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Abstract 

Accident Tolerant Fuel Claddings are designed to improve fuel performance and safety in 

abnormal reactor conditions. The development of these cladding materials has become a top 

priority for the nuclear community, with incidents such as the Three Mile Island accident and the 

Fukashima Dai-chi accident. The development of these claddings has resulted in 2 subsections: 

coating current claddings or replacing cladding materials with new materials. The claddings 

studied in this thesis are a Zircaloy-4 cladding coated with chromium through physical vapor 

deposition, Zircaloy-4, and a FeCrAl alloy, C26M. This thesis assessed the surface chemistry, 

roughness, and wettability after extended exposure to a high-temperature steam environment. 

The surfaces of the materials were studied to determine the impact of the flowing steam on the 

material’s oxidation. The results showed that both proposed cladding materials exhibited 

improved oxidation characteristics compared to the Zircaloy-4. The surface chemistry of the 

claddings evidenced the oxide layer with a thickness of 3 μm, 23 μm, and 150 nm for chromium-

coated Zircaloy-4, substrate Zircaloy-4, and C26M, respectively. The results of the coated 

cladding were found to agree with previous research in where the chromia layer forms and 

protects the substrate from oxidation. The FeCrAl alloy, C26M, showed the oxide development 

of an external layer rich in iron, with a lower fraction of chromium and aluminum, and an 

internal layer rich in aluminum. The preliminary characterization of the materials’ mechanical 

properties results also showed a decrease in hardness for all materials.  

 

Keywords: Accident Tolerant Fuel (ATF), Physical Vapor Deposition (PVD), Zircaloy-4, 

Cr-coated 
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Chapter 1: Introduction, Motivation, and Research Objectives 

1.1 Introduction 

Nuclear energy is a strong solution to deal with rising global warming concerns. Nuclear 

reactors generate clean energy while reducing the emission of greenhouse gases of conventional 

power plants[1]–[4]. Additionally, with increasing demands on energy and rising costs in the oil 

markets, nuclear energy becomes an efficient choice in reducing a country’s dependence on 

fossil fuels [1]–[4]. While nuclear energy production offers many advantages over other sources, 

its growth has been hampered by public perception of safety and reliability. Poor public 

perception of safety stems from several major accidents. These accidents include the Three Mile 

Island accident, which negatively influenced American public opinion of nuclear reactors, and 

the Fukushima Dai-ichi accident, which affected international views, both of which were caused 

by a loss of coolant accident (LOCA) [5]–[9]. The latter event, in particular, led to the search for 

improved cladding materials that could provide a longer copping time in accident scenarios 

while providing improved performance in normal operating conditions.  

 The Three Mile Island accident took place at the Three Mile Island Nuclear Station after 

a leakage in an electromagnetic relief valve resulted in a loss of coolant to the core. The issue 

was compounded by the fact that the operating staff did not recognize the issue for 2 hours [5], 

[6]. The accident led to substantial fuel damage and increased hydrogen production from the 

water and zirconium reaction [5], [6]. After the Three Mile Island accident, public perception of 

nuclear power and the creation of nuclear power decreased significantly in the United States [6]. 

Another substantial LOCA accident occurred at the Fukushima Dai-ichi nuclear power plant 

during the 2011 tsunami and earthquakes. These natural disasters left the reactor cores 1, 2, and 3 

without coolant for an extended time. During this time, the heat generated from the reactors 
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caused an explosive reaction with the oxidation products from the fuel cladding material [7]–[9].  

Zircaloy-2 and Zircaloy-4 are commercial nuclear fuel cladding materials in light water reactors 

(LWR) and have been used since the 1950s because of their low neutron absorption cross-section 

[8]. Pure zirconium has a negative oxidation reaction in a high-temperature steam environment; 

therefore, other metals are added to reduce the corrosion effects [8], [10], [11]. The chemical 

composition of these materials is shown in Table 1.1, with the primary difference between 

Zircaloy-2 and 4 being the Nickel and Iron content [8]. 

Table 1.1 Chemical Composition of Zircaloy Claddings [8], [12]–[14] 

Material 
Zircaloy-2  Zircaloy-4 

Weight Percent 

Sn 1.2-1.7 1.2-1.7 

Fe 0.07-0.20 0.18-0.24 

Cr 0.05-0.15 0.07-0.13 

Ni 0.03-0.08 - 

Average 

(Fe+Cr+Ni) 
0.18-0.38 - 

Average (Fe+Cr) - 0.28-0.37 

N, Max 0.008 0.008 

 

The oxidation of the zirconium in the alloys under high-temperature steam environments, 

typically in the range of 550-1500 °C, can result in hydrogen gas and heat generation [8], [10], 

[11].  

𝑍𝑟 +  2𝐻2𝑂 → 𝑍𝑟𝑂2 + 2𝐻2 + 𝐻𝑒𝑎𝑡    Equation 1.1 

Hydrogen gas is highly reactive in atmospheres containing oxygen. The interaction of these two 

elements leads to a release of a large amount of energy that translates to a sharp explosion. These 

events were encountered in the Dai-Chi Nuclear Power plant accident [7]–[9]. The explosions 

also caused large amounts of radioactive material to be released into the environment. Since both 
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of these major incidents were caused by LOCAs there is a strong need for materials that can 

withstand abnormal reactor conditions.  

According to the United States Office of Nuclear Energy, accident tolerant fuels are 

being designed for improved corrosion resistance, improved mechanical properties, and 

increased fuel efficiency [15]. Various alternative materials have been proposed and investigated 

in the nuclear industry to satisfy the requirements. According to the United States Nuclear 

Regulatory Commission (NRC), they have been categorized as near-term and longer-term 

technologies [16]. One of the near-term cladding materials being investigated is Iron-Chromium-

Aluminum (FeCrAl) alloys. An example of a FeCrAl alloy is shown in Figure 1.1. 

