic growth kinetics, with a rate constant of approximately K, = 54.32 mg? cm™

4

min~!. Characterization reveals a non-protective bilayer oxide scale consisting of an outer FesOy4 layer and a
porous inner FeCry04 spinel layer.

1. Introduction

Oxide dispersion-strengthened (ODS) steels are considered the
promising candidates for Generation IV fission reactors [1]. In ODS
steels, high density of nano-oxides (NO) gives it ultra-fine grain size and
high strength (>1 GPa), superior radiation swelling resistance [2], and
exceptional thermal stability [3] creep properties [4,5]. Typically, these
steels contain 9-16% Cr to enhance oxidation resistance, utilizing low-
activation alloying elements such as W, V, and Ti to replace Mo, Nb
with long-lived radioactivity in conventional steels [6]. The added NO
particles stabilize the microstructure by pinning dislocations and grain
boundaries, thereby hindering recovery and creep [7].

The microstructure of ODS steel is inherently linked to its thermo-
mechanical processing history. These steels are produced via mechani-
cal alloying of powders followed by high temperature consolidation.
Although a variety of consolidation methods [8-10] have been explored
to produce ODS steels, including hot extrusion [8], hot isostatic pressing
[9] and spark plasma sintering [10], the components produced are
mostly simple geometries of rectangular bars or cylindrical rods. The
geometries of critical components in real applications differ significantly
from the initial geometries generated by consolidation. For example,
fuel claddings require converting simple rod into thin-walled seamless
tubes. Pilgering has proven to be a viable and efficient processing
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method to date. Recent related reports [11,12] have successfully
demonstrated the ability to produce full-scale thin-walled ODS steel
cladding.

The ODS steel cladding acts as a critical safety barrier, separating
radioactive fuel from coolant. However, under loss-of-coolant accident
(LOCA) conditions, the cladding temperature rises sharply to 1200 °C,
posing a significant risk of degradation [13]. Thermal exposure tem-
perature and duration are known to be key factors affecting the micro-
structure and oxidation behavior. Schneibel et al. [14] reported that
after annealing at 1000 °C for 30 h, the grains of 14YWT (Fe-14Cr-3 W-
0.4Ti-0.25Y203) remained stable at submicron size, but the porosity
increased. Furthermore, the high temperature stability of 14YWT
depended on the distribution of nanoparticles. High-density Y-Ti-O-rich
nano-oxides (<5 nm) led to Zener pinning of grain boundaries and
increased the recrystallization temperature. The dissolution-
reprecipitation mechanism of NO triggered abnormal grain growth
[7]. Studies on MA957 (Fe-14Cr-1Ti-0.3Mo-0.25Y,03) had also noted
that aging at 1300 °C for 24 h, the size of (Y,Ti,O)-rich oxide particles
increased from 2.4 nm to 9.2 nm and the number density decreased from
~2 x 10** m™3 to ~8 x 10?2 m 3[15]. Regarding oxidation, dispersed
Y203 improved oxidation resistance at 900 °C due to the reactive
element effect, though alloys with 13%Cr-ODS alloys might fail after
prolonging to 7000 h, while oxidation rate increased significantly with
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exposure to air at 1000 °C and 1100 °C [16].

However, most existing literature focuses on initially consolidated
samples, leaving a gap in the research regarding ODS steel tubes with
complex thermomechanical histories. Pilgered ODS steel cladding pos-
sesses a heterogeneous microstructure and defects such as porosity and
component segregation. These tubes exhibit high dislocation density
(=10 m™2) and stored deformation energy [17], which provides a
strong driving force for recrystallization. This creates a state of micro-
structural instability when balanced against Zener pinning of NO par-
ticles. Additionally, porosity and deformed structure enhance diffusion
and oxidation, while component segregation may lead to selective
oxidation. It would be very interesting to study the stability of the pil-
gered 13Cr-ODS steel tubes in thermal exposure environments.

This study investigated the microstructure and oxidation behavior of
industrial pilgered 13Cr-ODS steel tubes during isothermal exposure at
1200 °C. Electron microscopies (SEM, TEM) were used to characterize
microstructural and oxide layer evolution, while XPS, XRD, EBSD and
EDS were used to analyze oxide chemistry, phase and compositions.
Oxidation kinetics were evaluated by weight gain. Correlating micro-
structural evolution with oxidation behavior aims to elucidate the high-
temperature oxidation behavior of pilgered 13Cr-ODS steel tubes.

