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ABSTRACT

FeCrAl alloys are candidate materials for manufacturing accident-tolerant fuel (ATF) cladding
intended for light water reactors to increase fuel reliability and safety during design-basis and beyond-
design-basis accident scenarios. The evolution of the materials' surface characteristics, microstructure,
and mechanical properties when exposed to the Critical Heat Flux (CHF) in flow boiling testing is
crucial for safety analysis while providing insights into their thermal-hydraulic performance in nuclear
reactors. After CHF, the surface chemistry of two FeCrAl alloys, APMT and C26M, was studied to
understand their evolution at the early stage of high-temperature excursions in short time periods. The
results indicated a thin layer composed of oxides and hydroxides of Al, Cr, and Fe with varying
proportions at different depths in the layer, as indicated by X-ray photoelectron spectroscopy (XPS) and
depth profiling. The cross-sections prepared by focused ion beam (FIB) revealed the growth of an oxide
layer, in the range of 90-180 nm thick, on the alloys' surfaces. The evolution of the materials' surface
chemistry also led to a noticeable post CHF excursion increase in their wettability, with a slight increase
in roughness. The investigation of the materials' mechanical properties indicated a modest increase in
hardness by 10-15% as well as an increase in their yield strength, as evidenced by the microindentation
and ring compression tests conducted before and after CHF testing. Scanning electron Microscopy
(SEM) and X-ray diffraction (XRD) were used to investigate microstructural features of the materials

and their changes after CHF treatment.
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1. Introduction

In nuclear power generation, all light water reactors (LWRs) are designed with safety features and
protocols to withstand design-basis and beyond design accidents and to guarantee that the reactor core is
provided with adequate cooling to avoid a meltdown. However, in 2011, the Fukushima accident
highlighted the weakness of standard Zircaloy cladding and the need for developing new strategies to
improve the ability of LWRs systems to react to accidents and maintain the integrity of the core [1][2]. As
a result, one of the many approaches considered by the nuclear community is developing new fuel
technologies with superior oxidation resistance at high temperatures [3]. The main focus while designing
the new nuclear fuel claddings, known as accident tolerant fuels (ATF), is to reduce or eliminate
hydrogen generation under high temperatures typical of accident conditions, thus providing more coping
time to take actions that prevent or otherwise alleviate system damage [4][5]. The high-temperature steam
oxidation resistance is considered a key factor among the requirements for ATF cladding candidate
materials, such as high thermal and mechanical performance and high irradiation stability [6]. Materials
that form protective oxide layers of chromium, alumina, or silica are far more resistant than Zircaloy to
high-temperature steam oxidation; thus, they may fulfill the requirements set forth for ATFs. These oxide
layers limit the diffusion of oxidizing species, protecting the underlying material [2]. Many ATF cladding
concepts, such as (a) coated Zircaloy [7][8], (b) coated Mo-alloy [9], (¢) iron-based alloys [10], and (d)
SiCy/SiC composites [11][12] are in research/testing phase which can improve the performance of current
Zr-based alloys.

Based on the designs and cladding concepts, ATF cladding materials can be distinguished into two
different categories: near- and longer-term technologies [13]. To use existing infrastructure, experience,
and expertise with traditional Zircaloy fuel cladding in LWRs to the maximum extent possible, the
deposition of coatings on the current Zircaloy is a promising near-term ATF cladding concept. The
advantages related to this approach include 1) well-known physical and chemical properties of the base
material, 2) reduced fretting corrosion, and 3) minimized hydrogen release during loss-of-coolant
accidents [14][15]. Thus, different protective coating materials and the deposition techniques
[16][17][18][19][20][21][22][23][24][25][26] are under investigation in the development of coated ATF
claddings. Among different possible coating materials considered for ATF claddings, chromium has
shown favorable results [27][28][29][30][31][32][33]. Various studies have evidenced the improved
mechanical and thermal performance of traditional Zircaloy cladding when coated with Cr. The studies
include materials testing in humid environments at room temperature [34][35], simulated PWR operating

conditions in autoclave, and high-temperature steam environments [7][36][37]. Cr-coatings have also



demonstrated good irradiation stability [38][39][40]. Furthermore, some studies in the literature have
reported good adhesion strength of the coatings during the ring tensile and ring compression tests with
improved mechanical properties than that of the substrate materials [34][41].

FeCrAl alloys as a lead ATF cladding candidates in near-term solutions have shown outstanding
high-temperature oxidation resistance during various accident scenarios for LWRs
[13][42][43][44][45][46][47]. The literature has evidenced the remarkable stability of microstructural and
mechanical properties of FeCrAl alloys at different radiation doses [10][48][49]. Moreover, high ultimate
tensile and yield strength are reported for unirradiated FeCrAl alloys at different temperatures
[50][51][52][53]. To compensate the neutron penalty due to the higher thermal neutron absorption cross-
section of FeCrAl alloys compared to that of Zircaloy, a thinner cladding with slightly higher enriched
fuel can be used to maintain cycle length [13][52].