 

Figure 1.1 FeCrAl ATF Cladding [16] 

FeCrAl alloys minimize hydrogen production under high-temperature steam conditions, 

significantly reducing potential explosions under accident scenarios. Furthermore, FeCrAl alloys 

have evidenced a slower oxidation rate than Zircaloy [17]. Additionally, this material has a 

desirable oxidation behavior that develops a specific oxide under certain environmental 

conditions, which helps to reduce further degradation of the substrate [18]. FeCrAl alloy 

cladding candidates can be reduced in thickness compared to a Zirconium cladding due to the 

physical properties of the alloy. This reduction in thickness allows for more uranium oxide fuel 
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to be inserted into a fuel rod to offset the higher neutron absorption cross-section of the material  

[17]. Another alternative cladding material that is also considered near-term is coated Zircaloy 

claddings. An example of a coated cladding is shown in Figure 1.2. 

 

Figure 1.2 Coated Zircaloy ATF Cladding [16] 

Coatings on the surface of the Zircaloy claddings aim to prevent the adverse oxidation of 

zirconium. In addition, this technology takes advantage of the already well-known characteristics 

and manufacturing process of the commercial Zircaloy cladding, which avoids substantial 

changes to either fuel pellets or fuel assemblies. Coating materials for ATF claddings tend to be 

chromium or metals that exhibit increased durability and oxidation resistance.                                                                                                                                                                                                                                                                                                                                                                                                                                                                

1.2 Motivation 

This research investigates the changes in surface characteristics and oxide growth of 

selected cladding materials subjected to long-term exposure to high-temperature steam of       

500 °C. This research is motivated by studies investigating the oxidation characteristics of coated 

Zircaloy and FeCrAl cladding materials. Terrani et al. determined oxidation behaviors of FeCrAl 

and Zircaloy materials for extended periods within water reactor environments to understand the 

oxidation kinetics [19]. The results showed that FeCrAl alloys with 10-15% Cr and 3-5% Al 

form a hematite scale on the surface [19]. Nan Li et al [20] oxidized C26M in stagnant air at 
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temperatures between 300 °C and 600 °C for times between 100 to 2000 hours. The study 

determined the microstructure and chemical composition of the samples and showed the 

formation of an oxide layer that follows a logarithmic time dependence and is shown in Figure 

1.3 [20].  

 

Figure 1.3 Oxide thickness as a function of aging temperatures and time [20] 

Rebak et al. determined the oxidation behavior of FeCrAl alloys within super-heated 

steam environments at 1200 °C and pure water at 330 °C compared to traditional Zircaloy 

claddings [9].  

Rebak et al. showed that as the temperature increases over 1100°C, the chromium layer 

volatilize. All results for stagnant air, steam, and water contact determined that the oxide pattern 

for FeCrAl alloys tends to follow the creation of a protective layer of chromium oxide first, then 

an aluminum oxide, and a hematite surface scaling which reduces the amount of iron being 

oxidized. [9], [17]–[23]. Umretiya et al. [24] explored the effects of chromium surface 

modifications on Zicaloy-4 through physical vapor deposition and cold spray. The coatings 

showed an increase in the mechanical strength of the samples and increased wettability of the 

surface [24]. Brachet et al. [25] oxidation of chromium-coated Zircaloy-4 in high-temperature, 
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high-pressure steam environments, ranging from 415 °C to 1100 °C, showed chromium-coated 

claddings had good corrosion resistance, fretting resistance, and resistance to high-temperature 

steam [25]. Seveck et al. [26] tested the oxidation behavior of Zircaloy-4, cold spray chromium-

coated Zircaloy-4, and pure chromium in a 500 °C steam environment for an extended time 

between 1 to 20 days. The results showed that the coated samples cracked and allowed the 

substrate to oxidize, but the study was able to determine the weight gain of the samples in steam 

testing. The weight gain for the samples is shown in Table 1.2 [26]. 

Table 1.2 Weight gains and appearances of the oxidation sample surfaces during the 500 °C 

steam testing [26] 

 

Following previous reports on steam oxidation of ATF, this research determines the 

effects of high-temperature steam at 500 °C flowing over the material. The materials, as-received 

and oxidized, were characterized for their surface roughness, wettability, surface chemistry, and 

hardness. The surface chemistry of the claddings shows how the claddings oxidized within the 

environment and their impact on surface characteristics such as topography and affinity for 

water; the materials have desirable oxidation effects designed to limit their degradation and the 
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amount of H2 created. The surface chemistry, microstructure, and chemical composition of the 

materials were characterized using photoelectric spectroscopy (XPS), X-ray diffractometry 

(XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and 

energy dispersive spectroscopy (EDS). Additionally, preliminary data were collected on hardness 

measurements to determine changes in mechanical properties due to the prolonged exposure to 

the steam environment.  

1.3 Research Objectives                                                                                                                            

The overall objective of the research is to investigate the steam oxidation behavior of 

ATF claddings material candidates, including Cr-coated Zircaloy-4 and C26M FeCrAl alloy, 

compared to Zircaloy-4 upon exposure to a humid air flow of 2 standard cubic feet per hour at a 

temperature of 500 °C for 20 days in atmospheric pressure. 