2. Experimental procedures
2.1. Materials and methods

The 13Cr-ODS steel (Fe-13Cr-2 W-0.4Ti-0.2Si-0.1 V-0.3Mn +
0.3Y,03 in wt.%) investigated in this work was manufactured by
advanced powder metallurgy. It was designed to combine ultra-fine
grains and high creep strength by maximizing the number density of
nanoscale (Y,Ti,0) precipitates throughout the microstructure. Me-
chanical alloying (MA) was carried out using a planetary ball mill (MITR
Instruments), in which pre-alloyed powder was milled with 0.3 wt%
Y203 under a high-purity argon atmosphere The MA powder was
encapsulated in a carbon steel can and degassed under vacuum at 500 °C
for 4 h. Consolidation was then performed via hot isostatic pressing
(HIP) at 1150 °C and 150 MPa for 2 h, resulting in bulk ODS steel. The
as-received 13Cr-ODS steel tubes were fabricated by warm pilgering at
650 °C with a reduction of 40%. The detailed fabrication process has
been described elsewhere [11]. Specimens were sectioned from a tube
(25 mm outer diameter, 1.8 mm wall thickness) into several square
segments with dimensions of 10 x 10 x 1.8 mm (width x length x
thickness). To assess microstructural stability while minimizing oxida-
tion, a subset of them was isothermally exposed at 1200 °C for up to 20 h
in an Ar-protected ceramic tube furnace. To investigate oxidation
behavior, remaining specimens were placed in a muffle furnace pre-
heated to 1200 °C and exposed to air for up to 10 h. Following exposure,
all samples were air-cooled to room temperature. The weight change of
oxidized samples was measured using a precision balance (0.1 mg). To
ensure reproducibility, the reported data represents the average of two
parallel specimens, with error bars indicating the average deviation
from the mean value.

2.2. Microstructural characterization

To characterize the microstructure, the tube was sectioned longitu-
dinally and metallographically ground and polished with final colloidal
silica suspension (0.06 pm). The phase identification was performed via
X-ray diffraction (XRD), using a Bruker D8 Discover diffractometer (Cu-
K, radiation) operating at 40 kV and 40 mA. The chemical state of oxide
surfaces was analyzed by X-ray photoelectron spectroscopy (XPS) using
PHI 5000 Versa Probe III photoelectron spectrometer with Al K, exci-
tation (hy = 1486.6 eV). For XPS narrow spectrum analysis, calibration
was performed with reference to the Cls peak at 284.8 eV. Micro-
structural morphology and crystallographic orientation were analyzed
using a TESCAN MIRA3 scanning electron microscope (SEM) equipped
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with an Oxford C-nano electron backscatter diffraction (EBSD) detector.
EBSD data were collected at an accelerating voltage of 20 kV, a working
distance of 14 mm, and step sizes ranging from 0.1 to 0.3 pm. EBSD data
post-processing was conducted using Tango plugin in HKL* Channel 5
software to generate inverse pole figure (IPF), recrystallization fraction
(RF), geometrically necessary dislocation (GND) and phase maps.
Additionally, the cross-sectional morphology and elemental distribution
of oxide layers were characterized using a LEO-1550 SEM equipped with
energy dispersive X-ray spectroscopy (EDS). Detailed observation of
nanoparticles and dislocations substructures were performed using a FEI
Tecnai F30 transmission electron microscopy (TEM) operated at 300
kV. TEM foils were prepared using a dual-jet electropolisher (Struers,
TenuPol-5, Denmark) in an electrolyte containing perchloric acid and
methanol (1:9) at temperatures below —20 °C and a voltage range of 30
V.

Nanoparticle quantification was performed using Image-J Fiji soft-
ware. To ensure accuracy, a machine- learning based approach was
employed via the Trainable Weka Segmentation plugin to differentiate
nanoparticles from the matrix background. After classification, the
grayscale images were converted to binary (black and white) to simplify
analysis. The “Analyze Particles” function was used to calculate the
number density, equivalent circular diameter and size distribution of
nanoparticles.

3. Results
3.1. Microstructure of as-received 13Cr-ODS steel tube

The microstructure of the 13Cr-ODS pilgered tube, characterized
using backscattered electrons (BSE) and EBSD, is presented in Fig. 1. The
BSE image in Fig. la reveals a distinct fibrous structure with grains
significantly elongated along the pilgering direction. Isolated porosity, a
common defect in powder metallurgy resulting from localized insuffi-
cient mechanical alloying or incomplete thermal consolidation, is
marked by the white arrow. High-magnification image and corre-
sponding elemental map (inset of Fig. 1b) confirm the presence of Cr-
rich regions. These banded Cr-rich phases appear fragmented, likely a
consequence of the severe plastic deformation during pilgering acting on
the chemical inhomogeneities of mixed powder after possible inade-
quate MA conditions. The crystallographic orientation and grain
morphology were further analyzed using EBSD (Fig. 1c). The inverse
pole figure (IPF) map relative to the normal direction (ND) shows a
predominance of < 111>//ND oriented grains. Within these deformed
grains, orientation gradients and a high density of low-angle grain
boundaries (LAGB, indicated by red lines) are evident, signifying high
stored strain energy. When referenced to rolling (pilgering) direction
(RD), the inset of Fig. 1c, reveals a strong < 110>//RD fiber. This
orientation is characteristic of body-centered cubic (BCC) materials
subjected to the plastic deformation resulting from the e preferential
activation of the {110} < 111 > slip system. Quantification of EBSD
analysis indicates that the recrystallized grains account for approxi-
mately 8.3% of the analyzed area, confirming that the microstructure
remains primarily in a deformed state. The grain size distribution,
selected from a representative mid-thickness region, is shown in Fig. 1d.
The as-pilgered steel tube exhibits an average grain size of 1.2 pm. This
ultra-fine grain structure provides grain boundary strengthening, as
evidenced by the Vickers hardness of 320 + 6.7 HVlmeasured on the
tube cross-section. Compared to a similar 13Cr-ODS (Fe-13Cr-2 W-
0.6Zr-0.4Ti + 0.3 Y503) steel tube reported by Zhang et al. [11], which
possessed a grain size of approximately 2 pm and a tensile strength of
908 MPa.The finer grain structure achieved here suggests superior po-
tential for high-temperature mechanical performance.
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Fig. 1. (a) (b) Backscattered electrons (BSE) images, (c) Inverse pole figure (IPF) map and (d) Grain size histogram of as-received 13Cr-ODS steel tube.