Despite the favorable properties of the ATF cladding concepts, investigating and understanding their
thermal-hydraulic performance by measuring critical heat flux (CHF) and nucleate boiling heat transfer
coefficients (NBHTC) is critical to enable their use in nuclear reactors [54][55][56]. The CHF occurs
when the steam produced in the system replaces the liquid in contact with the heating surface, resulting in
the transition from the nucleate boiling regime to the film-boiling regime [57]. As such, the surface
temperature of cladding abruptly increases at CHF, compromising its structural integrity, and with the
danger of radionuclide release into the coolant [57]. Therefore, accurate knowledge of the CHF value is
essential to designing systems that involve two-phase heat transfer mechanisms. Due to the complexity of
CHF, many empirical correlations have been developed based on experimental outcomes and theoretical
reasoning [58][59][60][61][62]. Earlier CHF models such as Zuber CHF correlation [62] ignored the
effects of the boiling surface characteristics; however, experimental results have evidenced the
importance of the surface' physical and chemical characteristics, such as roughness, wettability, and
thermal properties of the cladding on CHF [63][64][65][66][67][68]1[69][70] [71].

Given the high temperatures of the cladding expected at CHF, it becomes crucial to understand the
materials' surface chemistry when this event occurs as it would provide the chemical nature of the oxides
formed at the early stage. These studies would lead to knowledge of oxidation mechanisms and kinetics,
ultimately explaining materials' performance. For example, Lee et. al. [72] repeated the flow boiling
experiment several times using the same test specimens to study CHF enhancement due to the impact of
evolving surface characteristics. After ten repetitions of this experiments, the average contact angle of
FeCrAl, Zircaloy-4, and Inconel 600 decreased from pre-CHF samples contact angle of 69.43°, 76.48°
and 73.79° to 53.64°, 64.04° and 55.92°, respectively. Similarly, a decrease in the surface roughness was
evidenced in all the materials after flow boiling experiments. The changes in wettability and surface

roughness of FeCrAl alloys and Zircaloy-4 surfaces could be attributed to the development of an oxide



layer [72][73]. In our previous work [34], a Zircaloy-4 substrate and two types of Cr-coated Zircaloy
samples produced by physical vapor deposition (PVD) and cold spray (CS) techniques were tested in flow
boiling test. This study evidenced changes in the wettability after testing due to the materials' surface
evolution. Furthermore, the roughness was increased for all tested samples. Hence, this opens a research
scope to study the surface properties of ATF materials and changes in surface chemistry when CHF is
achieved.

In this study, we analyzed the surface characteristics and surface chemistry of FeCrAl alloys, namely
APMT and C26M, pre- and post- flow boiling CHF testing conducted at atmospheric pressure. The
surface roughness was quantitatively measured using contact profilometry and results were validated with
qualitative data of atomic force microscopy (AFM). The surface wetting characteristics were assessed
using contact angle goniometry. Furthermore, the materials' microstructure was studied using SEM and
XRD. Finally, detailed surface chemistry analysis of the selected ATF materials, carried out by XPS,
evidenced the growth of various oxides throughout the test. These results elucidate the rapid response of

FeCrAl alloys toward accident scenarios.

2. Materials and Methods

2.1. Sample preparation

The FeCrAl samples used in this study, APMT, a commercial product of Kanthal®, and C26M is a
nuclear grade alloy with reduced Cr content developed by ORNL. The tubes have a typical external
diameter of 10.26 mm diameter, and a wall thickness of 0.40 mm. Table 1 shows the chemical
compositions of the samples. Approximately 5 mm long specimens were cut out of the tubes using a low-
speed saw (Buehler IsoMet) for characterization. A list of samples with their identification and
descriptions is provided in Table 2. The specimens were cleaned in an ultrasonic bath for ~3 minutes
using Alconox®, deionized (DI) water, and acetone in each step and dried in air. Finally, the specimens
were embedded in epoxy resin (acquired from Allied Chemicals Inc) for post-test examinations followed

by polishing.

Table 1. Chemical composition of FeCrAl alloys (as obtained from energy dispersive spectroscopy).

Jowt. Cr Al Mo Y Si Fe
APMT 20.53 5.20 4.11 0.88 0.76 Balance
C26M 11.73 6.48 2.92 0.74 0.68 Balance




Table 2. Test sample identification (ID) with their description.