1.3.1 Objective 1: Determine the wettability and surface roughness of selected ATF 

cladding materials through contact profilometry and contact angle goniometry 

The surface roughness and wettability of components used as heating elements have been 

evidenced to impact their heat transfer characteristics. As such, in the case of fuel claddings, 

these surface parameters may affect to some extent their thermohydraulic performance in reactor 

environments [27]. Additionally, the surface roughness may also affect the materials’ oxidation 

behavior [28]. One of the current needs in developing accident tolerant fuel cladding materials is 

their improved reaction kinetics with steam, or minimizing oxidation rates, which occurs in 

design basis accidents where temperatures increase above 400 °C [9]. With the particular 

importance of oxidation behavior of ATF cladding candidates, there is a need to investigate and 

report their surface topography and wetting characteristics prior to steam oxidation. The surface 

wettability indicates the affinity between the surface and the fluid. A hydrophilic surface is a 
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surface with a static contact angle below 90° more inclined to interact with the liquid and 

improve rewetting in boiling. A hydrophobic surface is above 90° and tends to reject the fluid 

[29]–[31]. Furthermore, the surface roughness of the claddings may impact the wettability 

through surface tension and friction [29], [32]–[34]. All these surface parameters are then 

needed, along with oxidation behavior in specific environmental conditions. This stage is 

expected to serve as a foundation for future studies on the impact of surface characteristics on 

ATF oxidation.  

The first objective is to investigate the surface characteristics of selected cladding 

candidates, as-received, using a set of materials characterization tools. The tasks followed to 

complete objective one are listed below.  

Tasks:  

1. Evaluate the surface roughness of the cladding candidate materials before and after 

steam oxidation using contact profilometry. 

2. Evaluate the wettability of the cladding candidate materials before and after steam 

oxidation using contact angle goniometry.  

1.3.2 Objective 2: Determine the surface chemistry and microstructure of the selected ATF 

cladding materials after steam oxidation 

This objective investigates the oxidation behavior of the ATF claddings under steam 

conditions. The surface chemistry of the claddings after exposure to high-temperature steam 

shows how the claddings are reacting within the environment. The FeCrAl alloys have 

demonstrated their slower oxidation rates than Zr-based alloys and improved resistance to steam 

oxidation. This relies on their ability to form a Cr-rich oxide layer and alumina layer within 
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specific temperature intervals [35]. These oxide layers prevent further oxidation of the substrate 

materials with the environment [22], [36]. This oxidation pattern is useful because it significantly 

minimizes the rate of hydrogen generation. The coating on the Zircaloy claddings is designed to 

protect the underlying substrate and prevent rapid degradation in accident scenarios [37], [38]. 

For the coated claddings used in this work, chromium is deposited through Physical Vapor 

Deposition (PVD) on the surface of the Zircaloy-4.  

This second specific objective aims to investigate the surface chemistry and 

microstructure of selected cladding candidates using a set of materials characterization tools. The 

tasks followed to complete objective 2 are listed below.  

Tasks:  

1. Evaluate the chemical species present in the surface of the steam-oxidized specimens 

using X-ray photoelectron spectroscopy.  

2. Investigate the crystalline structure of the oxides formed in ATF cladding candidates 

exposed to steam-environment using X-ray diffraction analysis. 

3. Investigate the chemistry and microstructure of the oxides formed in ATF cladding 

candidates exposed to steam-environment using scanning electron microscopy, 

transmission electron microscopy, and energy dispersive spectroscopy.  

1.3.3 Objective 3: Preliminary determination of mechanical properties of the selected ATF 

cladding materials 

This objective seeks to determine the hardness of the selected cladding materials after 

oxidation. The hardness of the materials shows how resistant the cladding materials are to wear 
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in the system and how the materials age under the selected conditions. The hardness of the 

material is necessary for comparison with irradiation hardening behavior [39].        

This final specific objective aims to investigate the changes in the hardness of the as-

received and oxidized selected cladding candidates using a set of materials characterization tools. 

The tasks followed to complete objective 3 are listed below.  

Tasks:  

1. Investigate the hardness through micro-indentation of the cross-sections of selected 

cladding materials before and after steam oxidation.  
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Chapter 2: Accident Tolerant Fuel Claddings Background and Significance 

2.1 Nuclear Reactors 

Current nuclear reactor designs being used are primarily generation II light water 

reactors; with the generation I reactors being early prototype reactors and generation III being 

advanced light water reactors [40]. Generation II reactors makeup 82% of all reactors in the 

world and consist of pressurized water reactors (PWR) and boiling water reactors (BWR) [22], 

[41]. The difference between reactor designs is that PWR designs use pressurized water to cool 

the reactor core in an indirect cycle, while BWR designs use steam fed in a direct cycle. The 

steam is used to turn turbines that generate electricity. The indirect cycle is when the coolant is 

circulated through the core in a single-phase flow and then is fed into a steam generator. 

Drawbacks to the PWR and BWR designs include fuel failure where insufficient cooling leads to 

cladding damage [41], [42]. The reactors that use water as a coolant have the uranium dioxide 

fuel placed in zirconium alloy claddings within the fuel assembly. While these claddings 

materials provide excellent performance in normal operating conditions in the reactor, their 

exposure to high temperatures and steam, typical of accident conditions, leads to hydrogen 

production and eventually fuel failure.  

2.2 Zircaloy-2 and Zircaloy-4 

Current commercial fuel claddings used in water-cooled reactors are Zircaloy-2 and 

Zircaloy-4. Zircaloy alloys are made primarily from zirconium, tin, iron, chromium, and nickel, 

as provided in table 1.1 [8]. Zircaloy claddings have been the choice of fuel cladding for nuclear 

reactors since their early development in the 1950s. Zircaloy-2 was originally developed in the 

early 1950s; the design of Zircaloy-2 was based primarily on zirconium as it has a low neutron 

absorption cross-section and the ability to withstand high temperatures and pressures; however, it 
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exhibits low strength properties and corrosive behavior [8], [12], [43]. Although the original 

development of Zircaloy-2 sought to reduce the impact of corrosion with respect to pure 

zirconium, Zircaloy-2’s poor performance as a fuel cladding was strongly influenced by its 

corrosion within water and steam environments. The hydrogen pickup was the result of the 

cladding being in contact with water [8], [12], [43]. Zircaloy-4 is primarily designed as an 

upgraded form of Zircaloy-2 and is meant to reduce the amount of hydrogen gas produced when 

the cladding oxidizes. The primary design change between Zircaloy-4 and 2 is the reduction of 

the content of Nickel and Iron. The increased amount of nickel in the alloy was shown to 

increase the hydrogen pickup of the cladding [44]. A result of this hydrogen pickup and 

oxidation effect is poor performance in a loss of coolant accident [7], [8], [43], [45]. 

