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ABSTRACT 

During an extended LOCA in a LWR, the current UO2 fuel reaches very high temperatures 

and eventually melts, while the current Zircaloy fuel cladding oxidizes releasing hydrogen. 

These two consequences can lead to an unacceptable amount of radioactive release by 

presenting accident routes for containment failure. After such an accident at the Fukushima 

NPP in 2011, the development of Accident Tolerant Fuels LWRs gained additional momentum 

which aims to increase the margin to fuel melting, and to preserve cladding integrity as long 

as possible. Among the top ATF candidates compounds are UN and U3Si2, which have a high 

thermal conductivity and high uranium density. UN melts at 2850 °C on par with UO2, while 

U3Si2 melts at only 1665 °C. U3Si2 may serve as a second phase in UN–U3Si2 composites 

with better material properties than pure UN. Early studies on powders and dense samples, 

found the chemical UN corrosion by steam at all T,p pairs to generate a sandwiched 

UN/α‒U2N3+x/UO2 corrosion layer with inferior density. It was seen that dense polycrystalline 

UN would perform poorly due to an intergranular cracking mechanism due to the stresses 

caused by the growth of this layer. 

Due to the missing technological ability to control parameters like grain size and open 

porosity no work exist on the microstructure dependence of high density UN pellet corrosion 

in steam, and the intergranular cracking mechanism was never captured by imaging 

techniques. Also, as UN–U3Si2 composites are fairly new, the degradation mechanism of high 

density samples under steam is not known as no degradation study has yet been published. 

This work aimed at increasing understanding of the high pressure steam degradation 

mechanism of Spark Plasma sintered, microstructure controlled, UN and UN–10U3Si2 (wt %) 

composite samples, and to analyze the influence of grain size and density on the UN corrosion 

rate. A further goal was to image corrosion progress in the microstructure. 

For this, HPBAC steam exposure tests on UN and UN–10U3Si2 at 303 °C and 9 MPa were 

done. Durations were up to 1.5 hours. Samples were 96–99.9% of theoretical density and 

grain sizes were 6–24 µm. The corrosion in the microstructure of all samples is imaged by 

Light Optical Microscopy (LOM). Scanning Electron Microscopy/Energy Dispersive 

Spectroscopy (SEM/EDS) were used to track the change in chemical composition at the grain 

boundaries. Two continuous steam exposures in flowing Ar and N2 at 400 °C and 1 atm have 

been done to study the role of N2 and NH3 on the degradation. One TGA on the residue of one 

of the autoclave tests was done to confirm the final oxidation state. 
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TGA confirms that at 303 °C and 9 MPa the final product is UO2, while Digerator results 

show that under N2 the corrosion is faster. LOM and SEM/EDS show that UN–pellets 

exposed to steam are breaking apart by intergranular cracks generated by a layered 

precipitation of U2N3+x/UO2 in the grain boundaries. As the density of the products differs 

greatly from that of UN, high intergranular stresses result in cracking. Cracking makes 

progressively more surfaces available to oxidation/hydrolysis. An increase in density and 

reduction of open porosity slows the corrosion process, while an increase in grain size 

accelerates the degradation. Consequently, all other considerations cast aside the most 

waterproofed microstructure of a pure polycrystalline UN sample will have maximized 

density, eliminated open porosity, while maintaining a small grain size.  

As clusters of UN grains are enveloped by the U3Si2 phase in UN–10%U3Si2, the cracking 

was seen to be predominantly intragranular. Irrespective of the quality of the microstructure 

polycrystalline UN will fail by intergranular corrosion. U3Si2 seems to react preferentially 

with the steam precipitating UO2, delaying the attack on the UN grains. The low degree of 

maximum weight gain and different corrosion progression in the microstructure of UN–

10U3Si2 are strong indications that the composite may provide significantly higher steam 

tolerance than pure UN. 
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1 Introduction 

Following the Fukushima accident in 2011, the focus of the advanced fuels research and 

development effort shifted its attention on Accident Tolerant Fuel (ATF) programs. Their goal 

is to develop a new fuel‒cladding system that can tolerate longer interruptions of active 

cooling than the current UO2‒Zircalloy system until the beginning of the 2020s [1]. Uranium 

Mononitride (UN) is currently one of the most actively researched ATF candidates as it fulfills 

the majority of the ATF goals [2–4]. Indeed, with its high melting point and the behavior of its 

high thermal conductivity over a wide range of temperatures combined, e.g. Johnson et al. 

calculated that the margin to melt in the peak pin in a typical BWR would be increased from 

700 °C to 1400 °C [5].  Yet, there were unsolved issues with UN that have constrained interest 

in it until the 2000s. These issues were difficulty in sintering high density polycrystalline UN 

samples by conventional means, the need for highly enriched N‒15 [6] and missing 

water/steam tolerance of polycrystalline UN [7]. Although previous studies reported the 

hydrolysis issue [8–11] in great detail, microstructure characteristics as grain size, density and 

open porosity were not recorded by these publications. Therefore, neither the possible 

microstructure dependence of UN, nor the often hypothesized [8,10] intergranular corrosion 

mechanism was captured by imaging methods. Today, the advances in manufacturing UN 

pellets with up to 99.9% of theoretical density (TD), as well as in controlling porosity and 

grain size using SPS [12,13], incentivizes new comparative corrosion studies. Consequently, 

this work aims to expand knowledge on the high pressure steam corrosion behavior of high 

density UN samples with varying microstructure, developed and produced at KTH in Sweden 

[7,12]. 

Furthermore, the addition of U3Si2 to it as a second phase was proposed as a way to alleviate 

the sintering difficulties with UN in the past [14]. Recently U3Si2 was also proposed to 

possibly increase water/steam tolerance of UN [15] in such an UN‒U3Si2 composite. As such 

composites are quite new, the research focus lay on maturing the fabrication route and no 

steam corrosion studies were published on the new material yet. Only Johnson et al. submitted 

a comparative TG analysis on UN and UN‒10U3Si2 on the oxidation rates in air at 1 atm. It 

indicates that the oxidation behavior of the composite material would be represented by a 

linear combination of behavior of UN and U3Si2 [5]. Nevertheless, a study in 1 atm air can 

only give indications on the oxidation behavior of UN‒10U3Si2 under high‒pressure steam 

and the small sample mass of around 20 mg may not be representative for a larger 

polycrystalline sample. New developments in sintering of UN‒U3Si2 composites lead to the 
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discovery of a previously unknown U‒Si‒N ternary phase [16,17]. Controlling, or 

suppressing, the emergence of the ternary phase was an important goal for the future 

technological readiness. Recently the considerable time and temperature reductions using 

Spark Plasma Sintering (SPS) allowed the production of the pellets without the ternary phase 

[16]. Therefore, it is now plausible to include such a composite to high pressure steam 

oxidation studies, to assess the performance and learn more about the degradation mechanism 

in comparison to high density pure UN samples.  

Consequently, the main goal of this work is to expand the knowledge on the corrosion 

mechanism of high density UN samples with varying microstructure, developed and produced 

at KTH in Sweden [7,12]. It will furthermore acquire first data on the UN‒10U3Si2 composite 

behavior and possible differences in comparison to pure high density polycrystalline UN 

samples. 

2 Theoretical Background 

2.1 Motivation for Accident Tolerant Fuels 

Nuclear power has shown a remarkable track record of being a reliable, environmentally 

sustainable, and cost‒effective source of primary energy. As commercial Light Water Reactors 

(LWRs) have very high power densities of around 50–75 MWth/m³ they are dependent on 

active cooling by forced circulation. This high power density that makes nuclear power 

economically attractive also presents pathways to severe accidents during both normal 

operation and after a reactor scram [4]. Following the Loss of Coolant Accident (LOCA) and 

partial core melting at Three Mile Island in 1979, the nuclear stakeholders consisting of the 

regulatory bodies, utilities and industry became more aware of the need for safety 

improvements. Significant progress was made in NPP safety worldwide that focused on safety 

culture, operations and retrofit design changes to increase the availability of adequate core 

cooling. These evolutionary improvements against Design Basis (DB) and beyond design 

basis (BDB) accident scenarios ensured a very good safety record over the decades. Yet the 

accident at the Fukushima NPP in 2011 showed that some failure probabilities leading to 

BDB scenarios were underestimated [1]. The accident progression and the emergency 

response clearly showed that the duration a LWR core tolerated the absence of cooling needed 

to be increased as much as possible. Since the potential for operational and/or reactor design 

retrofits  had been largely exploited after Three Mile Island, nuclear stakeholders have 

decided to focus on core degradation processes that are largely driven by fuel and cladding 
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properties during overheating [4].  