3.2. High-temperature microstructure

3.2.1. Grain microstructure

The BSE images of 13Cr-ODS steel tube after exposure to 1200 °C for
20 h are shown in Fig. 2. Compared to the as-received condition, the
thermal exposure induced grain coarsening and partial recrystallization.
A heterogeneous microstructure consisting of lamellar deformed grains
and coarse equiaxed grains are observed in Fig. 2a, indicating the
inadequate dispersion morphology of oxide particles in the material
used in this study. This transition from lamellar grains to recrystallized
grains occurs primarily in the rolling (pilgering) direction. This indicates
a longitudinal gradient microstructural inhomogeneity, reflecting vari-
ations in stored deformation energy and localized recrystallization ki-
netics introduced during the pilgering process. Interestingly, this
transition is non-periodic along the longitudinal axis of the tube, sug-
gesting that while the pilgering process induces high deformation, the

subsequent recrystallization at 1200 °C is governed by stochastic fluc-
tuations in nanoparticle number density and stored energy. A multi-
modal grain structure is further detailed in Fig. 2b, where elongated
regions coexist with coarse “bamboo-like” recrystallized grains and re-
sidual nano-grains. This distribution is governed by the the localized
balance between deformation-induced driving forces and the pinning
pressure exerted by nanoparticles. The high-magnification images
(Fig. 2c) reveal a high-density of white nanoparticles dispersed within
the elongated grains. The critical role of these precipitates in stabilizing
the microstructure is demonstrated in Fig. 2d. In the upper region where
nanoparticles density is low, grains are larger than 2 pm. Conversely, in
lower regions with high-density nanoparticles, subgrain boundaries
remain poorly defined and effectively pinned, inhibiting grain growth.
The localized absence of Zener pinning leads to abnormal grain growth,
with some grains reaching sizes of 20 pm (Fig. 2e). These nanoparticles,
previously identified as nano-oxides (Y,Ti,0) [18], are known to hinder

Fig. 2. BSE images of 13Cr-ODS steel tube isothermal at 1200 °C for 20 h. (a) Low magnification image, (b-e) High magnification images.
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the migration of sub-grain boundaries and dislocations, thereby signif-
icantly elevating the recrystallization temperature of 13Cr-ODS steel.
Furthermore, Fig. 2e reveals the presence of micropores, ranging from
several hundred nanometers to several micrometers, located both at
grain boundaries and within grains interiors. The observed porosity is
likely associated with the coalescence and expansion of trapped gases
(Ar) during high-temperature annealing [14]. The porosity increased
from 2.39% in the as-received condition to 6.37% after exposure at
1200 °C, suggesting that pore growth is primarily driven by the
expansion of pre-existing gas-filled cavities.

The multi-scale structure of the 1200 °C annealed microstructure,
characterized by the coexistence of deformed and recrystallized regions,
was further investigated using EBSD and TEM (Figs. 3 and 4). Fig. 3
presents IPF, recrystallization fraction (RF) and geometrically necessary
dislocation (GND) maps. The IPF maps for both the partial and recrys-
tallized regions reveal strong a-fiber. Notably, the RF maps indicate that
a-fiber remains largely unaffected by the progression of recrystalliza-
tion, maintaining its dominance in both deformed and newly formed
equiaxed grains. The GND maps confirm a higher dislocation density
within lamellar deformed grains compared to interior of recrystallized
grains, consistent with the consumption of stored energy during
boundary migration. However, the observation that a-fiber orientation
is ubiquitous across all grain scales suggests that crystallographic texture
is not the primary driver for the observed multiscale heterogeneity.
Instead, the morphology of the lamellar grains appears to correlate with
the banded, Cr-rich regions identified in Fig. 1b, suggesting that chem-
ical banding, rather than orientation, governs the localized resistance to
recrystallization.