2.3 Loss of Coolant Accidents 

Loss of coolant accidents (LOCAs) are caused by natural disasters, human errors, part 

failures, and short-term station blackouts (STSB). These accidents represent a loss in core 

coolant from either a breach in the coolant system or a core cooling failure. A loss of cooling to 

the core can result in high-temperature steam being produced and the fuel bundles not being in 

direct contact with the coolant. The oxidation of the Zircaloy claddings within high-temperature 

steam environments created by a LOCA results in volatile hydrogen gas. This hydrogen gas led 

to dangerous conditions and the explosion in the Dai-Chi Nuclear Power plant accident [7]–[9]. 

This loss of coolant can lead to varying temperature and pressure steam environments. In a loss 

of coolant accident (LOCA), the Zircaloy claddings start to oxidize, and the zirconium within the 

cladding produces hydrogen gas, as shown in eq. 1.1. 

At the Fukushima Nuclear Power plant in 2011, the Great East Japan Earthquake caused 

a LOCA which caused the coolant systems to fail, and meltdowns occurred between the multiple 
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reactors at the site. The primary reactors to suffer hydrogen explosions due to the oxidation of 

the fuel rod cladding after the coolant water vaporized were reactors 3 and 4; which upon the 

explosions released large amounts of radioactive materials [7]–[9]. After this accident caused by 

Zircaloy claddings reactivity, there was a need for cladding materials that can withstand accident 

conditions for longer times and increase copping time for accident response.   

2.4 Accident Tolerant Fuel Claddings 

A primary goal of accident tolerant fuel cladding materials after the Dai-chi accident is to 

limit the adverse oxidation effects from zirconium. These cladding materials are developed to 

reduce risks with both reactivity-initiated accidents (RIA) and LOCAs [46]. Proposed cladding 

materials chosen to replace Zircaloy claddings are designed to improve fuel properties, contain 

contaminants, improve mechanical properties, and reduce negative oxidation effects [47]. 

Candidates for ATF claddings can be broken into two subsets: surface modified claddings and 

cladding replacements. Coated claddings offer the convenience of modifying readily available 

claddings, while cladding replacements allow for improved overall properties [43], [47]–[53]. 

2.5 FeCrAl Alloys  

Compared to traditional Zircaloy claddings, FeCrAl alloys offer improved corrosion 

resistance, higher coefficients of thermal expansion, and mechanical strength. A key feature of 

these alloys is the oxidation pattern, which has been widely researched. The oxidation patterns of 

FeCrAl are temperature-dependent but tend to follow similar processes. First, the structure 

initially produces a chromium-rich oxide protective layer up to ~1000 °C, followed by aluminum 

oxide formation as the temperature increases. This oxidation process creates a protective layer of 

either aluminum or chromium oxides (or a combination) that reduces the degradation of the 
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substrate. Additionally, the oxidation method reduces the amount of hydrogen gas produced [9], 

[17]–[23]. Figure 2.1 gives a visual representation of the oxidation process of FeCrAl alloys. 

 

Figure 2.1 Oxidation Behavior of FeCrAl in Super-Heated Steam [9] 

The amount of aluminum and chromium present in the alloy is not paramount to the yield 

strength, ductility, and radiation resistance at lower temperature ranges, but at higher 

temperatures, these materials strongly influence these characteristics [54]. The drawbacks related 

to FeCrAl materials are that the claddings have a higher neutron absorption cross-section, 

reducing the efficiency of the fuel [54]. Nonetheless, this can be alleviated by reducing the 

thickness of the tubes, which would also allow for an increase in the fuel pellet volume. 

Commercially manufactured available FeCrAl alloys include APMT and C26M. C26M is an 

alloy produced from traditional manufacturing processes of melting materials together [18], [20], 

[21], [55]. This alloy exhibits improved mechanical properties compared to Zircaloy claddings. 

These properties are shown in Table 2.1 and show the properties for the C26M. 

Table 2.1 Mechanical Properties of C26M [56] 
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2.6 Chromium-Coated Zirconium alloys  

The improvement of current zirconium alloys has led to the development of coated 

Zircaloy claddings. Coated Zircaloy materials modify currently used commercial nuclear fuel 

claddings to improve oxidation resistance [25], [47]. The surface materials can be applied 

through various coating techniques, such as laser coating, cold spraying, and physical vapor 

deposition (PVD) [43], [47]–[52]. The coatings chosen can be specific metals, alloys, or other 

materials applied to the surface of the Zircaloy claddings. These coatings are selected to improve 

the oxidation characteristics while decreasing the impact of the coatings on the neutron 

absorption cross-section. A primary choice of metal to coat Zircaloy is chromium. Chromium 

has been a proven coating material because of its oxidation resistance within humid 

environments, specifically high-temperature steam. The oxidation reaction of the chromium 

requires more chromium to produce the volatile hydrogen gas compared to the zirconium as 

shown in equations 1.1 and 2.1 [57]. 

2𝐶𝑟 +  3𝐻2𝑂 → 𝐶𝑟2𝑂3 + 3𝐻2   Equation 2.1 

Chromium’s effectiveness as a coating does diminish in extreme temperatures [17], [18], 

[23], [25], [43], [47]–[51]. Chromium-coated Zircaloy claddings also show improved mechanical 

properties compared to pure Zircaloy claddings. The hardness and modulus for chromium-coated 

claddings, Zircaloy-2, and Zircaloy-4 claddings are shown in Table 2.2.  