The cores of current LWRs are based on the UO2 nuclear fuel sealed in a Zirconium base 

alloy cladding named Zircaloy. Zircaloy has been preferred and optimized by industry, due to 

its very low neutron capture cross‒sections at relevant energies. The latter minimized the need 

for 
235

U enrichment which is an important cost contributor [4]. UO2 has been valued as an 

easy to handle, chemically and thermally very stable ceramic, with an optimized industrial 

fabrication route, that fulfilled all performance and safety related criteria posed by regulators 

and industry so far. Oxygen can hardly be activated. UO2 has a high melting point but a low 

thermal conductivity. The latter causes a high average centerline temperature and a large 

residual enthalpy at high temperatures after scram that is added to the large decay heat.  The 

main issues relevant to accident tolerance are illustrated around the driving phenomenon in 

Figure 1. The driving phenomenon is the decay heat causing the fuel to reach very high 

temperatures. Above 800 °C, the exothermic reaction Zircaloy with steam to ZrO2 begins to 

be fast. This reaction releases large amounts of H2 and adds further heat to the large enthalpy 

of the core after scram. While most of the H2 is released in the primary coolant circuit and 

may pose an explosion hazard as happened in Fukushima. Some H2 diffuses into the cladding 

causing accelerated mechanical degradation by hydride embrittlement. This leads to 

systematic cladding failure, fuel relocation and dispersion. In case cooling cannot be 

reestablished in time, these phenomena will progress into a severe accident [18]. 

 

Figure 1: Major issues that need to be addressed in establishing accident‒tolerant fuel attributes [19] 

Since the release of the decay heat cannot be influenced, the only way to reduce the thermal 

inertia is to have a fuel with high thermal conductivity. This causes the fission heat to be 

stored to a much lesser extent, also significantly lowering the average centerline temperature 
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compared to UO2. A lower average centerline temperature combined with a high melting point 

increases the margin to melt. Consequently, an ATF will at least need to outperform the UO2 

at thermal conductivity and at the margin to fuel melt while maintaining performance on other 

critical properties. These include neutronics and the fuel‒coolant compatibility [1,4].  

Along the pursued improvements in safety for BDB scenarios cited so far, the trivial goal of 

an ATF is to also improve safety during DB events. The main scenario leading to DB 

interactions during normal operations is a cladding failure. A new fuel system will require the 

build‒up of a knowledge base on the resulting interactions before it can be introduced [1,4]. A 

typical LWR fuel pellet surface temperature in the hottest pin will be around 600 °C [20]. The 

coolant will be at around 284 °C under 7 MPa for a BWR and 345 °C under 15.5MPa for 

PWR [18]. When the cladding fails, high pressure water will come in to contact with pellet 

outer surface and generate high pressure steam. This steam will interact chemically with the 

hot fuel pellet. The scope of this work does not include the modeling of the complex thermal 

hydraulics. Nevertheless, knowing the approximate magnitude of temperature and pressure 

will help designing future corrosion studies. Consequently, the test conditions of 303 °C 9 

MPa saturated steam reflect conditions near to those expected in a live reactor core. 

2.2 Uranium Mononitride (UN) 

UN’s thermal conductivity, as shown in Figure 3,  not only is considerably higher than that of 

UO2 but increases with rising temperature, decreasing the peak centerline temperature of an 

average BWR fuel pin by ~1200 K [5]. UN with its high density of 14.32 g/cm³ means 

significantly enhanced neutronic properties [3]. Depending on the accompanying cladding 

modifications, higher density may enable even a longer fuel residence time and higher 

burn‒up. Both fewer refueling shut downs and less overall fuel cycle costs would lead to 

better economics [1,19] The higher thermal conductivity and high melting point lead to a 

margin to melt that is ~2.5 times that of UO2 departing from normal operation, and also 

reduce the absolute amount of thermal inertia to be dealt with after a scram. Much lower 

thermal gradients also mean less reduced thermal stresses in the pellet during irradiation [21]. 

The pyrophoricity of UN powders in air, the need for N‒15 instead of natural nitrogen, the 

poor water/steam tolerance and the excessive limitations when sintering high density bulk 

samples of this compound with conventional means have constrained interest in it as a fuel 

candidate for use in LWRs to academic level only until a decade ago [1]. Indeed, for example, 

it has been reported that obtaining a sample of 95% theoretical density would require 

temperatures in excess of 2300 °C [5], while decomposition of UN begins to occur at 1600 °C 
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in vacuum. From Figure 5 it is seen that decomposition of UN at any temperature until the 

melting point of 2850 °C can be suppressed with a p(N2) of at least 2.5 atm. This is important 

to know for use in a fuel pin. This becomes a prohibitive cost factor if conventional open 

sintering processes would be used, as only N‒15 can be allowed to exchange nitrogen atoms 

with UN powder. The high reactivity with oxygen and water, leads to issues yet to be solved if 

an industrial process route for UN powder is to be developed.  Also, fuel application requires 

a UN powder with oxygen and carbon impurity combined below 1500 ppm for compatibility 

with novel claddings like steels [22]. The Uranium‒Nitrogen phase diagram for p(N2) of 1 

atm can be seen in Figure 2. 

 

Figure 2:Uranium‒Nitrogen phase diagram for p(N2) of 1 

atm [21] 

Compound UN UO₂ U₃Si₂ 
UN‒U₃Si₂ 

composite 

Density[g/cm
3
] 14.32 10.97 12.2 

Between 
both phases Uranium Density 

[g/cm
3
] 

13.53  9.6 11.3 

Thermal 
Conductivity (Bol.) 
[W/mK: 600‒ 
1400 K] 

19 ‒ 
25 

6.0 ‒ 
2.5 

15 ‒ 
27.5 

Unassessed, 
assumed 

Mixture of 
UN and 

U₃Si₂ 
Melting Point [K] 3120 3130 1938 1938 
Peak Centerline 
Temperature [K] 

1220 2450 1230 1220 ‒ 1230 

Margin to melt [K] 1900 680 700 700 

 Figure 3: Comparison of some relevant thermal properties of 

ATFs to UO2[5] 

 

Figure 4:U‒N pressure dependent phase diagram[23] 

 

Figure 5: Effect of pressure on the decomposition 

temperature of UN at 1‒5 atm[21] 
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2.3 Uranium Silicide (U3Si2) 

There are various stable stoichiometric U‒Si intermetallic compounds as seen in Figure 6. Of 

those, U3Si, USi, USi2, U3Si2, and U3Si5 that have been examined for potential use as nuclear 

fuel in the past.  U3Si, U3Si2, U3Si5, have significantly higher uranium densities and thermal 

conductivities when compared to UO2, as seen in Figure 7. Although it has the highest 

density, under irradiation, U3Si is reported to become amorphous and exhibits breakaway 

swelling. Compared to U3Si5, U3Si2 trumps with both higher uranium density (17% more U 

atoms than UO2)  as well as thermal conductivity, making it the preferentially researched 

standalone or second phase for usage in an ATF [1,24]. U3Si2 has been known from its use in 

research reactors as a low enrichment, high density fuel, and shares the favorable properties 

stemming from high thermal conductivity and high uranium density with UN. Conversely, it 

has a much lower melting point than both UN and UO2, thus potentially missing one of the 

most crucial goals of an ATF, in terms of no net‒gain in margin to melt. These and other 

relevant properties are listed comparatively in Figure 3. 

 

Figure 6: U‒Si phase diagram[15] 

 

Phase 
Density 
[g/cm3] 

U3Si 15.58 

U3Si2 12.2 

USi 10.4 

U3Si5 9.25 

USi3 8.98 

USi2 8.15 

Figure 7: Theoretical 

densities of uranium  

silicides[25] 

Also, as seen from chapter 2.4.1, compared to UO2 the release of potentially hazardous H2 

during fuel‒coolant interaction is increased by factors as high as 6, 5, and 1.75 times for 

U3Si5, U3Si2, and UN, respectively, assuming complete reaction. Thus, the theoretical H2 

production through the hydrolysis of uranium silicides requires particular consideration 

compared to UO2. 
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2.4 UN–U3Si2 composite 

The idea using a continuous second phase of U3Si2 as a means to give UN a better steam 

tolerance was first studied in 1960 by researchers at Oak Ridge National Laboratory. They 

measured a weight gain of 0.014% when U3Si2 was exposed to steam for 384 h. [17]. There 

are two critical goals in synthesizing a composite with UN being the main phase and U3Si2 the 

second one. First, it was proposed as a sintering aid depressant by Hammond [14], and picked 

up later by Lessing [15], to overcome the difficulties with conventional sintering. For instance 

Ortega et al. [17] approached 95%TD using liquid phase sintering at 1750 °C for 3 hours  

with <70µm UN powder mixed with 30% U3Si2 powder. Compared to 2300‒2500 °C to 

achieve such densities as reported by Metroka [26] in 1970, this represented a significant 

benefit. Second, as it was shown[17], U3Si2 can surround clusters of tightly packed UN grains 

in certain admixture concentrations, and thus may lead to more advantageous properties than 

both compounds can offer as pure phases. It is important to point out though, that full grain 

envelopment was never achieved in materials used in this work. Indeed, for example in 

Westinghouse’s final technical report on its ATF Research and Development (R&D) in 2014, 

enveloping UN grains by U3Si2 in a composite is proposed as the way to “waterproof” a pellet 

for higher water/steam tolerance[1]. One critical technological problem of UN‒U3Si2 

development has been the occurrence of an unknown ternary phase of U‒Si‒N [16,17,25] due 

to the interaction of UN and U3Si2 during sintering. Only recently could pellets with the 

absence of the ternary phase be obtained through SPS, with which also the time and 

temperature of sintering were considerably reduced [16]. 