Sample ID Conditions

APMT_Pre-CHF As received APMT sample before flow boiling test
C26M_Pre-CHF As received C26M sample before flow boiling test
APMT_Post-CHF APMT sample tested in flow boiling CHF test
C26M_Post-CHF C26M sample tested in flow boiling CHF test

2.2. Atmospheric pressure flow boiling CHF test

FeCrAl materials were tested to measure CHF under atmospheric pressure in a flow boiling facility
(Fig. 1(a-b)). The details of the test facility at the University of Wisconsin-Madison Thermal Hydraulics
Lab are provided in other studies published by the lab [74][75]. The uniform heat flux profile was
obtained through direct heating (by applying current) of the FeCrAl heater rod. Table 3 shows the testing
parameters used in this study. Inlet conditions of flow (listed in Table 3) were kept constant while the heat

flux was increased by changing the applied voltage.
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Fig. 1. CHF testing: a) Flow boiling atmospheric pressure test facility with b) test section (adapted
from [74]).

The procedure for determining CHF was executed as follows [75]. The heat flux was manually raised
from 0 to 2000 kW/m? (determined to be below the critical heat flux) by approximately 330 kW/m? every
2 minutes. The increments of ~330 kW/m? and 2 minutes were chosen to quickly reach near CHF

conditions while allowing time to steady-state for the system. During this manual ramp, process data was



recorded at 2 Hz, and the temperature profile was recorded at 5 Hz. When the heat flux value reached
2000 kW/m?, the heat flux was set to increase automatically every 10 s by 1.25 kW/m? until CHF was
detected using the LabView process monitoring system (operating at 50 Hz). The detection of CHF was
tripped using a rate of 50 Hz by 0.02 °C K-type thermocouples near the outlet (Fig. 1(b)), set at 20-25 °C
above the steady-state temperature of the heater rod. The CHF critical temperature is typically in the
range of 190-220 °C. The design of this facility allows automatic power cut off when CHF is detected to
stop further heating of the heater rod, which could cause damage to the experimental setup. During CHF
event, the LUNA system (distributed fiber temperature measurement) records the temperature of the
heater rod for 10 seconds before and after CHF. As a backup CHF trip mechanism, the heater rod
resistance deviation was also observed by 10 Hz to determine the CHF occurrence. The resistance
threshold was purposefully set slightly above the observed operating resistance of the heater rod
calculated from the measured voltage drop and applied current to the heater rod. This provided additional

safety precautions if the CHF event was initiated far away from the thermocouple.

Table 3. Testing parameters used for the flow boiling CHF test.

Testing parameter Value
Cladding material FeCrAl alloys (APMT, and C26M)
Cladding tube OD (mm) 10.25
Cladding wall thickness (mm) 0.51
Working fluid Water
Nominal heat flux (MW/m?) 0-3
Inlet temperature (°C) 24
Inlet pressure (kPa) 115
Nominal mass flux (kg/m’s) 750
Heated length (mm) 457.2
Hydraulic diameter (mm) 9.8

2.3. Surface characterization

The specimens were measured at ambient conditions using a Rame-hart contact angle goniometer to
acquire their static contact angle, providing quantitative information of their surface wettability. Fig. 2
shows an experimental setup for contact angle measurements along with an inset indicating a DI water
droplet deposited on the surface. While measuring contact angle, the visualization direction needs to be
identified because the water droplet has shown to behave differently along the different measuring

directions, especially for surfaces with unidirectional scratches [59]. In this study, the visualization
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direction was parallel to the surface scratches (Fig. 2). The device is connected to a high-speed camera
(NET GmbH 1394 Digital Camera) and an automated dispensing system that allows for accurate control
over the droplet volume, assuring measurement repeatability. The ASTM standards for contact angle
measurements of metal surfaces provide a detailed measuring procedure [76]. A total of fifty
measurements of the static contact angle were taken throughout the surface using a 5 uL. drop of DI water

to provide a representative value of the contact angle.
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Fig. 2. Schematic of contact angle measurement device (adopted from our previous work [77]).

The surface profile of the specimens was measured with a stylus profilometer (Mitutoyo Surftest SJ-
410), using a tip of 2 um radius and 60° tip angle. The different roughness parameters such as, Ra, Rz,
and RSm, were collected following ISO standards [78]. A total of fifty scans, each 5 mm long, were
randomly collected throughout the surface from the various specimens with 0.5 mm/s scanning speed.
Each profile was obtained by filtering with a Gauss filter using the cutoff length of 0.8 mm. AFM (Bruker
Dimension Icon) operating in tapping mode was utilized with AFM tip TESPA-V2 (Bruker) to study the
surfaces' topographies at the nanoscale. The microscope is capable of scanning up to an 8100 um?* scan

area.