Table 2.2 Mechanical Properties of Chromium-Coated Zircaloy, Zircaloy-2, and Zircaloy-4 

[58] 

Material Hardness 

(GPa) 

Modulus 

(GPa) 
 

Cr Coated 2.85-14.2 140-300  

Zr-2 1.8-2.2 95-110  

Zr-4 2.0-3.0 99-115  
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2.7 Steam Oxidation 

Loss of coolant accidents creates a high-temperature steam environment in a reactor 

which rapidly leads to an increase in cladding temperature. To simulate these conditions, the 

materials are generally exposed for a long term to a high-temperature steam environment to 

investigate their oxidation behavior and overall performance in the possibility of a loss of coolant 

accident. One of the current needs in developing accident tolerant fuel cladding materials is their 

improved reaction kinetics with steam, typically above 400 °C [9]. Oxidation behaviors for 

FeCrAl and coated Zircaloy-4 cladding materials have been observed for stagnant steam 

environments within high-temperature ranges. Still, little classification of oxidation has been 

done for flowing high-temperature steam. [9], [17]–[23]. Table 2.3 summarizes some results 

from the literature related to high-temperature oxidation of ATF cladding candidate materials.  
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Table 2.3 Summary of Oxidation Environments and Results 

Material Environment Time of 

exposure 

Results Ref. 

FeCrAl: C26M 

and APMT 

Flowing air and 

steam at varying 

temperatures 

from 800 ⁰C-

1300 ⁰C 

2 hours 

and 4 

hours 

For C26M: The external layer 

tended to be distinctively 

Aluminum followed by an Al-Cr-

Fe region 

[18] 

Zircaloy-4 and 

FeCrAl alloys 

High-

temperature 

water between 

290 ⁰C at 7.5 

MPa and 330 ⁰C 

at15 MPa 

0 to 12 

months 

FeCrAl alloys formed a Cr-rich 

spinel oxide (chromite) with Fe-

rich spinel crystals on its outer 

surface. The FeCrAl samples 

resulted in net mass loss 

[19] 

FeCrAl: C26M Stagnant air 

between 300 ⁰C-

600 ⁰C 

100-2000 

hours 

The FeCrAl alloy forms an 

amorphous aluminum oxide and 

exhibits a lower critical crystalline 

transition temperature of 500 ⁰C 

[20] 

Chromium-

coated Zircaloy-

4 

Static water at 

360 ⁰C at 18.7 

Mpa, Static 

Steam at 415 ⁰C 

at 100 bar, and 

Flowing Steam 

from 1000 ⁰C-

1200 ⁰C 

- Fully formed coatings resulted in a 

good compromise of increased 

corrosion resistance and adhesion 

of the coating, good fretting 

resistance, and improved resistance 

to steam oxidation at HT 

[25] 

Zircaloy-4 and 

chromium-

coated Zircaloy-

4 

Flowing steam at 

500 ⁰C and   

1200 ⁰C 

0-20 days The chromium coating resulted in 

increased resistance to corrosion 

compared to Zircaloy-4 

[26] 

Zircaloy-4 Flowing steam at 

425 ⁰C, 700 ⁰C, 

850 ⁰C, and   

950 ⁰C 

0-250 

days 

Pre-oxidized samples (425 ⁰C) 

developed a thick oxide layer with 

radial and perpendicular cracks 

[59] 
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Chapter 3: Experimental Procedure 

3.1 Materials and Preparation 

The materials selected for high-temperature steam oxidation testing are commercially 

available nuclear grade Zircaloy-4, chromium-coated Zircaloy-4 manufactured by PVD, and 

FeCrAl alloy C26M, provided by General Electric®. The chromium coating was prepared on as-

received Zircaloy-4, and the manufacturing process parameters have been described in previous 

work by the research group [24]. In this study, the samples were half-cylinders cut from 

commercial tubing. The samples were subjected to humid airflow in the Massachusetts Institute 

of Technology’s Oxidation facility for 20 days [60]. The humid airflow rate was at 2 Standard 

cubic feet per hour at standard atmospheric pressure and 500 °C, and the testing setup for the 

oxidation of the sample is shown in figure 3.1.  

 

Figure 3.1 Oxidation Testing Facility [60] 

Samples were cut for SEM imaging, TEM imaging, XPS, and hardness testing using a 

Buehler IsoMet Low-speed Precision cutter mounted with a 5-inch CBN/Diamond Hybrid 

Wafering Blade. For SEM and hardness testing, the samples were cut in 3-5 mm sections and 

mounted in EpoxyMount Resin. The non-oxidized samples, shown in Figure 3.2, and samples 

after oxidation, shown in Figure 3.3, evidence their change in surface appearance. The polishing 
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procedure for the specimens mounted in epoxy resin is shown in Table 3.1. After polishing, the 

epoxy-mounted samples were cleaned using acetone and an ultrasonic cleaner.  