2.4.1 UN oxidation by hydrolysis 

The chemistry of oxidation through hydrolysis of UN is quite similar to oxidation by an O2 

containing atmosphere [8–10]. The main difference is the additional evolution of H2 when 

reaction occurs with water or steam. Formally the reaction is: 

        
 
                 

Although the last oxidation/hydrolysis stage of any uranium compound is U3O8, which is the 

most stable oxide, in reality the above cited formal reaction proceeds in steps, passing through 

α‒U2N3+x and UO2+x [8,10,27]. Whether the reaction continues beyond UO2+x is dependent on 

temperature and atmospheric composition. In case UO2 is the educt, the formal reaction is: 
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Hydrolysis of UO2 progresses by a rising O/U ratio over UO2+x, with x reaching up to 2.67 for 

U3O8. Nevertheless, x was shown to be dependent on oxygen potential which is in turn 

dependent on temperature and Vol%Steam. To give an example, values of x reached for 

non‒irradiated polycrystalline UO2 pellets after 300 min exposure to 100% steam at 

temperatures 800 °C‒1000 °C, where they were reported to be 2.03≤x≤2.06 by Imamura et al. 

[28]. Abrefah et al. comes to a similar conclusion, stating that for UO2 hydrolysis to proceed 

to completion, temperatures above 1000°C are needed, and gives for 300 min x=2.05, x=2.15 

and x=2.2 for the same time at 1000 °C 1100 °C and 1200 °C respectively [29]. Thus a rising 

O/U ratio leads to the formation of higher oxides like U4O9 from UO2+x over the process, 

ultimately reaching U3O8, given enough time and temperature in an abovementioned 

atmosphere. Consequently, for 303 °C the final hydrolysis products of UN have been reported 

to be UO2, and α‒U2N3+x in case the sample has not been brought to completion at that 

temperature. The latter is a critical intermediate compound on the path to full oxidation to 

UO2 and also plays an important role in the corrosion of polycrystalline UN samples [10]. For 

hydrolysis of powder and bulk UN up to this temperature, there are two main reactions with 

water/steam:  

        
 
              

       
 
               

Early studies noted that as the NH3 collected was not even close to the amount expected, the 

first reaction path leading to U2N3+x is predominant [9–11]. The nitrogen was proven to be 

diffusing into the bulk UN to form UNx even during late stages of the reaction progress. This 

generic formula stands for UN(Nx‒1) with (x‒1) showing the amount of nitrogen above 

stoichiometry. Past a saturation limit, which was determined to be x=1.68 [27], a new 

chemical compound, uranium sesquinitride (α‒U2N3+x) is formed. Before this saturation point 

the crystal structure of UN is maintained. The exact lattice parameter of α‒U2N3 depends on 

the nitrogen content. As seen in Figure 9 an increasing N/U ratio causes a contraction of the 

unit cell.  The more the oxidation progresses a dynamic equilibrium is established between 

α‒U2N3+x formation and its oxidized into UO2. Also, it should be noted that often UO2 has 

some N dissolved in it, when it is the product of UN or U2N3 oxidation. Therefore the reality 

of UN reacting over the intermediary compound is closer to: 
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Sugihara et al. [27] reported “y” to be as high as 1.84, but as seen in Figure 9 compiled by 

Silva et al. [23], a distinction between highly hyper‒stoichiometric α‒U2N3 and UN2 cannot 

be made easily. This is owed to the sharing of the same crystal structure and linearity of the 

lattice parameter evolution with an increasing N/U ratio. Indeed, α‒U2N3 and UN2 have been 

found to be perfectly miscible in a solid solution. The only reason a limit is put at the N/U 

boundary corresponding to UN2 is that the latter has been found to require enormously high 

pressures to be stable. Concluding it can be seen from Figure 4 that the maximum for “y” 

depends on p(N2). As the HPBAC experiments in this work have a pressure p(N2)<0.2MPa, 

the assumption of y≤1.75 is reasonable.  

 

 

 

Compound UN UO₂ U₃Si₂ α‒U2N3 β‒ U2N3 UN2 

Crystal 
structure 

fcc 
NaCl 

fcc 
CaF2 

fcc 
Cu3‒ 
Au 

bcc 
Mn2O3 

hcp 
La2O3 

fcc 
CaF2 

Stoichiometry 
(N,O, Si) 

0.995
‒ 

1.000 
2 1.5 

1.54‒ 
1.75 

1.45‒ 
1.49 

1.75‒
2.00 

Lattice 
parameter [Å] 

4.88‒ 
4.889 

5.47 7.33 
10.678‒
10.580 

(a) 5.31 

Density 
[g/cm3] 

14.32 10.97 12.2 11.24 b) 

a) Does not occur under 800 °C b) Does not occur/not stable 

Figure 8:Relevant material properties  

of degradation products of UN [8,23,30–32] 

 

Figure 9:UNx lattice parameter change with N/U 

ratio [23] 

2.4.2 U3Si2 oxidation by hydrolysis 

As for uranium silicides, the Si ends up as SiO2 irrespective of the reaction temperature, while 

for U the end product is UO2 303 °C as described above: 

           
 
                 

Nevertheless, as will be shown in the results, U3Si2 can also partially hydrolyze, probably as 

an intermediary step, into UO2 and U3Si5, according to: 

            
 
                  

Or in case U3Si2 reacts only with the oxygen that has diffused in to the lattice: 

          

 
             

Some relevant material properties of degradation products of UN and U3Si2 can be seen in 

Figure 8. 



17 

 

3 Methodology 

3.1 Analysis methods 

3.1.1 Gravimetric analysis 

The most important data that is acquired in this work is the weight gain of the sample. Given 

the known final oxidation state at 303 °C, 9 MPa, the maximum weight gain of a sample is 

also known. Before the exposure experiment, the sample holder alumina crucible is weighed 

without and with the sample in it, using a Mettler AT261 Delta Range (±10µg). The sample 

weight is obtained from the difference. After the Digerator or the HPBAC experiment is done, 

the devices are opened and the alumina crucible is removed to be weighed.  The weighing is 

always done without removing the sample to avoid the loss of fine powder. After weighing, 

the sample and the powder residue is emptied into a plastic vial. From this data the reaction 

progress can normalized, and is expressed as the “completion%” in this work: 

              
                        

                               
 

In reality, the presence of U2N3 as an intermediate product will perturb this measure of 

completeness, as sample mass will not linearly approach the weight of UO2, but actually 

overshoot it until all U2N3 is also consumed and turned into UO2. This is an error that could 

not be resolved due to fact that there was no quantitative means at hand to assess the relative 

distribution of U2N3 and UO2. 

3.1.2 Scanning electron microscopy (SEM)   

SEM is an analysis technique used to characterize microstructures of solid samples.  A field 

emission cathode with a Schottky Emitter (Tungsten filament) is used to generate a beam of 

electrons. The beam is accelerated by an electric field and focused by a series of magnetic 

lenses and has typically a power between 5‒20kV. This setup enables precise steering of the 

beam to scan the surface of interest. The sample is placed in the beam chamber which is 

operated under quasi vacuum to avoid interactions with air molecules. Where the beam hits 

the surface, beam electrons, electrons emitted from the inner shell that is excited by the beam 

electrons (secondary electrons) and electrons emitted from excess energy of a charge transfer 

of an outer to an inner shell (Auger electrons), are subject to inelastic scattering. 

Back‒scattered electrons are rejected from an increased sample depth by elastic scattering and 

are used for material contrast images for heavy elements [33,34]. The SEM in this study was 

done with a XL‒30 Field Emission ESEM microscope. 
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3.1.3 Energy Dispersive Spectroscopy (EDS) 

As sample is scanned with a SEM, characteristic X‒rays emerge from higher sample depths. 

These can be used for chemical analysis by EDS. When electrons with enough kinetic energy 

hit an inner shell electron, the empty energy level is filled by an electron from an outer shell. 