2.4. Surface chemistry

Surface chemistry analysis of FeCrAl samples was conducted before and after CHF testing using a
PHI VersaProbe III XPS, equipped with a Al k-Alpha monochromatic X-ray source. The specimens were
subjected to argon ion beam sputtering for depth-profiling analysis. During the etching, the beam energy
and current were set to 3 keV and 1 pA, respectively. For depth profiling, a 9 mm? area over the specimen
surface was scanned by the ion beam. Before data collection for FeCrAl samples, the beam current was
calibrated using standard SiO; film of 250 A thickness. Several high-resolution spectra of Al2p, Fe2p, and
Cr2p were collected using 26 eV pass energy settings and calibrated with 284.8 eV binding energy of the



adventitious carbon Cls. The XPS data were analyzed in Casa XPS software (Version 2.3.19PR 1.0) with

Gaussian/Lorentzian functions and Shirley background.

2.5. Microindentation and Ring Compression test

A Bruker micro-hardness tester (TUKON-1202) was used to perform hardness measurements
following ASTM standards [79]. Hardness testing was performed with 100 gf applied load (0.98 N of
applied force) and 15 s dwell time. For hardness measurements, tube specimens were mounted in epoxy
and polished. Thirty measurements were taken from the cross-section of the tube specimens. Ring
compression tests were carried out to assess the mechanical properties of FeCrAl alloys pre- and post-
CHF testing. An MTS Insight 30, with 30 kN load capacity, was used to perform the tests. Rings ~5 mm
long were cut from the tubes at the region of interest and tested at a 1 mm/min loading rate. Due to

instrument limitations, the samples were not tested until their failure but were compressed up to 6 mm.

2.6. Materials characterization

A FIB-SEM (Zeiss Auriga, 30 kV) was used to mill cross-sections and investigate the oxide
formation on the sample surfaces after flow boiling testing. The oxide layer thickness was measured using
ImageJ (IJ 1.46r). XRD studies were performed with a Malvern empyrean instrument with a Copper
target (current 40 mA, voltage 45 kV, and Aka1=1.5406 A). During measurement, a 3 axes Chi-Phi-z stage
was used to mount the samples and then patterns were collected at a 3°/min scan rate and step size of
0.013°. A SEM Phenom ProX at an operating voltage of 15 kV was used for the grain-size analysis before
and after CHF testing. Before imaging, samples were immersed for 2 minutes into an etching solution,
prepared by mixing 20 mL DI water (18.47 M), 30 mL hydrochloric acid (16.46 M), and 10 mL nitric
acid (3.74 M). The samples were then rinsed by distilled water. The grain-size measurements were carried

out using the image processing software package, ImageJ (1J 1.46r).

3. Results and Discussion

3.1. CHF results

The flow boiling tests for FeCrAl alloy samples, APMT and C26M, were performed to record CHF
events. The CHF of APMT and C26M samples were 2.54 MW/m? and 2.26 MW/m?, respectively. The
CHF values obtained from these experiments are comparable with other experimental results reported in
the literature [65][70]. Additionally, both APMT and C26M reached to same temperature of ~ 212 °C
during CHF event. The duration of the CHF event was 0.9 s for APMT and 1.24 s for C26M. During
CHEF, the surface temperature abruptly increases to sufficiently high temperatures that promote surface

oxidation. Tested FeCrAl samples after the flow boiling test are shown in Fig. 3.
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Fig. 3. FeCrAl samples after CHF testing with their CHF results.

3.2. Examination of specimens cross-sections

Fig. 4 displays SEM images of FIB-prepared cross-section for APMT_Post-CHF (Fig. 4(a)) and
C26M_Post-CHF (Fig. 4(b)). To protect the oxide layer during the milling process in FIB, a thin Pt layer
was deposited on the sample surfaces. These micrographs evidenced the formation of an oxide layer after
flow boiling testing for both FeCrAl alloys. The oxide layer, indicated by red arrows, was ~90 nm thick
for APMT_Post-CHF, while a thicker layer of ~173 nm was observed for the C26M_Post-CHF. The

significant difference in the oxide layer thickness could be attributed to the duration of the CHF event.



ﬂ Oxide scale

Fig. 4. Cross-sectional SEM images of FeCrAl samples after CHF testing: a) APMT_Post-CHF and
b) C26M_Post-CHF (cross-sections were milled near blue region on sample surface showed in Fig. 3
(marked with red stars)).