The exceptional thermal stability of the 13Cr-ODS steel after 20 h of
exposure at 1200 °C is further elucidated by the TEM bright-field images
in Fig. 4. As shown in Fig. 4a, the lamellar grains with a width of about
300 nm due to extreme pilgering, remain stable. This stability is tied to a
bimodal microstructural distribution (Fig. 4b) consisting of fine grains
with high dislocation densities and larger grains with lower dislocation
densities. The coexistence of dense dislocation entanglements in
deformed regions alongside relatively “clean” recovered grains high-
lights the inhomogeneity of stored deformation energy across the
microstructure. At higher magnification (Fig. 4c), dislocation pile-ups
are observed at both grain boundaries and surrounding individual
nanoparticles. This provides direct evidence of Zener pinning, where the
fine nanoparticles hinder dislocation annihilation and motion, even at
0.8T;, (melting temperatures). In partially recrystallized regions
(Fig. 4d), dislocation entanglements persist, while “bamboo-like”
recrystallized bands are often surrounded by lamellar grains that still
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retain their high-density dislocation substructures (Fig. 4e). The contrast
in dislocation density is further quantified in Fig. 4f, where recrystal-
lized grains exhibit lower densities compared to their deformed grains.
Interestingly, within < 111 > -oriented deformed grains, dislocations
have rearranged into dislocation cells. A distinct correlation was
observed between grain morphology and internal strain: coarse grains
with low dislocation density exhibited straight, high-angle boundaries,
whereas fine polygonal grains retained high dislocation densities due to
the pinning effect of agglomerated nanoparticles. These observations
align with studies [3-5,19], confirming that nanoparticle-dislocation
interaction is the primary mechanism delaying recrystallization and
maintaining the fine grain structure at extreme temperature.

3.2.2. Nano oxides

The spatial distribution and size evolution of nano-oxides within
typical grains morphologies were quantified using STEM-BF images and
statistical histograms (Fig. 5). In the fine equiaxed grains (Fig. 5a), nano-
oxides are randomly and densely distributed. Statistical analysis
(Fig. 5d) reveals an average particle size of about 7.5 nm with a high
number density of 6.03 x 10'* m™2 In the elongated coarse grains,
nano-oxides are found at the grain boundaries (Fig. 5b), exhibiting a
lager average particle size of 10.6 nm and a reduced number density.
The correlation between precipitate characteristics and matrix
morphology is further emphasized in Fig. 5c, which captures the
extreme disparity in nano-oxide distribution between coarse and fine
grains. In coarse grains, nano-oxides are nearly absent, whereas they
remain highly dispersed within the adjacent fine grains. In these
coarsened regions, the average particle size increases to about 18.7 nm,
while the number density drops by an order of magnitude to 2.33 x 10'3
m 2. These findings indicate that the localized stability of the micro-
structure is dictated by the Zener pinning pressure, which is a function of
the particle size and volume fraction. The inhomogeneity of the nano-
oxide distribution, driven by localized coarsening and reduction in
number density, is the primary factor governing the observed grain size
heterogeneity. Where nano-oxides coarsen or deplete, the pinning force
is insufficient to counteract the driving force for grain boundary
migration, leading to the formation of coarsening, nearly defect-free
grains. It is noteworthy that the number density of oxide particles in
the 13Cr-ODS steel prepared in this study is one to two orders of
magnitude lower than that reported for typical ODS steels [15]. This
suggests that the current processing conditions require further optimi-
zation to achieve a fine and homogeneous dispersion of oxide
nanoparticles.

Recrystallized ;
Substructured

Fig. 3. EBSD results of (a) partially recrystallized and (b) recrystallized 13Cr-ODS steel tube.
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3.3. Oxidation behavior

3.3.1. Oxidation kinetics

The oxidation behavior of 13Cr-ODS steel was investigated through
isothermal exposure at 1200 °C for up to 10 h. The weight gain per unit
area as a function of oxidation time is presented in Fig. 6a. A sharp in-
crease in oxidation weight gain means poor oxidation resistance of the
alloy. The weight gain rate showed a linear growth in the initial stage of
oxidation and a parabolic growth in the later stage. The parabolic
growth rate follows Wagner's oxidation theory [20], which assumes the
growth rate of oxide layers is primarily controlled by the solid-state
diffusion of ions through the forming scale. The oxidation kinetics can
be described by the following parabolic relationship [20].

(AW/A)" = Kp' b}

Where AW/A is the weight gain per unit area (mg/cm?), K, is the
parabolic rate constant, n is the oxidation rate exponent and t is the
oxidation time. By fitting the experimental data, the value of n was
determined to be to 2.016~2, the kinetics strictly follow a parabolic
growth law. Fig. 6b shows the square of the weight gain plotted against
oxidation time, showing a strong liner correlation (R?) with parabolic
kinetics. Following 10 h of exposure at 1200 °C, the calculated parabolic
rate constant (Kp) for 13Cr-ODS steel was ~54.32 mg2 cm 4 min~ L.
3.3.2. Characteristics of the oxide layer

XPS spectra were recorded to characterize the surface chemistry of
13Cr-ODS steel in both as-received and oxidized surface (Fig. 7). The
survey spectrum of the as-received surface (Fig. 7a) shows that signals
for Mn, V, Ti, Si, W, and Y were below the reliable detection threshold.
The presence of carbon peak (Cls) peak is attributed to adventitious
organic species absorbed from the atmosphere, while the abnormal Cu
signal is likely due to impurities. Upon thermal exposure at 1200 °C for
1 min, signals for Y, W, Ti, Mn, and V became visible, indicating surface
enrichment of these alloying elements. The concurrent increase in ox-
ygen peak (O1s) and Cr peak (Cr2p3) intensity indicates the rapid for-
mation of an oxide scale. Detailed narrow spectra are provided in
Fig. 7b. In the as-received state, the surface consists of minor amounts of
(Cr, Fe) oxides alongside metallic Fe. Following the 1-min exposure, the
metallic Fe peak disappears, signaling the growth of an oxide layer
thicker than the XPS escape depth. This oxidized surface is dominated by
Fe®* and Cr®*. Furthermore, while Y, Ti, and W were undetectable in as-
received state, they exhibit strong Y>*, Ti**, and W®" peaks after
exposure. The emergence of these high-valence states underscores the
high oxygen affinity of these reactive elements, leading to the formation
of stable, complex oxides at the outermost surface during the early
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stages of oxidation.