This results in the emission of characteristic X‒rays. These X‒rays show certain, element 

specific energies that are defined by atomic transitions. The occurrence of X‒rays and their 

energy are counted and used for element identification and their relative abundance. However, 

most instruments have difficulty in quantifying very light elements at the simultaneous 

presence of heavy elements. Unfortunately this shortcoming includes also elements of 

particular interest to this work like O, N and C [35]. To give an example, for an EDS done on 

a UN sample characterized as being highly stoichiometric, 50 at% of N and U should be 

found. In practice ~80% N and ~20% U is shown. Therefore, the EDS results could not be 

used for precise chemical compound identification as measured characteristic x‒ray 

intensities are seriously disturbed by background signals from uranium.  

3.1.4 X‒ray diffraction (XRD)  

XRD is used to identify phases and crystal orientation in powder or solid sample. A sample is 

targeted by a monochromatic beam of X‒rays. The beam is then diffracted at different angles 

and intensities depending on the crystallite plane that is hit by the original beam. These 

patterns are then measured and compared to the characteristic X‒ray spectra that were stored 

in a database from samples of known composition and microstructure. When the peaks from 

the measurement can be matched on the XRD analysis a compound or phase is identified. 

XRD measurements for this work were done by a Siemens D5000 X‒ray diffractometer using 

Rietveld analysis for evaluation [36]. 

3.2 Powder and pellet fabrication 

3.2.1 Precursor powder synthesis 

Natural U metal (<0.72 wt% 
235

U) with 99.8% purity was used for a hydride/nitride process to 

obtain UN powder [13,16]. For analysis of the precursor UN powder for oxygen impurities 

and nitrogen content, a LECO TC‒136 inert fusion gas device was used. The sample is fused 

in a high‒purity graphite crucible at temperatures up to 3000 ºC.  Oxygen reacts with Carbon 

(from graphite) to CO/CO2 and is measured by infrared cells. Nitrogen has its usual form of 

N2 and is measured by a thermal conductivity cell [37]. O, C and N content were 800 ppm, 

400 ppm  and 5.4 wt.%. The powder was put in a sealed sample holder to be subjected to 
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X‒ray diffraction (XRD) analysis using a Bruker A100B138, under Ar atmosphere. The 

voltage of the X‒ray Cu tube was 35 kV and had a current of 40 mA. The XRD data 

confirmed high purity stoichiometric UN by Rietvald analysis [13,36,38]. The combination of 

XRD and elemental analysis indicate UN (98%), UO2 (1%) and U (N,C)(1%). The XRD 

results for UN powder and the sintered state can be seen in Figure 10. Lastly, it should be 

noted that the maximum oxygen solubility in dense UN itself is reported as low as 2% [8]. 

 

Figure 10: XRD spectrum of sintered UN pellet, with an 

evaluated lattice parameter of 4.890, and (Bottom) XRD 

spectrum of manufactured UN powder, with an evaluated 

lattice parameter of 4.888, using MAUD [16]. 

 

Figure 11: XRD pattern of homogenized U3Si2, UN, 

co‒milled powders, and the sintered composite. Peak 

broadening and displacement in the sintered composite are 

due to diffraction being performed on solid samples [16]. 

The U3Si2 for the UN‒10U3Si2 composite was obtained by arc melting of 99.95 % pure Si and 

natural U using a tungsten electrode under Ar atmosphere. Pure silicon came from AlfaAesar 

and metallic uranium from a source that could not be traced back accurately. Elemental 

analysis of the initial metal gave 100 ppm for O, and 400 ppm for C impurities. XRF and 

ICP‒OES combined gave for various minor impurities such as Ni, Ca, Zn, Al with less than 

25 ppm each. To achieve very high homogenization, the specimen was flipped upside down 

several times and re‒melted each time. Homogenization of the silicide was assessed by XRD 

and LOM and chemical etching. This U3Si2 was milled for 30min at 500rpm into a fine 

powder using a Retsch PM100 planetary mill with steel balls. The mill operated in a glove 

box under an Ar inert atmosphere. The UN and U3Si2 powders were mixed to a weight ratio of 

9:1 to get UN–10U3Si2. The mixture was homogenized in the planetary mill without the steel 

balls applying a rotation in one direction for 10min and reversing the rotation once every 

2min. The XRD results for U3Si2 in comparison to the XRD from UN and UN‒10U3Si2 

powder as well as the sintered state can be seen in Figure 11. 
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3.2.2 Pellet sintering 

UN and UN–10U3Si2 pellets were obtained by SPS. For this a Dr. Sinter SPS machine 

operating in a glove‒box station under a controlled atmosphere of O2 <20 ppm. The pressure 

in the reaction chamber was 10 Pa. Graphite foil was used to cover the inner surface of the 

cylindrical graphite die and that of the punches. The inner diameter was 12 mm. Around 5g of 

the UN or UN‒10U3Si2 powder was put into the die. Key sintering and microstructure 

parameters of the resulting pellets are given in Figure 12, as reported by Johnson et al. [16]. 

3.2.3 Characterization of the as‒fabricated pellets 

For all pellets the density was determined by hydrometry using chloroform at room 

temperature (22.5°C) [25].  The pellets were then cut into samples of rectangular shape 

(3x3x4 mm) using a low‒speed diamond saw, ground and polished on all surfaces. The 

remaining material was recovered for characterization, and will be referred to as‒fabricated 

(AF) state from here on. All results are shown in Figure 12. 

Sample Sintering 

Temperature 

[°C] 

Holding 

time 

[min] 

Pressure 

applied 

[MPa] 

Density 

[%TD] 

Grain size 

[µm]  

Total 

porosity 

[%] 

Open 

porosity 

[%] 

Sample 

Short 

ID 

     
   

 1450 15 45 84.29 <6 15.71 10.67 UN‒1 

     
   

 1450 15 135 94.72 6.7 (±1.3) 5.28 0.21 UN‒2 

     
    

 1650 

1450 

3 

12 

45 96.25 10.5 (±0.2) 3.75 0.02 UN‒3 

     
    

 1650 15 45 96.62 23.8 (±3.4) 3.38 0.06 UN‒4 

     
    

 1650 3 45 97.47 10.8 (±1.0) 2.53 0.39 UN‒5 

     
   

 1650 3 50 98.25 8.6 (±1.6) 1.75 0.00 UN‒6 

     
   

 1650 3 50 99.13 7.8 (±1.2) 0.87 0.00 UN‒7 

     
    

 1650 3 135 99.88 9.9 (±3.0) 0.12 0.00 UN‒8 

UN‒ 

10U3Si2 

1450 3 90 98.01 9.5 (±0.5) 1.99 0.59 UN‒ 

U3Si2 

     
    

 1650 3 90 99.31 9.3 (±1.5) 0.69 0.00 UN‒10 

Figure 12: The processing conditions, the resultant densities, grain sizes and open porosities for the SPS sintered pellets 
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For metallographic analysis, polished UN samples were etched using a solution of 60 ml 

lactic acid, 24 ml nitric acid, and 2 ml hydrofluoric acid [26], the UN–10U3Si2 sample using a 

8M nitric acid solution to record the grain size according to ASTME112‒96 [39]. The porosity 

of the UN samples was determined to be between <1% and 9% and for the silicide porosity 

was <1% [13,16]. 

3.2.4 Post exposure preparation for analysis 

After the Digerator or the HPBAC experiment is finished and the sample weight is noted, the 

sample is put in Bakelite for microstructure analysis. The Bakelite is ground by SiC paper 

until the sample can be seen. Preparation is then done by a rotating cloth polishing pad using a 

liquid diamond abrasive with decreasing grit sizes of 9 µm, 3 µm, 1 µm and 0.25 µm for 3 

min at each step. The polished sample in the Bakelite is then cleaned with lab grade ethanol 

(95%).  Depending on possible presence of dirt and stains, the sample is then put into an 

ultrasound bath for 10‒15 min. 

Shortly after the crucible has been removed from the HPBAC the wire stand is removed and 

the residual water is recovered using a thin plastic pipette. The residual water amount is 

checked by weighing for abnormal water loss during the experiment. 

3.3 Experimental setup 

3.3.1 Digerator 

Parallel to the main study two samples of the same pellet will be subjected to flowing steam 

exposure at 400 °C and 1 atm to study the role of N2 and NH3 on the degradation. The 

carrying gas in one atmosphere will be Ar and in the other N2. The main goal was to compare 

the degree of corrosion as in the HPBAC experiments but also to compare NH3 evolution that 

cannot be tracked in the HPBAC used in this work. For this purpose a device called Digerator 

was used in combination with a Hiden Analytical QGA mass spectrometer to track NH3 

formation. This setup consists of a steel tube 25 cm long and 2 cm in diameter acting as the 

reaction chamber. This chamber has two inlets: One for the water capillary and one for the gas 

supply. It has one exhaust going to the spectrometer. In the steel chamber an alumina crucible 

containing the sample is placed on a holding stand made out of steel wire. The sample is 

placed in the crucible. The steel tube is then sealed by a screw lid and put in a top‒loading 

furnace pre‒heated to 400 °C. A K‒type thermocouple connected to a Center 306 Data 

Logger is wrapped around the outlet of the Digerator. When the Digerator reaches 400 °C, a 

LKB 2248 HPLC pump and the mass spectrometer are activated for 2 h experiment time. The 
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partial pressure of the steam is controlled by the flow rate of the water, which was set to 0.1 

ml/min. After 2 h the experiment is stopped and the sample is taken out for weighing and post 

exposure characterization. 