3.3. Surface roughness

Table 4 provides three distinct surface roughness parameters measured by contact profilometry and
AFM for both FeCrAl alloys before and after CHF testing. The surface roughness parameter Ra for
APMT_Pre-CHF (0.4 um) is very similar to that of commercial cladding Zircaloy-2 and Zircaloy-4
[34][35][77]. In contrast, Ra of C26M was twice that of APMT_Pre-CHF. Furthermore, the surface of the
C26M_Pre-CHF, compared to that of APMT_Pre-CHF, had a higher Rz value, accompanied by a larger
RSm, indicating a high average distance between two profile elements. Both FeCrAl samples evidenced a
slight increase in the surface parameters after CHF testing. This result may be attributed to the oxide

formation on the tubes' surface during the flow boiling testing [72].

Table 4. Roughness measurements for both types of FeCrAl surfaces before and after CHF testing.

Contact profilometry measurements (um) AFM measurements (nm)

Sample

Ra Rz RSm Ra r
APMT_Pre-CHF 0.40+0.09 3.89+0.99 70.11+7.24 205 1.02
APMT_Post-CHF 0.47+0.08 4.68+1.03 76.86+8.22 243 1.03
C26M_Pre-CHF 0.80£0.12 8.75+1.65 130.274£22.73 454 1.02
C26M_Post-CHF 0.90£0.10 9.62+1.83 138.86+£22.92 550 1.04

AFM scans for the FeCrAl samples before and after CHF testing are shown in Fig. 5(a-d). The results
confirmed a rougher nanoscale surface profile of the C26M_Pre-CHF sample compared to the

APMT_Pre-CHF. Similarly, post-CHF samples evidenced an increased surface roughness compared to
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their corresponding pre-CHF samples, supporting the results found in contact profilometry. However, the
lower values of the measured surface parameters by AFM can be attributed to a different length scale of
both techniques. For example, the Ra values give similar trends to those seen in contact profilometry, but
their magnitudes are different. The roughness parameter Ra and roughness factor r, measured by AFM,
were recorded for three scans from each sample, and the average values are presented in Table 4. By
definition, the roughness factor r is the ratio of the actual measured area to the projected area [80]. The
measurements showed a Ra of 205 nm for APMT_Pre-CHF, while it was 454 nm for C26M_Pre-CHF.
Insignificant changes in roughness values were recorded after CHF testing. The AFM roughness data help
understand the surface morphology at the nanoscale and valid the surface roughness measured using

stylus profilometry.
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Fig. 5. Surface topography by AFM: a) APMT_Pre-CHF, b) APMT_Post-CHF, ¢) C26M_Pre-CHF
and d) C26M_Post-CHF (Here, a and b & c and d do not correspond to the same region on the

sample surface).

3.4. Wettability
In surface science, the contact angle is commonly used to characterize surface wettability. When the
static water contact angle 6 is < 90°, surface is identified as hydrophilic and hydrophobic when 8 is > 90°

[81]. A comparison of the average static contact angle for both FeCrAl types is shown in Fig. 6(a). The
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C26M demonstrated a lower contact angle than the APMT sample before the CHF testing (Fig. 6(a)). For

hydrophilic surfaces, the influence of surface roughness on wetting and the spreading phenomena has
been evidenced in the literature [82][83]. For instance, the Zircaloy sample showed 28% decrease in
contact angle when surface roughness changed from 0.52 pum to 0.58 um [84]. Many studies have

reported correlations between surface roughness and contact angle for different materials and concluded

that the big scratches on the surface improve capillary wicking, which causes additional movement of the

triple contact line [85][86]. This behavior was also observed in our results, where the increase in surface

roughness after CHF testing led to an increase in the material's wettability. As shown in Fig. 6(a), a lower

contact angle was logged for both FeCrAl alloys post-CHF.
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Fig. 6. Wetting characteristics of FeCrAl alloys: a) Static contact angle measured for the set of

samples, and b) Droplet spreading for FeCrAl alloys before and after CHF test.

For hydrophilic and superhydrophilic surfaces, when the droplet is deposited on the surface, liquid
absorption and rapid angle transition occur, also known as liquid spreading [82]. Thus, the static contact
angle measurements are not enough to distinguish the wetting characteristics of these surfaces. As such,
the dynamic wetting behavior of FeCrAl surfaces before and after CHF testing was characterized
following the development of the water droplet with dynamic droplet-imaging experiments. Fig. 6(b)
shows the spreading of a water droplet (5 uL. DI) measured by contact length within 10 seconds for all

FeCrAl samples. According to these results, a water droplet spreads faster on the C26M_Pre-CHF than

APMT_Pre-CHF, which can be realized by the materials' higher roughness values and higher wettability.