The phase evolution of the 13Cr-ODS steel before and after thermal
exposure is characterized by the XRD patterns presented in Fig. 8. In the
as-received state, the diffraction pattern is dominated by the (Cr, Fe)
ferrite phase, with no detectable oxide reflections. Notably, a distinct
tungsten (W) diffraction peak was identified, indicating component
segregation. Following exposure at 1200 °C for 20 min, the diffraction
patterns undergo a transition. The intensity of the ferrite peaks is
markedly attenuated, while strong reflections corresponding to spinel-
type oxides, specifically magnetite (Fe3O4) and iron-chromium spinel
(FeCry04), emerge. This attenuation of the matrix signal is a direct result
of the thickening oxide scale, which increases the X-ray absorption and
limits the penetration depth to the underlying steel substrate.

Note that W, V and WC peaks are also found, which indicate that the
composition of the samples was inhomogeneous. These results corrob-
orate the “banded” Cr-rich morphology discussed previously, confirm-
ing that the initial processing-induced segregation leads to a complex,
multi-phase microstructure upon oxidation.

The microstructure and elemental distribution of the oxide layer
formed after 20 min of exposure at 1200 °C are shown in Fig. 9. Sec-
ondary electron (SE) images reveal a thick dual-layered oxide layer with
a total thickness of ~ 35 pm. The oxide layer is comprised of a porous
outer layer and a loose inner layer. EDS elemental maps identifies that
the outer porous layer as being enriched in O and Cr, with a lower Fe
relative to the matrix. The phase map confirms that the outer region
consists of a spinel-type FeCry04. IPF further indicates that FeCryO4 is
composed of randomly oriented, nano-sized grains. The observed
porosity within diffusion layer likely represents a complex mixture of
FeCry04 and Cry03 [21]. Notably, Fe-rich regions were observed sur-
rounding the micropores. This localized enrichment suggests a vacancy-
diffusion mechanism, wherein the outward flux of Fe ions is not fully
compensated by the inward flux of vacancies, potentially lead to
Kirkendall-type porosity. The inner oxide layer is rich in Cr, O, Siand W.
The region as a black background was not indexed due to unknown
crystal structure. Based on literature [22], this inner scale likely consists
of a complex mixture of SiO,, CryO3 and WOs. In contrast to the
randomly oriented oxide, the underlying steel matrix maintains a strong
a-fiber, consistent with the bulk EBSD results shown in Fig. 3.

Figs. 10 and 11 reveals the cross-sectional SE images and EDS
elemental maps of the oxide layers after 60 min and 120 min exposure,
respectively. A significant increase in scale thickness was observed as a
function of exposure time. Notably, SE images in Fig. 10 reveal a high
density of micropores within the matrix adjacent to the oxide/matrix
interface, which are attributed to the Kirkendall effect during oxidation
[23]. Compared to the dense bulk matrix, this interconnected pore

35000

30000

T T T T T
200 300 400 500 600

Oxidation time (min)

0 100

Fig. 6. (a) Weight gain versus oxidation time curve and (b) linear fit of the square of weight gain versus oxidation time of 13Cr-ODS steel exposure at 1200 °C for 10

h, confirming the parabolic nature of oxidation curve.
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Fig. 7. XPS survey (a) and narrow (b) spectra of the surface of 13Cr-ODS steel after exposure at 1200 °C for 1 min.

network provides a lower resistance pathway for oxygen ingress,
thereby facilitating internal oxidation and accelerating the growth of
oxide scale. EDS elemental mapping of the 1200 °C-60 min specimen
indicates an oxide layer enriched in O and Cr with depleted Fe levels.
The continued enrichment of Si at the interface suggests a persistent,
albeit localized, attempt to form a SiO diffusion barrier. However, by
120 min (Fig. 11), the oxide scale reaches a thickness of approximately
500 pm and develops a distinct bilayer architecture. The outer layer is
heavily fragmented and composed primarily of Fe and O with negligible
Cr, identified as magnetite (Fe3O4). The inner layer remains a porous

structure enriched in Cr and O, corresponding to the FeCryO4 spinel
identified in previous XRD and EBSD analyses. In high chromium steels
exposed to high temperatures or oxidizing environments, Fe304 typi-
cally forms the outermost layer, while Cr-rich oxides develop internally
due to lower oxygen partial pressures at the sacle/substrate interface
[24,25]. While a dense outer Fe3O4 can theoretically act as a diffusion
barrier, its effectiveness is compromised here by its fragmented state and
the underlying porosity of the FeCryO4 sub-scale. This porous
morphology facilitates the rapid penetration of oxygen, leading to the
observed exacerbation of internal oxidation and the rapid consumption
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Fig. 8. XRD patterns of as-received 13Cr-ODS steel and after exposure at
1200 °C for 20 min.

of the ODS steel substrate.