3.3.2 Thermo Gravimetric Analysis 

The final oxidation state of the samples at a 303 °C is needed to calculate reaction 

progression.  Literature cites UO2 [10,27] as the final product. To increase confidence by 

revalidation one thermo gravimetric analysis (TGA) on the residue from one of the autoclave 

tests will done and compared to another one where the initial composition is known to be 

UO2. For both tests, the samples are placed in a platinum tray belonging to a Perkin Elmer 

Model TGS‒2 System4. To prevent the loss of any powders from the measuring tray while 

allowing free exchange of atmosphere, a MELCOR cover was placed above the sample. The 

samples were then heated up to 800 °C with a 5 °C/min heating rate in air. The oxidation 

progress of the sample is then tracked by its increase of total mass. When the mass gain 

curves reach an asymptote it means that a certain oxidation step is close to be completed or 

has just been completed. 

3.3.3 High temperature and pressure steam exposure 

3.3.3.1 High Pressure Batch Autoclave (HPBAC) 

The high pressure autoclave used throughout this work is a batch‒type device with only one 

temperature sensor near the inner wall. The sensor was a K‒type (NiCr‒Ni) thermocouple 

connected over a Center 306 Data Logger to a Laptop with data acquisition software. The 

inner volume of the chamber is 24.2 ml. The HPBAC was rated to withstand 180 bars. The 

thermocouple was to be inserted through a hole drilled from the bottom up with a depth of 2.5 

cm, as seen in Figure 13c. The calculated amount of water is weighed and put into the 

HPBAC. The alumina crucible with the sample in it is then loaded (Figure 13b) and the 

HPBAC sealed (Figure 13a). The HPBAC would then be inserted into a muffle furnace 

preheated to 600 °C for the duration of the experiment. All HPBAC tests were performed at 

303 °C. The heating curve selected brings the HPBAC to 303 °C in 17 min. For this the 

muffle furnace would operate at 600 °C for more than 15‒16 min until around 298 °C were 

reached in the autoclave. The temperature in the furnace is quickly reduced to 303 °C by 

blasting air into the furnace chamber, until 303 °C is reached by the autoclave after 17 min 

from start by the remaining thermal inertia of the furnace. To ensure leak‒tightness, the 

thermal expansion of the screws needed to be compensated by Inconel X750 washers (Figure 
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13e) along a copper sealing ring (Figure 13d). Combined with this custom made copper ring, 

the new washers were able to ensure leak tightness during all experiments. This was checked 

by recovering the residual water amount after quenching.  

 

Figure 13: (a) SS316L 

batch autoclave (AC) 

24ml reactor volume 

for 9MPa, 300 °C test 

series. (b)Sample is 

inserted into the 

alumina crucible (c) 

Thermocouple reaching 

2cm into the AC for 

chamber temperature 

acquisition. Copper 

ring (d) and (e) Inconel 

X750 washers for 

leak‒tightness. 

 

3.3.3.2 Controlling the pressure by water mass 

The design of the HPBAC available for this study does not allow the pressure to be steered 

during the experiments. Given this static nature, pressure is controlled by the ab initio amount 

water put in. With increasing temperature, the partial pressure of steam becomes dominant as 

the saturation pressure of water is almost two orders of magnitudes higher than the total 

pressure of the air mixture above the water: Air pressure rises from 1 atm to less than 2 bars at 

303 °C, while a certain amount of water at 303 °C exerts 8,769.6 kPa of pressure within the 

2‒phase region (0≤x≤1) in a defined free volume. Though pressure was never measured, 

precision is needed when calculating the amount of water to be added. Assuming ideal gas 

conditions, thus a compressibility factor of Z=1 for all gases, the sum of these partial 

pressures sum up to the target pressure of ~9 MPa. The amount of water is dependent of the 

free volume which is calculated from: 

                                                   

                                                                          

The volume of the internals is constant at 0.656 ml. It consists of a steel wire stand on which 

an alumina crucible is put. The sample volume is a constant for each experimental run. The 

free volume at 22.5 °C and 1 atm is the air volume above that water to be added. Under test 



24 

 

conditions the air will exert a higher pressure of about 0.188MPa. This pressure is subtracted 

from the saturation pressure of the steam, to hold a quality of exactly x=1. The pressure of the 

steam (x=1) at 303 °C is 8,956.81 kPa. From the remaining pressure a new steam density is 

taken from the steam table, which is multiplied by the total free volume at 303 °C 9 MPa to 

obtain the mass of steam. This equals to the mass of liquid water to be added at 22.5 °C at 1 

atm. As the amount of the air might slightly change by the new value of free volume at 22.5 

°C, up to 2 iterations were needed to come to the total target pressure. Approximating the 

Vol% at 303°C and 9MPa by the ideal gas formula, using Vol.%=mol%, the Vol.% are given 

as 98.51 %, 1.16 %, 0.31 % and 0.01 % for Steam(H2O), N2, O2 and Ar respectively. All 

results are compiled in Figure 56 in the Annex. 

3.3.3.3 Heating procedure / heating curves 

Due to materials physics, heating and cooling ramps cannot be avoided when using static 

autoclaves. To come close to isothermal conditions to minimize undesired reaction, heating 

and cooling ramps should be as steep as possible. The material of the HPBAC enveloping the 

reaction chamber has a fair (13‒17 W / m K at 0‒400 °C) thermal conductivity. Water has a 

medium (0.59‒0.65 W / m K at 20‒70 °C) and air a rather poor (0.025‒0.061 W / m K at 

20‒600 °C) thermal conductivity [40]. The reaction of UN with steam drops rapidly below 

200 °C [10]. When quenched in water the HPBAC’s temperature falls below 200 °C within 10 

seconds [See Annex Ch.7]. Thus upon quenching the reaction will stop virtually immediately. 

Contrarily, as the HPBAC is mostly in contact with air in the furnace it takes 17 min to reach 

303 °C, as seen in the annex. Nevertheless, the time required between 200 °C and 303 °C is 

around 4 min. For 10 min runs this is not negligible, while for runs taking 30‒90 min it can be 

disregarded. 

3.3.3.4 Controlling degradation by variation of exposure parameters 

In previous works with SPS sintered UN pellets, the samples were placed directly at bottom 

of the HPBAC, and exposure time was set to several hours [7]. This setup resulted always in 

collapsed or even partly dissolved pellets that did not allow for proper sample or residue 

recovery. Thus a post exposure characterization required for a material dependent 

performance assessment could not be done. In this work the sample exposure time was 

significantly shortened, and high pressure boiling water was replaced by saturated high 

pressure steam to allow for sample and residue recovery. This enabled post exposure analysis 

of the degradation. 

Furthermore, the significantly changing chemical and physical environment due to the 
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accumulation of reaction products is an inherent shortcoming associated with batch‒type 

autoclave systems. NH3 is the main byproduct of UN hydrolysis. Rising concentrations of it 

has been known to further facilitate corrosion and disintegration of a UN pellet [7,12,27]. To 

isolate the effect of the NH3 build‒up, an experimental series was designed, in which a fixed 

exposure time of 90 min was segmented with varying lengths for each sample. To achieve this 

goal, HPBAC was rapidly quenched in a pool of water immediately after the time for each 

exposure segment was consumed. As the temperature drops below 200 °C within 10 s, any 

hydrolysis reaction is virtually instantly stopped. By replacing the residual water with the 

same initial amount of deionized water, a refreshment of the environment is simulated. The 

sample and residue are weighed without being removed from the crucible to avoid any loss of 

residue. Thus fragments of the same pellet were exposed for the same cumulative time with 

varying refreshing intervals. This enabled to get data points of intermediate states, allowing a 

comparison of results of the same sample with higher and lower concentrations. 

4 Results and Discussion 

4.1 Final oxidation state by TGA 

As stated before, U3O8 is not formed at the temperature the experiments in this work are 

executed. Instead at 303 °C, the expected end product is UO2, and U2N3, in case the reaction 

is not complete. This was confirmed by a thermo‒gravimetric analysis (TGA) done on a UO2 

sample and powder residue stemming from the low density UN‒1 sample exposed to steam 

for 480 min at 303 °C and 9 MPa. Such a sample was chosen in order to be sure that the 

maximum sample oxidation at that temperature is near complete [See Annex in Ch.7 for 

weight gain over time for UN‒1 at 303 °C and 9 MPa for 480 min]. The results are illustrated 

in Figure 14 and Figure 15. For UO2 a one‒step sigmoidal curve ending at 3.8 %‒3.9 % mass 

gain is in good agreement with the 3.95 % expected from reaction into U3O8. For the powder 

residue from UN hydrolysis, a two‒step reaction path is seen. The reason for this is that the 

hydrolysis residue contains UO2 and the intermediate product U2N3+x. Up to 1000 °C, U2N3 

reacts to UO2, and its weight gain is in almost perfect agreement with the theoretical value. 