However, the spreading of APMT_Post-CHF was high among all tested samples.
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3.5. XPS compositional analysis and oxidation behavior

The FeCrAl surfaces after CHF testing were investigated with XPS to understand the materials'
surface chemistry. The samples were sputtered at selected time (2 min) intervals to obtain the
compositional depth profiles, 150 cycles for APMT_Post-CHF (total sputtering time of 300 min) and 200
cycles for C26M_Post-CHF (total sputtering time of 400 min). The sputtering rate (nm/min) was difficult
to quantify due to the presence of different species in the oxide layer and the shallow depth at the end of
sputtering. However, the authors are aware that the relative sputter rate depends on the material nature.
For example based on the literature, sputtering rate under certain ion beam conditions can be classified as:
C > SiC > SiO; > Fe304 > Cr203 [87][88][89][90][91]. The compositional depth profile results of
APMT_Post-CHF and C26M_Post-CHF are shown in Fig. 7(a-b). The high oxygen concentration in the
APMT_Post-CHF sample (Fig. 7(a)) was evident up to about 80 min of sputtering, while it was observed
up to 250 min of sputtering for the C26M_Post-CHF sample (Fig. 7(b)). These results are comparable
with the oxide layer thickness estimated from cross-sectional SEM images in Fig. 4(a-b). In these results
for both samples, a thin Si-rich layer was identified. It was unclear whether the thin Si-rich layer was
from the flow boiling facility during testing or from the material itself. During depth profiling, the high-
resolution XPS spectra of Al2p, Fe2p, and Cr2p were collected at different depths and deconvoluted to
elucidate their chemical state. Deconvoluted spectra for both APMT_Post-CHF and C26M_Post-CHF are
shown in Fig. 8 and Fig. 9, respectively. Additionally, high-resolution spectra for pre-CHF samples,
APMT_Pre-CHF and C26M_Pre-CHF, were collected to serve as a reference (Fig. 10). In all high-
resolution spectra, original spectra collected from XPS are represented with black dotted lines; however,
the thin brown line is the fitted profile. The positions in binding energy and intensities of the peaks
associated with each element allowed the identification of their oxidation states [92][93][94][95][96][97].

The multi-peak fitting was adopted to analyze all XPS patterns [96].
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The diagrams in Fig. 11 give a qualitative representation of the contribution from the different oxide
species on the FeCrAl samples, APMT_Post-CHF (a) and C26M_Post-CHF (b), tested in the CHF
facility. These graphs were based on the high-resolution XPS spectra collected during depth profiling,
where X-axis reads sputtering times at which high-resolution spectra were collected. When samples were
tested in the flow boiling system, working fluid (DI water) reacts with the sample surface by means of
oxidation and adsorption, producing Al,Os3;, AI(OH)3;, AIO(OH), FeO, Fe,03, Fe304, Cr203, and Cr(OH)s.
Alloying elements, Fe, Cr, and Al, would react with O based on their distribution on the surface. For the
APMT_Post-CHF sample, the mixed oxide film in the first stage of sputtering (5 min in Fig. 11(a)) was
mainly composed of Al oxides and hydroxides with a noticeable amount of Fe, Cr, and their
corresponding oxides and hydroxides. In contrast, in the C26M_Post-CHF sample, the layer was detected
with only aluminum oxides and hydroxides (Fig. 11(b)). It was assumed that O stops reacting with alloy
elements on the surface once a thin film of pure/mixed oxide formed on the surface. However, because of
the existence of mixed oxide film, internal diffusion of O> was enough to produce more Al,O3, Al(OH)3,
AIO(OH), Fe;03, Fe30s, and Cr,0s. Thus, the oxidation process results from adsorption, ionization, and
diffusion of oxidizing species. In the sputtering time between 5 to 100 min, the presence of Al,Os,
AI(OH);,and AIO(OH) was predominant for both post CHF samples. The possible reaction of Al with
water leads to the products identified in this work, which are thermodynamically favorable from room
temperature to temperatures even above the aluminum melting point of 660 °C [98]. The aluminum

hydroxides are the precursors of alumina, and their thermodynamical stability as a function of
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temperature has indicated that the higher the temperature, the lower the degree of hydration [98]. The
phase stability diagrams indicate three different domains i) AI(OH)s is the most stable product from room
temperature to 280 °C, ii) AIO(OH) is the most stable in the temperature range from 280 to 480 °C and iii)
Al>Os is the most stable product above 480 °C. According to the stability diagrams, our results indicate
that the analyzed region in the material reached a temperature high enough to promote the formation of
alumina. However, this phase did not fully develop as the test was stopped when the CHF was reached.
Thus, the fraction of the different products in the material surface is AIO(OH)>AI(OH)3>Al>O3. The
C26M_Post-CHF samples also showed FeO and Fe;O3, along with the aluminum oxides/hydroxides, with
no evidence of Cr oxides. For the APMT_Post-CHF sample, at depths given by the sputtering times from
100 min to 250 min, the formation of Fe,O3 was favored. A similar effect was seen for the C26M_Post-
CHF sample during sputtering times between 200 to 300 min. For both samples, at the highest sputtering
time used in this experiment, when the concentration of O* at the interface (mixed oxide film/matrix) was
too low to promote oxide formation, it led to negligible amounts of Al and Cr oxides in APMT_Post-CHF
sample and some Al and Fe oxides in C26M_Post-CHF sample. At this point, the area percentage of all
elements and their species at different valence states are almost similar to the results of deconvoluted