To observe the surface morphology evolution, the as-received sample
was mechanically polished and then subjected to 1200 °C thermal
exposure. In the as-received condition (Fig. 12a, the polished surface
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exhibited fibrous grain structure characteristic of high-reduction pil-
gering, with grain elongated along the rolling direction. Following 10 h
of thermal exposure at 1200 °C, significant surface cracking is observed
in Fig. 12b. This cracking is usually caused by volume expansion asso-
ciated with the conversion of metal substrate into a thick oxide scale.
The resulting in high internal stress at the matrix/oxide interface,
combined with the inherent brittleness of the complex spinel oxides at
these temperatures, lead to a loss of interfacial adhesion. As shown in
Fig. 12c, the resulting oxidation debris exhibits sharp, angular features
characteristic of brittle fracture. The transition from a continuous scale
to fragmented debris indicates that the formed oxides are non-protective
and prone to spallation.

4. Discussion

The 13Cr-ODS steel was designed to introduce high density nano-
particles to enhance microstructural thermal stability under extreme
conditions. The as-received 13Cr-ODS steel tube was processed via
warm pilgering, resulting in a heavily deformed, fibrous grain structure.
Owing to Zener pinning effect of NO, the recrystallization temperature
of ODS steels has been reported to reach up to 0.9 T, [26]. This is
significantly higher than the recrystallization threshold of conventional
alloys, which at typically occurs at approximately 0.5 Ty, [27]. In the
context of the generation-IV supercritical water-cooled reactor, the
normal operating temperature is ~ 550 °C. At this temperature, the
13Cr-ODS steel maintains its deformed state without significant

Cr

FeCr,0,

a-Fe

Fig. 10. The cross-sectional SE images and EDS elemental maps of 13Cr-ODS steel exposed at 1200 °C for 60 min.
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Cr

Fig. 12. Surface morphology of (a) as-received 13Cr-ODS steel tube with polishing and after (b, ¢) exposure at 1200 °C for 10 h.

recovery or recrystallization, ensuring high creep resistance. However,
during a LOCA, cladding temperature can rise sharply to 1200 °C due to
decay heat accumulation. Under such extreme off-normal conditions,
the cladding is subjected to simultaneous risks of rapid microstructural
recrystallization and accelerated high-temperature oxidation. Under-
standing the stability of the 13Cr-ODS steel at 1200 °C is therefore
critical for assessing the safety and structural integrity of the fuel clad-
ding during accidental transients.

4.1. Thermal recrystallization

Microstructural observations and hardness measurements indicate
that thermal exposure 1200 °C for 20 h induces partial recrystallization
of 13Cr-ODS steel tube, as shown in Fig. 2. The recrystallization is the
result of the compromise between stored deformation energy and Zener
pinning pressure of nanoparticles.

The grain boundary velocity (v) in the 13Cr-ODS steel is a function of
boundary mobility (M) and the net driving force (AP), as described by
the following equation [28].

v =M x AP = Myexp (—Q/RT) x (P; + P, — P,) 2)

where M is the boundary mobility between the recrystallized nucleus
and the surrounding deformed matrix, P is the stored dislocation en-
ergy, P, is the grain boundary curvature pressure, and P, is the Zener
pinning pressure.

The stored dislocations energy can be expressed as [28]:

P, = 1/2Gb%p 3

where G is the shear modulus (~ 81 GPa for 14YWT alloys [6]), b is the
Burgers vector length (~2.5A), and p is the dislocation density (4.61 x
10 m’z, determined via CMWP fitting [29]). Py is calculated to be ~
1.17 MPa.

The volume average grain boundary pressure is defined [30].

Pc=2y/d 4

where v is the high-angle grain boundary energy (~1J /m> [31]), dis the
initial grain size ~1.2 pm. Thus, P, is calculated as ~1.67 MPa.
The Zener pinning pressure can be expressed as [32].

P, =3fy/2r %)

Where f is the particle volume fraction, and r is the average particle
radius. Based on TEM analysis, the fand r of particles are 2.03%, 10 nm,
respectively. The calculated P, is 3.05 MPa. The calculated AP = -0.21
MPa. A negative AP means that the Zener pinning pressure exceeds the
driving force for recrystallization, thereby restricting grain boundary
migration. This explains the high fraction of stable deformed structures
observed in Figs. 2-4. However, the local heterogeneity of the micro-
structure allows for the partial recrystallization observed. Specifically,
variations in nanoparticle density and localized “hot spots” of high
dislocation density create regions where P; > P,. In areas where nano-
particles coarse or deplete (as seen in Fig. 5b & ¢), P, drops significantly,
allowing boundaries to break free and consume the deformed matrix.
The consequences of this recrystallization are reflected in the mechan-
ical properties: the hardness of the coarse recrystallized grains dropped
to 160 HV1, exactly half that of the as-received state (320 HV1). This
degradation underscores the risk posed to cladding structural integrity
during a 1200 °C thermal transient, such as a LOCA.