 

Figure 3.2 Non-Oxidized Cladding 

   

Figure 3.3 Oxidized Samples 
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Table 3.1 Polishing Procedure 

Grit/ Solution 

Rotation 

Direction 

of Head 

and Base 

Time 

(min) 

Force 

(lbs) 

400 SiC/Water Together 5 2 

600 SiC/Water Together 5 2 

800 SiC/Water Together 5 2 

1200 SiC/Water Together 5 2 

Micro Cloth/ 9um* DIAMAT 

MA High Viscosity Diamond 

Suspension 

Opposite 5 2 

Micro Cloth/ 3um* DIAMAT 

MA High Viscosity Diamond 

Suspension 

Opposite 5 2 

* Between each step the scratch sizes were measured using 

optical microscopy (Nikon Eclipse LV100D) 

 

3.2 Surface Characterization  

 The surface topography and wettability of the sample were characterized through surface 

roughness measurements, following American Society of Testing Materials (ASTM) standards, 

and static contact angle measurements, following International Organization for Standardization 

(ISO) standards [61]–[65]. The Mitutoyo Surftest SJ-410 was used for the surface roughness 

profile. The device scanned the surface for Ra, Rq, Rz, and Rsm values using a scan distance of 

1 mm at 0.1 mm/s with a 0.8 mm gauss filter. The specific surface characteristics chosen were: 

Ra, is the roughness average, Rq, is the root mean square roughness, Rz, is the average 

maximum height of profile, and Rsm is the spacing of irregularities [66]. The samples were 

placed on carbon tape on a microscope slide for surface roughness testing to avoid the sample 

from sliding on the leveling surface, and sets of 10 data points were collected. The slides were 

taped to the leveling plate of the Mitutoyo Surftest SJ-410, as shown in Figure 3.4. The 
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material’s surface was then made level to the tester through the contact of the stylus at both the 

leading and furthest edge.  

 

Figure 3.4 Mitutoyo Surftest SJ-410 Testing Setup 

 The static contact angle of the surface was determined using a Rame-Hart Contact Angle. 

Multiple measurements were taken by depositing a 2 μL droplet on the surface with 20 data 

points over a 1-second duration. This process was repeated for all the oxidized samples. Figure 

3.5 shows the landed droplet on the level sample for the testing setup. 

 

Figure 3.5 Rame-Hart Contact Angle Testing Setup and Landed Drop 

 

3.3 Surface Chemistry and Microstructure 

The samples were imaged using a Phenom ProX SEM. The samples were also analyzed 

for chemical composition using EDS and element identification. The SEM operated at a voltage 
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of 10 kV for imaging and 15 kV for EDS. The samples were imaged to determine the thickness 

of the oxide layers and composition. TEM imaging and analysis were conducted at the 

University of Virginia using a FEI Titan and a Themis 60-300 kV Transmission Electron 

Microscopes. The samples were cut and welded to a copper grid using a focused ion beam. The 

samples were then imaged, and the chemical composition was characterized using EDS and 

element identification.  

XRD was used to identify changes in the material’s crystalline structure and the nature of 

the oxides formed on their surface. The samples were placed onto an aluminum disk mounted on 

the chi-x stage in the Empyrean Multipurpose X-ray Diffractometer equipped with a Copper 

target (voltage 45 kV, current 40 mA, and λKα1=1.5406 Å). The samples were analyzed using a 

step size of 0.0070°2θ, starting at 30 degrees, and a step time of 78.7950 seconds. 

XPS measurements were taken on the samples using the PHI VersaProbe III Scanning 

XPS Microprobe, equipped with a monochromated Al k-Alpha X-ray source. Depth profiling 

and high-resolution scans were conducted for each sample. A standard SiO2 specimen was 

observed for depth profiling measurements for calibration, and the depth profiling procedure is 

shown in Table 3.2. The depth profiling of the SiO2 sample showed there was roughly a 1.67 

nm/min etching rate. The scanning procedures for the oxidized samples are shown in Tables 3.3-

3.5. 
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Table 3.2 SiO2 Scanning Procedure 

Material SiO2   

Scan Type 

Number of 

Cycles 

Cycle Time 

(min) 

High Resolution 1 1 

Depth Profile 3 1 

Depth Profile 5 1 

Depth Profile 5 1 

Depth Profile 5 1 

High Resolution 1 1 
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Table 3.3 C26M Scanning Procedure 

Material C26M   

Scan Type 

Number of 

Cycles 

Cycle Time 

(min) 

Depth Profile 1 2 

High Resolution 1 13 

Depth Profile 2 2 

High Resolution 1 13 

Depth Profile 3 2 

High Resolution 1 13 

Depth Profile 5 2 

High Resolution 1 13 

Depth Profile 5 2 

High Resolution 1 13 

Depth Profile 10 2 

High Resolution 1 13 
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Table 3.4 Chromium-Coated Zircaloy-4 Scanning Procedure 

Material Chromium-Coated Zircaloy-4 

Scan Type 

Number of 

Cycles 

Cycle Time 

(min) 

Depth Profile 1 2 

High Resolution 1 13 

Depth Profile 2 2 

High Resolution 1 13 

Depth Profile 3 2 

High Resolution 1 13 

Depth Profile 5 2 

High Resolution 1 13 

Depth Profile 5 2 

High Resolution 1 13 

Depth Profile 5 2 

High Resolution 1 13 

Depth Profile 10 2 

High Resolution 1 13 

Depth Profile 12 2 

High Resolution 1 13 
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Table 3.5 Zircaloy-4 Scanning Procedure 

Material Zircaloy-4   

Scan Type 

Number of 

Cycles 

Cycle Time 

(min) 

Depth Profile 1 2 

High Resolution 1 13 

Depth Profile 2 2 

High Resolution 1 13 

Depth Profile 3 2 

High Resolution 1 13 

Depth Profile 5 2 

High Resolution 1 13 

Depth Profile 5 2 

High Resolution 1 13 

Depth Profile 5 2 

High Resolution 1 13 

Depth Profile 10 2 

High Resolution 1 13 
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3.4 Mechanical Testing  

The samples mounted in epoxy for hardness testing were polished on both the top and 

bottom surfaces. The samples were ground and polished on both sides to ensure the metal was 

exposed and in contact with the mount and tester. The samples were placed top-up in the mount 

for the Bruker TUKON-1202 micro-hardness tester. These samples were subjected to an applied 

load of 25 gram-force for 15 seconds. 
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Chapter 4: Results and Discussion 

4.1 Surface Roughness and Wettability 

The average surface roughness and contact angle measurements of the oxidized and as-

received samples are shown in Table 4.1. Specifically, the oxidized samples showed the variation 

with the as-received samples in the Rsm values, which represented a wider distance between 

irregularities; the percentage increases of the Rsm values are 40% for C26M, 17% for 

chromium-coated Zircaloy-4, and 14% for Zircaloy-4. In general, oxidized cladding materials 

showed an increase in roughness values compared to the as-received samples. The Zircaloy-4 

and FeCrAl materials became more hydrophobic after oxidation. Chromium-coated Zircaloy did 

not change after oxidation compared to the as-received samples.  