high-resolution spectra of pre-CHF FeCrAl samples, shown in Fig. 10.
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The surface characterization and surface chemistry analysis data presented in this section
demonstrated the evolution of FeCrAl surface when tested into flow boiling CHF testing. Our results
discussed above indicate that CHF tested samples evidence improved wettability of the sample, possibly
the consequence of the presence of various oxide and hydroxides species. After flow boiling CHF testing,
FeCrAl alloy surface chemistry changes can be considered responsible for increasing surface wettability.
In contrast, in our previous studies, the post-CHF Cr-coated (PVD coating) samples showed poor
wettability because of the adsorption of contaminants [34][35]. However, in this study, a negligible
amount of surface contaminations was recorded for FeCrAl samples after CHF testing, contributing to the
hydrophilic characteristics of the exposed samples. Effects of surface contaminants on wetting

characteristics are reported in the literature [99].

3.6. Ring compression test and Hardness measurements

The ring compression test data for all FeCrAl samples is shown in Fig. 12(a). An inset picture of the
sample tubes before and after compression is also added here with load dies. The engineering stress-strain
curves (Fig. 12(a) followed a similar trend for both types of FeCrAl alloys before and after CHF testing.
Before CHF testing, the APMT_Pre-CHF sample evidenced higher yield strength (the yield strength
values were calculated at 0.2% strains) and peak load than C26M_Pre-CHF (Table 5) which agrees with
results in the literature for FeCrAl alloys with different Al and Cr content [100]. The overall strength of
both APMT_Post-CHF and C26M_Post-CHF was found to be higher than the Pre-CHF testing samples.
Additionally, peak loads for APMT_Post-CHF-far and C26M_Post-CHF-far were slightly lower (Table
5) compared to those obtained from CHF regions of corresponding samples. The difference could be
because of axial thermal gradients during the testing of the tubes. Fig. 12(b) shows the comparison of
hardness measurements before and after CHF testing for both types of FeCrAl alloy taken with 0.98 N
load. The hardness of APMT was almost 30 % higher than the C26M sample, which may be attributed to
the higher Cr content in APMT compared to C26M [100][101]. After CHF testing, the hardness of both
FeCrAl alloys slightly increased. The hardness obtained from the yellow region in Fig. 3 were 3.41 GPa
and 2.80 GPa for APMT_Post-CHF-far and C26M_Post-CHF-far, respectively. These values are slightly
lower compared to values obtained from the purple region in Fig. 3. The hardness values of FeCrAl alloys

obtained herein are comparable with previous reports [S0][102].
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Fig. 12. Comparison of mechanical properties of FeCrAl alloys before and after CHF testing: a)

Ring compression tests and b) Microindentation tests.

Table 5. Ring compression test results before and after CHF testing.

Parameter
Sample
Peak load (N) Yield strength (Mpa)

APMT-Pre_CHF 156 0.90
APMT-Post_CHF 188 1.76
APMT-Post_CHF-far 171 -

C26M-Pre_CHF 97 0.38
C26M-Post_CHF 153 0.83

C26M-Post_ CHF-far 130 -

3.7. Microstructure of the FeCrAl alloys

The XRD patterns of the FeCrAl alloys before and after CHF testing are presented in Fig. 13(a). The

diffraction peaks for all samples were observed at 26° of 44.27°, 64.38°, and 81.40° confirmed the body-
centered cubic (BCC) crystal structure (ICDD pdf #00-054-0387) [77]. Due to the lower atomic packing

factor, BCC structures exhibit smaller volume expansion associated with the insertion of an interstitial

atom, hence offering higher dimensional stability during neutron irradiation [50][103]. The peaks in the