Above this temperature the reaction continues until U3O8. The theoretical maximum weight 

gain (TMWG) is calculated from the following formula: 

         

        

             
 

      

             

      
 

        ,        are the molar masses of each species and #U indicate the number of U 
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atoms in the stoichiometric compound formula. 

 

Figure 14: Thermo gravimetric analysis results for powder 

residue from HPBAC exposure of UN and a UO2 sample  

 

Max. weight gain [%] 

UN→ UO2 7.14 

U2N3→ UO2 2.12 

UO2→ U3O8 3.95 

U2N3→U3O8 4.18 

UN‒10U3Si2→SiO2+UO2 8.5 

Figure 15: Theoretical max. weight gain% of various 

precursor compounds 

 

4.2 Steam exposure results 

4.2.1 Influence of reaction products on UN hydrolysis progression 

Previous UN pellet degradation studies done with a mixture of high pressure boiling water 

and steam by Malkki [12] indicate that the accumulating reaction product NH3 may accelerate 

corrosion. To examine the influence of NH3 accumulation in high pressure steam, a series of 

tests with samples of the same pellet were done. The total exposure time was 90 min, but with 

different periodic resets of the atmosphere by refreshing the water. The sample used for this 

series was UN‒6 with a density of 98 % and grain size of ~9 µm. The completion% against 

time is given in Figure 16. These results indicate that increasing partial pressure / 

concentrations of NH3 forming in the reaction [23,27] play an important role in the 

degradation process. 

According to literature, one crucial fact in UN 

and α‒U2N3 oxidation is that the presence of 

N2 in the atmosphere accelerates corrosion. 

Compared to inert gas atmospheres like He or 

Ar, under N2 flow NH3 formation is increased 

significantly. Hydrolysis studies done on UN 

powder with and without N2 flow by Sugihara 

et al. cite a near doubling of NH3 yield [27], 

and suggest that N released from the nitride 

lattices combines with H released from water 

 

Figure 16: Sample completion% for UN‒6 samples as a 

function of autoclave exposure time steps (9 MPa at 303 

°C) totaling to 90 min.  
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hydrolysis to form free NH radicals. These NH radicals are suspected to preferentially react 

with possible N2 present in the atmosphere to form NH3 which cannot diffuse into the lattices 

of the solid educts and products but facilitates α‒U2N3 formation from UN [27].  

 

 

Figure 17: UN‒6  before(a,b) and after(c), collapse after 

3x30 min at 303 °C 9 MPa 

4.2.2 Results of Digerator steam exposure under N2 and Ar flow 

Along NH3, N2 is another gas that maybe present in the atmosphere during hydrolysis, and is 

known to be reactive in contact with UN and its corrosion product α‒U2N3, in combination 

with high temperature steam. To further study the relation of UN corrosion and the partial 

pressure of N2 in the reaction atmosphere, a separate experiment was done at 400 °C and 1 

atm. By using a Digerator and HPLC possible differences in NH3 evolution in the gas effluent 

flow could be tracked. Also the flow setup allowed having a constant atmospheric 

composition by continuous NH3 removal. The duration was 120 min. The resulting data is 

drawn in Figure 18 and Figure 19, for Ar + steam, for N2 + steam respectively. The Y‒axis is 

Vol% and is scaled to log10. From these graphs it is easily seen that the average NH3 release is 

increased from ~0.04 for Ar as the carrier gas, to ~0.09 for the case of N2 as the carrier gas. 

Although, these results indicate a difference, due to the ability of the QGA to detect such 

amounts they were not as conclusive as the experiment was designed for. 
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Figure 18: Digerator effluent 

flow analyzed a UN‒10 

sample in Ar + steam flow, at 

400 °C 1 atm. 

 

Figure 19: Digerator effluent 

flow analyzed a UN‒10 

sample in N2 + steam flow, at 

400 °C 1 atm. 

Since LOM images did not reveal any new findings to the one from the HPBAC experiments, 

they are not shown. The sample completion figures are shown in Figure 21. The samples have 

been imaged by SEM/EDS in the AF state seen in Figure 20, as well as after the steam 

exposure in both cases seen in Figure 22 and Figure 23 for Ar and N2 respectively.  
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Figure 20: SEM image(top) of UN‒10 in AF state. EDS 

results from selected sites(below) 

Site 
N  

[% at] 

O   

[%at] 

U   

[% at] 

Known 

phase 

Site 3 68 0 32 UN 

Site 5 66 0 34 UN 

Site 6 61 0 39 UN 

Site 7 67 0 33 UN 
 

 

Figure 21: Sample completion% for two UN‒10 samples in 

flowing Ar + Steam and N2 + Steam in 0.1 MPa at 400 °C for 

120min. 

  

Figure 22: SEM image(top) of a UN‒10 sample in Ar + 

steam flow, at 400 °C 1 atm. EDS results from selected 

sites(below) 

Site 
N 

[% at] 

O 

[% at] 

U 

[% at] 

Probable 

phase 

Site 1 0 64 36 UO2 

Site 2 62 0 38 UN 

Site 3 62 0 38 UN 

Site 4 0 55 45 UO2 

  

Figure 23: SEM image(top) of a UN‒10 sample in N2 + steam 

flow, at 400 °C 1 atm. EDS results from selected sites(below) 

Site 
N  

[% at] 

O   

[% at] 

U   

[% at] 

Probable 

phase 

Site 2 75 0 25 UN 

Site 3 75 0 25 UN 

Site 4 16 63 21 UO2/U2N3 

Site 5 76 0 24 UN 

Site 6 45 30 25 UO2/U2N3 

Site 7 0 64 36 UO2 

Site 8 76 0 24 UN 

Site 9 74 0 26 UN 
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Given the shortcomings of EDS results when it comes to precisely identifying chemical 

compounds made out of light elements, here only expected compounds can be stated. When 

one compares Figure 20 and Figure 22 for the Ar‒case, a bulk UN and an oxide phase but no 

mixed N and O containing phase is seen. As UO2 is the only oxide phase identified it can be 

expected that only this phase with perhaps undetectable amounts of N dissolved exists. The 

N‒containing phase can be UN or also α‒U2N3+x, but how much of the latter cannot be 

extracted from this data. Nevertheless, as discussed in previous chapters, α‒U2N3+x is 

expected to form as an intermediary corrosion product. The absence of a mixed N and O 

containing phase may indicate that α‒U2N3+x in the expected sandwich layer is absent or very 

thin and evaded detection. In either case this would indicate a depressed α‒U2N3+x generation.  

For the N2 carrier gas case, the results do not differ from the results of the HPBAC series 

shown before. From Figure 23 it is seen that many U, N, and O containing mixed regions 

could be captured. The author interprets this as a clear sign of a developed UN/ α‒U2N3+x 

/UO2 sandwich structure. This is related to higher concentration of NH‒radicals and owed to 

higher N2/NH3 concentrations, as described by Sugihara et al. [27]. The significantly higher 

weight gain also supports this conclusion. 

This different behavior compared to the N2 case, combined with the significantly higher NH3 

release for the latter case, deliver supporting evidence that these N‒containing compounds 

play an important role in the evolution of an α‒U2N3+x layer.  Since the α‒U2N3+x layer is the 

crucial intermediary corrosion product its absence or depressed generation explains the better 

performance of UN‒10 under a predominantly Ar atmosphere. 

4.2.3 Density series 

Especially as literature [8–11] gives a clear 

distinction between powder polycrystalline 

and single crystal UN samples, another critical 

performance parameter of spark plasma 

sintered UN is expected to be its density. To 

study the impact of sample density, thus 

porosity, on corrosion, a 90 min, single‒step, 

HPBAC test series with samples having 

different densities but similar grain sizes of 

about ~10 µm, as listed in Figure 25, was 

performed. The completion% of each sample is shown in Figure 27. These results show that 

 

Figure 24: UN‒8 (x500) as‒fabricated 

20 µm 
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by increasing the density of the fuel pellet, and in turn also reducing the amount of open 

porosity, sample degradation is significantly suppressed. This is in agreement with the fact 

that the diffusion in bulk is considerably slower than the diffusion between grain boundaries, 

dislocations and open structures like pores and cracks [41].  