The slight increase in roughness parameters may be attributed to the oxide formation in 

the samples from exposure to the high-temperature steam environment. The increase in surface 

roughness has also been reported in previous work on these accident tolerant fuel materials after 

critical heat flux testing at ambient pressure [24], [67]. The contact angles for C26M and 

Zircaloy-4 showed an increase and became less hydrophilic. This increase in contact angle for 

C26M is the opposite of what has been reported in previous work after critical heat flux testing at 

ambient pressure [67]. Similarly, the contact angle for chromium-coated Zircaloy-4 remaining 

unchanged does not agree with what has been reported in previous work after critical heat flux 

testing at ambient pressure, where the contact angle increased [24]. 
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Table 4.1 Roughness and Contact Angle Comparison Between As-Received and Oxidized 

Samples 

Sample 
Roughness Parameters   Contact 

Angle 

(degrees)  Ra (μm) Rq Rz (μm) Rsm (μm) 

C26M 

As-

Received 
0.631±0.028 0.818±0.028 5.195±0.28 97.56±13.039 77.70±0.28 

Oxidized 0.698±0.029 0.923±0.032 8.451±0.743 137.493±16.9 87.73±1.45 

Zr4 

As-

Received 
0.434±0.058 0.547±0.075 4.032±0.693 66.936±6.1 75.42±3.21 

Oxidized 0.427±0.053 0.551±0.063 4.363±0.523 76.84±9.3 80.53±4.73 

Zr4-

Cr 

As-

Received 
0.455±0.06 0.578±0.076 4.315±0.8 71.728±7 91.95±7.28 

Oxidized 0.45±0.068 0.603±0.088 5.361±0.784 84.527±6.9 89.31±0.05 

 

4.2 Surface Chemistry 

Figure 4.1 shows the SEM images of the cross-sections and oxide layers of the oxidized 

C26M, chromium-coated Zircaloy-4, and Zircaloy-4 samples. The chromium layer of the coated 

Zircaloy sample is easily visible and measured using ImageJ to be between 5 and 7 µm thick. 

The oxidation of the chromium-coated Zircaloy-4 can be seen at the surface and in the crevices 

in the chromium layer. Additionally, the oxide layer of the Zircaloy-4 is evident and was 

measured to be ~20 µm thick. Due to the thick oxide layer of the Zircaloy-4, the material became 

highly brittle, and the cracks in the oxide layer are visible in Figure 4.1 c.  

The diffraction patterns shown in Figure 4.2 show a body-centered cubic (BCC) structure 

for C26M, and a hexagonal closed packed (HCP) structure for the Zircaloy-4 [8], [24], [68], [69]. 

The crystalline structure has also been reported in previous work on these accident tolerant fuel 

materials after critical heat flux testing at ambient pressure [24], [67].  
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Figure 4.1 SEM images of the cross-sections and oxide layers of selected cladding materials 

  

 

Figure 4.2 XRD Patterns for oxidized Zircaloy-4, chromium-coated Zircaloy-4, and C26M 

 

The XPS depth profiles for all materials shown in Figure 4.3 show an oxygen content 

until the end of sputtering. For all profiles, the thickness of oxides is difficult to quantify due to 

the varying material nature; therefore, all results for XPS depth profiling are presented in terms 

of sputtering time. The determination of depth profiling in terms of sputtering time is 
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documented in previous work for these materials after critical heat flux testing at ambient 

pressure [67]. 

 

 

Figure 4.3 Element composition vs. Depth profile (sputter time) on the Oxidized Samples: 

(a) C26M (b) Zircaloy-4 (c) chromium-coated Zircaloy-4 with accompanying high-

resolution scan at 20 minutes 
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Figure 4.3 (cont.) Element composition vs. Depth profile (sputter time) on the Oxidized 

Samples: (a) C26M (b) Zircaloy-4 (c) chromium-coated Zircaloy-4 with accompanying 

high-resolution spectra at 20 minutes 

The XPS depth profiling shown in Figure 4.3a shows a large iron content at the surface 

oxide layer, up to 7 minutes of sputtering, followed by an internal oxide layer rich in aluminum. 

Below the aluminum oxide, a mix of iron, chromium, and aluminum corresponds to the substrate 

material. The oxide layer for C26M can be seen in the STEM images in Figure 4.4a and visually 

shows what is described by XPS. The images evidence an external layer rich in iron with a low 

content of aluminum and chromium. In addition, there is an internal oxide layer that is rich in 

aluminum. The oxide layer is around 150nm in Figure 4.4 a. The oxidation behavior of FeCrAl 

Component  

Binding 

Energy 

(eV) 

Area 

% 

Cr 574.73 13.08 

Cr2O3 576.17 46.43 

Cr(OH)3 577.8 40.48 
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cladding materials tends to have a chromium and aluminum oxide layer that forms to create a 

protective coating. Still, the tested material has an increased iron content at the surface. The 

mixed oxides at the material's surface have been reported in temperature ranges below 950 °C. 

Additionally, the high iron content observed at the surface has been reported to develop in air 

oxidation at 500 °C [18]–[20].   