4.2. High temperature oxidation

The oxidation of 13Cr-ODS steel tube at 1200 °C is characterized by a
transition from surface-reaction-limited to diffusion-limited kinetics. As
shown in Fig. 6a, the initial linear weight gain indicates that the sub-
strate is directly exposed to the atmosphere, where oxygen is readily
available and the reaction rate is not yet restricted by a physical barrier.
As continuous oxide film develops, the mechanism shifts to parabolic
growth. At this stage, further oxidation is governed by the solid-state
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diffusion of metal cations or oxygen anions through the thickening scale,
resulting in a mass gain that is proportional to the square root of time
(Fig. 6b). The sequence of oxide formation is dictated by the standard
Gibbs free energy of formation (AG})), as illustrated by the Ellingham
diagram [33]. Elements with more negative AG}) values exhibit a higher
thermodynamic affinity for oxygen and will oxidize preferentially. XPS
analysis (Fig. 7) confirms that in the early stages of oxidation, the sur-
face is enriched with microalloying elements such as Mn, Si, Ti, V, and Y.
According to the AGJQ values at 1200 °C (Table 1), these elements oxidize
more readily than Fe or Cr. However, these transient oxides are typically
discontinuous or highly permeable, failing to provide a robust diffusion
barrier. The structural evolution of the scale is a competition between
the highly stable Cry03 and the rapidly growing Fe-based spinels. While
AGfO analysis indicates that CroO3 is more stable than Fe3O4 or FeCrpO4
(Table 1), its persistence is limited under the experimental conditions.

While Cr903 initially provides superior oxidation resistance, the high
oxygen partial pressure at 1200 °C promotes its further reaction with the
outwardly diffusing Fe ions to form the spinel phase FeCro04 [34]. The
combination of XRD, SEM-EDS, and EBSD (Figs. 8-11) confirms that the
scale eventually thickens into a bilayer dominated by Fe3O4 and
FeCry04. This indicates that at such extreme temperatures, the Cr
reservoir is insufficient to maintain a purely CryOs protective layer,
leading to the formation of the thicker, more porous spinel-based scale
that characterizes the breakaway oxidation regime.

Beyond thermodynamics, the oxidation rate of 13Cr-ODS steel is
governed by the kinetics of ionic transport. Microstructural features
such as grain boundaries, dislocations, and micropores (Fig. 1) serve as
fast diffusion pathways, significantly accelerating the outward migra-
tion of metal cations and the inward ingress of oxygen. Crystallographic
orientation also plays a decisive role in surface reactivity and ion
diffusivity. In BCC metals, the atomic packing density of different planes
dictates the oxidation rates. The < 110>//ND texture generally exhibits
the slowest oxidation rate due to lower surface reactivity and limited
diffusion path [36]. The < 001>//ND and < 111>//ND textures exhibit
high oxidation rates due to the high surface energy of the former and the
high density of associated dislocations in the latter [37]. The strong <
001>//ND and < 111>//ND textures (Fig. 1c) observed in the pilgered
13Cr-ODS steel tube led to poor oxidation resistance. Most importantly,
Cr is the dominant factor controlling the oxidation rate. While Cr > 12%
Cr theoretically favors the formation of a protective CryO3 layer, the
high growth rates at 1200 °C demand a rapid flux of Cr to the metal/
oxide interface to maintain a continuous film. When the Cr supply
cannot keep pace with the oxidation front, Fe-based oxides (Fe3Oy,
FeCry04) begin to form. The bilayer structure observed in Fig. 11 results
from the differential diffusion rates of Fe and Cr cations. Fe cations
diffuse outward through the scale more rapidly than Cr, reacting at the
surface to form the brittle Fe3O4 outer layer. This rapid outward flux
generates a high concentration of vacancies at the metal/oxide interface.
Simultaneously, the slower-diffusing Cr atoms accumulate in the inner
region, promoting the formation of the porous FeCryO4 spinel. The
condensation of these vacancies leads to the extensive internal porosity
observed in Figs. 9-11.

In general, for Cr > 12%, the thermodynamics favor the formation of
a Cry03 layer. However, the kinetics require that there is enough Cr at
the metal/oxide interface to form a continuous chromium oxide film and
maintain protection. At very high temperatures, the oxide growth rate
increases, generating significant compressive stresses within the scale
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that can lead to spallation. Rapid thermal cycling exacerbates this effect
by repeatedly expanding and contracting the oxide layer, promoting
crack initiation and propagation. Additionally, alloys with lower Cr
content may not form a continuous CryOs layer. Then, iron oxides
(Fe304, FeCry04) begin to form, reducing the protective effect and
accelerating overall oxidation. The SE images in Figs. 9-11 reveal a
porous FeCry04 layer, suggesting significant vacancy condensation and
the formation of micropores. The eventual cracking and spalling of the
oxide scale (Figs. 11-12) can be analyzed using the Pilling-Bedworth
Ratio (PBR), which relates the volume of the oxide produced to the
volume of the metal consumed [38].