XRD pattern of the C26M-Pre_CHF sample compared to those in APMT-Pre_CHF showed up at slightly

lower angles, which may be due to the higher Al content (Fig. 13(a)). The Bragg equation, 2dsinf=ni
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(where d, lattice parameter; 0, diffraction angle; n, diffraction series; and A, beam wavelength) shows the
relationship between how the diffraction angle decreases by increasing the lattice parameter when the
diffraction series and beam wavelength are fixed [104]. The lattice parameter increases with the Al
content because of the larger atomic radius of Al compared to Fe [105]. Furthermore, a close inspection
of the XRD peak profiles indicated a variation of the FWHM for post-CHF specimens. The calculated
FWHM, using Voigt curve fitting [106], for the (110) peak for both post-CHF FeCrAl samples are shown
in Fig. 13(b). The results indicate a significant decrease in FWHM of the peaks for both FeCrAl samples
after CHF testing, which can be attributed to a reduction in dislocation density and residual stresses. This
observation correlates with the mechanical properties of the materials post-CHF [107]. The slight shifting

of (110) peak for the post-CHF FeCrAl has been attributed to minor displacements of the sample from the

center of the XRD goniometer due to their curved geometry [108].

| [——APMT_Pre-CHF —— APMT _Post.CHF a) [ APMT_Pre-CHF ; | b)
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Fig. 13. X-ray diffraction pattern of the FeCrAl alloys before and after CHF testing (a) and
showing effect of CHF testing on peak broadening (b).
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The grain size of all FeCrAl samples, APMT_Pre-CHF, C26M_Pre-CHF, APMT_Post-CHF, and
C26M_Post-CHF, was determined using the SEM cross-sections. Fig. 14(a-b) shows the micrographs of
the APMT_Pre-CHF and C26M_Pre-CHF previously etched to reveal grain boundaries. The measured
average grain-size of the samples before CHF testing was 7.78+3.38 um for APMT_Pre-CHF and
46.92+15.42 um for C26M_Pre-CHF. The significant difference in grain size and microstructure is
associated to the different fabrication methods: traditional melting and forging for the C26M and powder
metallurgy process for APMT [50]. Newer versions of C26M cladding are being fabricated using powder
metallurgy technology, which renders smaller grain sizes than the traditional melting method.
Additionally, due to the larger atomic radius of Al compared to Fe, the lattice constant of ferrite increases
with the Al content, which enhances atomic diffusion and promotes grain growth during solidification
[105]. With comparatively smaller grain size, the APMT has evidenced higher overall strength in this
study, which agrees with previous studies in the literature [109]. The measured average grain-size of

APMT_Post-CHF was 7.0+3.3 um, while it was 44.2+15.3 um for C26M_Post-CHF. These results did

not show significant changes in the grain-size for the post-CHF samples.

The implementation of FeCrAl alloys as accident tolerant fuels in LWR relies on their high resistance
to degradation at high temperatures and their better performance compared to standard materials under
normal operating conditions. During the flow boiling CHF experiments performed herein, the FeCrAl

alloys evidenced their ability to rapidly react to the temperature rise during the CHF event forming oxides
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on the surface, which also led to an improved surface wettability and roughness. These surface properties
of both FeCrAl alloys may result in the enhanced thermal-hydraulic performance of the materials
compared to the current bare Zircaloy cladding tubes.
4. Summary and Conclusions

Cladding tubes of FeCrAl alloys APMT and C26M were tested in a flow boiling testing facility at
atmospheric pressure. The surface characteristics, mechanical properties, and microstructural features of
the FeCrAl alloys were studied before and after CHF testing through XPS, contact profilometry, AFM,
contact angle goniometry, microindentation and ring compression, FIB-SEM, and XRD. After the flow
boiling test, the formation of an oxide layer was evidenced in the cross-sectional examination of both
alloys. Analysis of the two materials' topography showed higher roughness parameters, which may result
from the surface oxide formation during CHF transient testing. The detailed early-stage oxidation of the
alloys was studied using XPS depth profiling with the high-resolution spectra of Al2p, Fe2p, and Cr2p
elements. The results revealed a thin layer of aluminum oxides and hydroxides mixed, with a small
fraction of other elements and their oxides for APMT_Post-CHF. A pure Al,Os/ Al(OH)s/ AIO(OH) layer
was detected for the C26M_Post-CHF sample. Similarly, the increase in the materials' wettability has
been attributed to the hydrophilic behavior of the aluminum species formed on the materials' surface.
Hardness was slightly increased for both FeCrAl samples after CHF testing. However, compared to
C26M, the APMT sample showed almost 30% higher hardness before and 15% higher after flow boiling
testing. The increase of peak load and yield strength was recorded for both types of FeCrAl alloys due to
CHF testing. Higher overall mechanical properties of APMT over C26M may be attributed to their
different grain size. XRD patterns revealed the sharpening of the peaks after flow boiling testing,
indicating lower dislocation density. The post-CHF transient higher hardness is not expected to affect the

performance of the two materials in their cladding function.
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