 

 

  

Figure 4.4 TEM observation of C26M: (a) STEM image of the oxide layer formed on C26M 

with associated EDS chemical maps (b) EDS line scan across the oxide layer 
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Chromium oxide is shown to extend to the end of sputtering in the XPS depth profiling 

for the chromium-coated Zircaloy-4 shown in Figure 4.3c. Additionally, the deconvolution of the 

high-resolution spectra at 20 minutes in Figure 4.3c shows the majority of the chromium is 

oxidized into chromium oxide (Cr2O3) and chromium hydroxide (Cr(OH)3). The oxide layer for 

chromium-coated Zircaloy-4 can be seen in the EDS map in Figure 4.5a. The roughness values 

for the chromium-coated Zircaloy-4 shown in Table 4.1 cause the peaks and valleys to be 

increasingly visible, as shown in Figure 4.1b and Figure 4.5a where the coating process has 

generated large crevices. The oxidation layer is shown in Figure 4.5a and is shown to react 

heavily in the crevices created by the coating. The highest intensity oxide layer shown through 

TEM is roughly 0.5 µm deep in Figure 4.6b. Still, the oxide penetration can be seen in Figure 

4.5a to follow the crevices to the edge of the chromium and zirconium substrate, although there 

is little to no oxide shown in the substrate. The growth of the oxide layer follows similar growth 

patterns to those shown by J. Brachet et al. for samples oxidized in high-temperature steam of 

415 °C at 100 bar, but the flowing steam results show increased oxygen penetration in the 

crevices of the coating and increased chromium oxide thickness layer [25].  

It is important to note that although the Cr-coating evidenced crevices, the oxygen did not 

penetrate the point of reaching the Zircaloy substrate. This evidences the protective behavior of 

the coating at the tested conditions. 

Zirconium oxide is shown to extend to the end of sputtering in the XPS depth profiling 

for the Zircaloy-4 shown in Figure 4.3b. The oxide layer for the Zircaloy-4 sample can be seen in 

the EDS map in Figure 4.6a and shows large cavities created by the brittleness of the oxide layer. 

The oxidation shown in Figure 4.6a represents a large portion of the Zircaloy-4 oxidizing, and 
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the oxide penetration of Zircaloy-4 is shown in Figure 4.6 b. The oxide that can be visually seen 

in Figure 4.1c was measured using ImageJ and determined to be around 23 µm deep. The results 

are similar to the results reported by C. Duriez et al. for a 425 ⁰C environment of flowing steam, 

where radial cracks develop and perpendicular cracks develop in the Zircaloy-4 oxide layer due 

to the tensile stress caused by the convexity and strain of the substrate and the depth of the oxide 

layer for samples oxidized for 256 days, was approximately 32 µm [59]. 
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Figure 4.5 TEM observation of chromium-coated Zircaloy-4: (a) STEM image of the oxide 

layer formed on chromium-coated Zircaloy-4 with associated EDS chemical maps (b) 

STEM image with associated EDS line scan across the oxide layer 
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Figure 4.6 TEM observation of Zircaloy-4: (a) STEM image of the oxide layer formed on 

chromium-coated Zircaloy-4 with associated EDS chemical maps (b) EDS line scan across 

the oxide layer 
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In summary, the FeCrAl sample exhibited similar oxidation characteristics to materials 

oxidized in super-heated environments and liquid environments. The long-term exposure of this 

material in the high-temperature steam environment evidenced an external oxide layer rich in 

iron with some a fraction of aluminum and chromium, and an internal layer rich in aluminum. 

The iron deposits at the surface of C26M correlate with published data from uniform corrosion 

of FeCrAl alloys in LWR coolant environments at high temperatures [19]. Similarly, the 

chromium coating on the Zircaloy-4 reduced the impact of oxidation on the substrate [9], [17]–

[23].  

4.3 Mechanical Properties  

 The hardness values in Table 4.2 compare the hardness of the as-received samples to the 

oxidized samples and represent the embrittlement of the surface of the material through 

oxidation. All observed materials showed a decrease in hardness compared to the received 

samples and literature values shown in Tables 2.2 and 2.3.  

The large decrease in hardness may be attributed to the oxide formation in the samples from 

exposure to the high-temperature steam environment. The decrease in hardness contrasts 

observations in previous work on these accident tolerant fuel materials after critical heat flux 

testing at ambient pressure showed an increase in hardness [24], [67].  
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Table 4.2 Hardness Comparison for As-Received and Oxidized samples 

Sample Hardness (GPa) 

 

C26M 
As-Received 2.408±0.216  

Oxidized 2.300±0.061  

Zr4 
As-Received 2.241±0.254  

Oxidized 1.789±0.120  

Zr4-Cr 
As-Received 4.107±0.626  

Oxidized 1.727±0.133  
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Chapter 5: Conclusions and Future Works 

 Surface characterization was performed on extended high-temperature, flowing steam 

oxidized ATF cladding material candidates, including chromium-coated Zircaloy and C26M 

FeCrAl alloy, compared to Zircaloy-4. The surface properties were characterized by the static 

contact angle, surface roughness, surface chemistry and microstructure, and mechanical 

properties. The surface chemistry of the C26M samples revealed an external layer rich in iron, 

chromium, and aluminum oxide layer below it. The chromium within the coated sample was 

found to oxidize to some extent. The oxidation of the chromium increased the cavities resulting 

from the PVD coating but did not result in the coating separating from the Zircaloy-4 substrate. 

Additionally, the chromium coating prevented the oxidation of the zirconium substrate. All 

materials were found to reduce their hardness values after high-temperature steam oxidation 

compared to the received values. The foundation for future studies should be on the impact of 

surface characteristics on ATF and their impact on their performance with oxidation and heat 

transfer. Future studies on the impact of steam flow rates on the oxide layer growth and cladding 

performance should be conducted. 
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