1 ° MUX//)OX

PRB =
n Mmef/pmet

(6)

Where: n is the number of metal cations in the oxide formula, My is the
molar mass of the oxide, pox is the density of the oxide, My is the molar
mass of the metal, pyet is the density of the metal.

In this study, Fe3O4, Crp0s, and FeCryO4 showed high PBR (>1)
meaning that the oxide volume exceeds that of the consumed metal
substrate (Table 2). While a PBR between 1.5 and 2.0 generally pro-
motes adherence by ensuring full surface coverage, the extreme oxida-
tion rate at 1200 °C leads to an excessively rapid volumetric expansion.
This expansion is constrained by the rigid metal substrate, generating
high internal compressive stresses within the scale and resultant tensile
stresses at the oxide/matrix interface. Coupled with the thermal stress
arising from a mismatch in thermal expansion coefficients, these forces
initiate brittle cracking and spallation, as evidenced in Fig. 12.

The primary motivation for ODS cladding development is to enhance
the high-temperature mechanical strength, creep resistance and micro-
structural stability of fuel cladding. Fig. 6 indicates that the 13Cr-ODS
steel exhibits a high oxidation rate, which remains a critical limitation
for its application in accident-tolerant fuel (ATF) cladding [39]. A
transition from an initial linear regime to parabolic kinetics at later
stages is observed. This behavior, together with concurrent micro-
structural evolution during high-temperature oxidation, such as recov-
ery/recrystallization, coarsening or redistribution of oxide nanoclusters,
and modifications at the oxide/matrix interface, suggesting that diffu-
sion pathways evolve with exposure time. Consequently, the oxidation
kinetics are not strictly constant, and the derived rate constant should be
regarded as an apparent value over the investigated duration. In this
work, the 13Cr-ODS steel tube developed an oxide layer approximately
0.5 mm thick after only 2 h at 1200 °C. According to the U.S. Nuclear
Regulatory Commission (10 CFR 50.46) [40], the equivalent cladding
reacted (ECR) < 17% of the initial wall thickness to maintain structural
integrity. This represents an ECR of 27.8% of the 1.8 mm wall thickness,
significantly exceeding the safety limit. While the nanoclusters effec-
tively suppressed bulk recrystallization and maintained high-
temperature strength, the alloy's K, was several orders of magnitude
higher than that of FeCrAl or SiC (Table 3). The lower Cr content without
addition of Al may be the cause of higher oxidation rate. However, high-
temperature steam differs from air, and further testing under high-
temperature steam conditions is required to rigorously evaluate its
applicability to the LOCA scenario.

Table 2

bl Some parameters used to calculate PRB of metal oxide.
Table 1
Standard Gibbs free energies for oxide formation of (pure) elements in 13Cr-ODS Metal ~ Molarmass  Density Metal Molar mass  Density of R
steel [35] of metal of metal oxide of metal metal

. (g-mol 1) (g-em™3) oxide oxide

Metal Oxide formation reaction AG? for the oxides at 1200 °C, kJ mol ! (g~mol’1) (g~cm’3)

Fe 3Fe + 205 — Fe304 —609 Fe 55.8 7.9 Fe304 231.5 5.2 2.1

Cr 2Cr + 3/205 — Cry03 —737 Cr 52.0 7.2 Cry03 152.0 5.2 2.0

Fe,Cr FeO + Cry03 — FeCry04 —475 Fe,Cr 159.8 7.5 FeCry04 223.8 5.2 2.0

10
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Table 3
Parabolic rate constant (K;) of several candidate claddings at 1200 °C [41-44].
Material 13Cr-ODS steel 9 Cr martensitic FeCrAl SiC
(This work) steels (Fe-13Cr-4.5Al)
K, (mg*cm’ 54.3 100-150 <21 <10°
“min) 3

5. Conclusion

The 13Cr-ODS steel tube was isothermally exposed to air at 1200 °C
for 10 h to investigate its high-temperature microstructure stability and
oxidation behavior. The microstructure and oxide layer were analyzed
using electron microscopy and surface analysis techniques. The con-
clusions could be drawn as follows:

(1) The high density of nanoparticles in pilgered 13Cr-ODS steel
tubes successfully delays full recrystallization by pinning grain
boundaries. The heterogeneous distribution of these particles
allows for localized grain coarsening and a 50% reduction in
Vickers hardness.

13Cr-ODS steel tubes exhibit deformed microstructure, micro-
pores and component segregation and high oxidation rate con-
stant (K, = 54.32 mg2 cm ™ min_l).

At 1200 °C in air, the 13Cr-ODS steel tubes are insufficient to
maintain a protective CryO3 layer. Instead, the oxidation front is
dominated by the formation of a bilayer consisting of a porous,
Cr-rich FeCry04 inner spinel and a brittle Fe3O4 outer layer. High
growth stresses and the development of porosity lead to extensive
cracking and spallation of the scale, resulting in an equivalent
cladding reacted (ECR) of 27.8% after 2 h.

(2)

(3)
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