Sample Density 

[%TD] 

Grain 

size 

[µm]  

Open 

porosity 

[%] 

Sample 

Short 

ID 

     
    

 97.47 10.8 0.39 UN‒5 

     
   

 99.13 7.8 0.00 UN‒7 

     
    

 99.88 9.9  0.00 UN‒8 

Figure 25: Sample short ID’s used in the density series 

 

Figure 26: UN‒7 (x500) after 90 min at 303 °C 9 MPa 

 

 

Figure 27: Completion [%] for UN pellets with similar grain 

sizes but different densities after exposure to steam (9 MPa) 

at 303 °C for 90 min in one step. 

The metallograph of the most dense, thus best performing UN sample, UN‒8, with 99.88% 

TD and 0.00% open porosity is shown in the as‒fabricated condition in Figure 24 with 500x 

magnification. The metallographs after the HPBAC treatment for UN‒8 are illustrated in 

Figure 28 for 200x and Figure 29 for 1000x. In Figure 26, the metallograph of UN‒7 (x500) 

after 90 min at 303 °C 9 MPa is seen, where severe intergranular degradation concentrates 

along a larger crack. 

Conversely, from the metallograph of the best performing sample, UN‒8 in Figure 28, it is 

seen that the grain structure appears to be perfectly intact in some large areas of bulk where 

no visual degradation can be spotted. The data and literature explain well that this is due to 

the very high density of the UN crystallites [10]. Nevertheless, the metallograph also shows 

severe material loss and fragmentation along some cracks even in this almost fully dense 

sample. While large, completely unaffected, regions of the sample exist, it is easily seen that 

20 µm 
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not far away the regions neighboring the cracks have been subjected to intense localized 

degradation. 

 

Figure 28: UN‒8 (x200) after 90 min at 303 °C 9 MPa 

 

Figure 29: UN‒8 (x1000) after 90 min at 303 °C 9 MPa 

Closer analysis of such a pre‒affected region reveals that when the material comes in contact 

with steam entire grains become loosened and consequently ejected from the matrix. 

Comparing the post‒exposure microstructure to the AF state, it is seen that the grains in the 

affected zone are surrounded by a dark separate phase at some grain boundaries as shown in 

Figure 29, while farther away from the crack, grain boundaries are not affected yet.  The 

growth of this “sandwiched” layer of corrosion products was reported first by Dell and Allbutt 

[8,10] and will be discussed in more detail in chapter 5.1.1. Because the density of the layer is 

considerably smaller, its growth causes mechanical stress to the matrix which ultimately leads 

to more cracking. During exposure to steam, the grains are easily detached from the matrix, 

causing intergranular cracking of the fuel pellet. The fracture of the pellet causes more 

intergranular surface to be exposed to steam, thus accelerating the oxidation process even 

further.  

Site N [% at] O  [% at] U  [% at] Probable phase 

Site 1 81 0 18 UN 

Site 2 46 36 18 UO2/U2N3 

Site 3 39 47 14 UO2/U2N3 

Figure 30: EDS results from sites 1‒3 in UN‒8 after steam exposure to 303 °C 9 MPa 

A SEM analysis of the UN‒8 sample, shown in Figure 31, pictures a network of a different 

phase around the grain boundaries. In Figure 32 this seen more clearly, since the scale of the 

SEM image precisely matches the average size of a UN‒8 grain. Furthermore, EDS‒results in 

Figure 30 show this phase to contain large amounts of oxygen and a much lower uranium 

density. This is a strong indication for an oxide phase at the grain boundaries. Although a 

10 µm 50 µm 
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precise deduction for chemical compounds from these EDS data cannot be made and as the 

nitrogen content is also still significant, the most plausible explanation is the UO2/α‒U2N3+x 

layer described in literature [8,10]. 

 

Figure 31:SEM of UN‒8 

 

Figure 32:SEM of UN‒8(zoomed site in Figure 31) 

The conclusion from this series is that the degradation mechanism for pure UN samples is an 

aggressive intergranular corrosion and the associated progressive cracking. The relative 

corrosion resistance of higher density samples is attributed to the high density of the grains 

and the tight matrix. Nevertheless, a sample with a density close to unity shows heavy 

localized degradation due to cracking. Thus, the driving phenomenon for the degradation of 

UN samples of all densities is the progressive exposure of fresh intergranular surfaces. In 

samples of very high density this mechanism is merely slowed down, not suppressed. 

4.2.4 Grain size series 

In the previous series it was demonstrated that the corrosion mechanism is driven by 

intergranular cracking progressively exposing more surface to corrosion. Consequently, it was 

hypothesized that samples with larger grain size would also perform better than samples with 

smaller ones, because less intergranular surface area would be available for steam attack. To 

isolate the effect of grain size, three samples with similar density of ~95‒96 % but different 

grain sizes of 6.7 µm, 10.5 µm and 23.8 µm have been subject to steam at 303 °C, 90 MPa for 

30 min each. The mass increase in % is shown in Figure 33, and the completion [%] in Figure 

35. Post‒exposure optical metallographs with 50x magnification are seen in Figure 36, Figure 

37 and Figure 38 for UN‒4, UN‒3 and UN‒2 respectively. 
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Figure 33: Optical metallographs in the “as‒fabricated” condition (x magnification, grain size) of respectively: 

a)UN‒4 (x200, 23.8 µm)                          b)UN‒3 (x500, 10.5 µm)                             c)UN‒2 (x500,6.7 µm)  

 

 

 

Sample Density 

[%TD] 

Grain 

size 

[µm] 

Sample 

Short 

ID 

     
   

 94.72 6.7 

(±1.3) 

UN‒2 

     
    

 96.25 10.5 

(±0.2) 

UN‒3 

     
    

 96.62 23.8 

(±3.4) 

UN‒4 

Figure 34: Sample short ID’s used in the grain size 

series 

 

Figure 35: Completion [%] for UN pellets with similar density of 

(~95‒96%) and grain sizes of 6.7 µm, 10.5 µm and 23.8 µm after 

exposure to steam (9 MPa) at 303 °C  for 30 min. 

 

Figure 36: Optical metallograph UN‒4 

(x50) 

 

Figure 37: Optical metallograph 

UN‒3, top (x50) 

 

Figure 38: Optical metallograph 

UN‒2, top (x50) 

These metallographs show that with decreasing grain size, from UN‒4 to UN‒2, the cracking 

becomes less pronounced, and so is corrosion as seen from the completion percentages. Thus, 

50 µm 20 µm 20 µm 

200 µm 200 µm 200 µm 
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the results were the opposite of the ones expected because the density series clearly 

demonstrated that the less intergranular surface area is available for steam attack, the longer it 

takes to cause sample degradation. A plausible explanation to these results will be given in the 

discussion chapter. 

4.3 UN‒10U3Si2 Composite 

In this chapter, the performance and the degradation mechanics of a UN–10U3Si2 composite 

sample in HPBAC conditions will be discussed. Two tests with exposures of 30 min and 90 

min each were done. The 90 min test was done to enable comparison with the high density 

pure UN samples presented before. The completion percentages are given in Figure 40.  

 

Figure 39:UN‒U3Si2 (x500) as‒fabricated (above). Sample 

short ID’s used UN‒10U3Si2 comparison (below).  

Sample Density 

[%TD] 

Grain 

size 

[µm]  

Open 

porosity 

[%] 

Sample 

Short ID 

     
    

 97.47 10.8 0.39 UN‒5 

     
   

 99.13 7.8 0.00 UN‒7 

     
    

 99.88 9.9  0.00 UN‒8 

UN‒ 
10U3Si2 

98.01 9.5  0.59 UN‒U3Si2 
 

 

Figure 40: Completion [%] for UN samples and one 

UN–10U3Si2 sample with similar grain sizes but 

different densities after exposure to steam (9 MPa) at 

303 °C for 90 min in one step. 

The metallograph of the composite in the AF state is shown in Figure 39. The bright regions 

are made up of U3Si2, while the darker ones represent the dominant UN grains. It can be 

immediately noted that in this experiment series, the UN–10U3Si2 composite shows a 

significantly lower completion% than the other high density pure UN samples, with the 

exception of UN–8. It should also be put in perspective that the open porosity of the UN–

10U3Si2 composite sample is significantly higher than the worst performing pure UN sample 

20 µm 
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in this series. The 30 min run was done to capture the beginning of corrosion. 

  

Figure 41: Two representative corrosion sites of UN‒10U3Si2 (x1000) after 30min at 303 °C 9 MPa.  

The two representative corrosion sites of the 30 min test sample are shown in Figure 41. 

There, cracking is seen to have progressed predominantly in an intragranular manner, leaving 

the neighboring matrix largely intact. The U3Si2 intermetallic phase between the grain 

boundaries leads to a very different degradation mechanism than as described previously for 

pure UN pellets. In UN–10U3Si2 no loosening and thus no detachment of the grains is 

observed. On the contrary, cracks go through both UN grains and the U3Si2 phase, not 

following any apparent pattern.  Furthermore, even directly neighboring grain boundaries are 

seen not to have been subject to corrosion. The dark layer identified at corroded grain 

boundaries in pure UN samples, could not be seen, save for some exceptionally rare sites 

where the inhomogeneity of the composite occasionally causes UN grains not to be 

surrounded by enough U3Si2. Such a rare site of slight intergranular corrosion is shown in 

Figure 46.  

 

Figure 42: UN‒10U3Si2 (x50) after 90 min at 303 °C 9 

MPa. No visible degradation in one edge 

 

Figure 43: UN‒10U3Si2 (x50) after 90 min at 303 °C 9 MPa. 

Cracking and material loss at the opposite edge 

The post‒exposure metallographs of the 90 min sample are shown in Figure 42 to Figure 48. 

10 µm 10 µm 

200 µm 200 µm 
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From these images it is seen that corrosion in UN‒10U3Si2 progresses along the cracks but is 

clearly of intra‒granular nature. The widespread local material loss seen in Figure 45 does not 

follow grain boundaries. Consequently, the material loss in the composite by steam corrosion 

takes place at the exposed surfaces of cracked UN‒grains and the U3Si2 phase. Since the 

closed surfaces of high density UN‒crystallites take longer to corrode by hydrolysis than 

detaching grains, the speed of the reaction is slowed down considerably. Also, the progressive 

increase in intergranular surface exposed to corrosion is missing in this mechanism. This 

means that the surface area exposed to corrosion in UN‒U3Si2 increases much slower than in 

the case of pure UN. 

 

Figure 44: UN‒10U3Si2 (x200) after 90 min at 303 °C 9 

MPa. Some cracking in U3Si2 phase but no material loss 

 

Figure 45: UN‒10U3Si2 (x1000) after 90 min at 303 °C 9 

MPa, zoom to the corrosion site from Figure 43: widespread 

material loss does not follow grain boundaries 

When examining the U3Si2 phase, prismatic 

dark precipitations were discovered, while 

none are seen within the UN grains. The left 

site in Figure 47 did not experience any 

cracking yet. In the right image in Figure 48, a 

network of thin cracks is seen. Some of these 

cracks continue and go through UN‒grains, 

while most are seen to be in the U3Si2 phase. 

Also, in addition to the prismatic dark 

precipitations, the cracks in the U3Si2 appear 

to have been filled by another dark phase. 

 

Figure 46: UN‒10U3Si2 (x1000) after 90 min at 303 °C 9 

MPa. Rare site of slight intergranular corrosion. 

10 µm 

50 µm 10 µm 
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Figure 47: Precipitation of a dark phase in UN‒10U3Si2 

(x500) after 90 min at 303 °C 9 MPa, no cracking. 

 

Figure 48: Precipitation of a dark phase in UN‒10U3Si2 

(x1000) after 90 min at 303 °C 9 MPa. Widespread 

cracking. 

What the chemical compositions of these two dark phases are is not known at this point. 

Though, it is reasonable to expect them to be UO2 and/or SiO2 that has precipitated as a result 

of corrosion in the U3Si2 phase. This hypothesis is supported by the fact that other regions of 

the same sample do not show any of these precipitations at all, suggesting that the diffusion of 

oxidizing species did not reach a threshold yet. An example is shown in Figure 49.  

To further investigate the composite performance and the chemical changes, sites of interest 

have been analyzed by SEM/EDS. A SEM image of the composite is seen in Figure 50. 

 

Figure 49: UN‒10U3Si2 (x1000) after 90 min at 303 °C 9 

MPa. No precipitation of a dark phase, no cracks 

 

Figure 50: SEM picture a UN‒10U3Si2 sample after steam 

exposure to 303 °C 9 MPa for 90 min 

20 µm 10 µm 

10 µm 
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Site 
N  

[% at] 

O   

[% at] 

Si  

[% at] 

U  

[% at] 

Probable 

phase 

Site 

1 
81 0 0 19 UN 

Site 

2 
0 0 43 57 U3Si2 

Site 

3 
0 14 54 32 

U3Si5 / 

UO2 

Figure 51: EDS results from sites 1‒3 in UN‒10U3Si2 after 

steam exposure to 303 °C 9 MPa for 90 min 

 

Figure 52: SEM/EDS analysis of a UN‒10U3Si2 sample 

after degradation in pressurized steam (90 MPa) at 300 oC 

for 90 min. 

SEM/EDS results, seen in Figure 51 and Figure 52, show no chemical change immediately 

around the cracks. Contrarily, some U3Si2 regions, like Site 3, indicate increased oxygen 

content, revealing that oxygen is diffusing in U3Si2 and preferentially reacts with oxygen 

compared to UN. Furthermore, the same results show changes in the contrast of the silicide 

phase. Together with the EDS results, this gives a strong indication that Si released from 

U3Si2 by UO2 formation, is contributing to U3Si5 formation according to the reaction 

discussed in chapter 2.4.2, rather than SiO2. The reaction of U3Si2 phase with oxygen is 

expected to cause change in density, most probably an expansion, of this phase. This will 

cause shearing forces within the matrix. Unlike the pure UN case, these forces will not be 

accumulated at the grain boundaries and will be transferred through the UN grains. This will 

eventually cause the intragranular cracking as shown in this chapter. In either case, the 

intragranular cracking requires more energy to propagate and exposes less fresh surface at the 

end of the process. Given the conflicting reports in literature [1,5,42] this would be an 

important confirmation that the improved hydrolysis tolerance in the UN‒10U3Si2 composite 

is not the consequence of an alleged chemical and mechanical stability of U3Si2. According to 

these findings the reason is the opposite of that. For one the U3Si2 is preferentially reacting 

with hydrolyzing species, possibly precipitating relatively inert UO2, for the other it provides 

increased mechanical stability of the pellet by absorbing stress by cracking inside the phase. 

To summarize, the following effects responsible for the significantly higher hydrolysis 

resistance of the high density UN‒10U3Si2 composite used here are listed below:  

1. The different response to hydrolysis in the system does not cause systematic ejection 

of UN‒grains from the matrix. No widespread pellet collapse is observed. 
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2.  The corrosion at the cracks does not progress into the neighboring grain boundaries. 

Therefore hydrolysis is forced to progress through the considerably more resistant 

bulk phases. This inhibits corrosion speed. 

3. The U3Si2 phase is seen to preferentially absorb and react with oxygen. It is plausible 

to assume a co‒precipitating of a UO2/U3Si5 phase upon local saturation. Thus, U3Si2 

acts as a sacrificial oxygen getter.  

All these phenomena delay the attack of the main phase consisting of UN grains. This 

fundamental difference in corrosion mechanism may lead to a design of UN based nuclear 

fuel with better performance during steam exposure than pure UN.  

4.3.1 Residual water check 

As described earlier, the residual water of all experiments, whose results are presented in this 

work, was recovered and was found to be within less than 0.1ml consumption. Thus it is 

concluded that no water loss and consequently no pressure loss was suffered during the 

experiments. 

5 Discussion and conclusions 

5.1.1 Degradation mechanism of high density polycrystalline UN 

As it was shown in the results, high density bulk UN samples show increasing steam tolerance 

with increasing density and decreasing grain size. Also in the TGA results of Lopes and 

Johnson [5], as well as indirectly by the results in this study where samples with very little to 

no open porosity were used, the absence of open porosity was shown to play an important 

role. There is no doubt that polycrystalline UN samples, irrespective of their density, or other 

microstructure properties, are subject to corrosion and degradation leading to pellet collapse. 

The corrosion rate depends on external conditions like temperature, pressure, the composition 

of the atmosphere and on internal factors like powder quality, density, grain size and open 

porosity. 

As seen from LOM and SEM images presented in the results, the corrosion mechanism is 

strictly intergranular leading to entire grains to be ejected from the matrix. However, literature 

reports remarkable oxidation resistance for single crystals of high density UN samples [10]. 

As oxidation of UN is thermodynamically favored, it is expected that a protection against an 

oxidizing environment depends on whether a protective layer of solid educts will form or not. 

By studies on a single crystal UN, early researchers [9,10,43] have identified the initial 

oxidation product on the UN surface as a coherent epitaxial layer of α‒U2N3+x, which often 
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contains dissolved oxygen. On top of this layer, a UO2 layer has been identified with some 

dissolved N, that preserves the epitaxial growth direction. Therefore, the layer of corrosion 

products on a UN single crystal exposed to hydrolysis has been identified as α‒U2N3+x/UO2 

sandwich structure [43]. As mentioned before, α‒U2N3+x experiences a unit cell contraction 

with increasing nitrogen hyper‒stoichiometry. The crystal structures of UN (fcc NaCl), 

α‒U2N3+x (bcc Mn2O3) and UO2 (fcc CaF2) are all based upon a face centered cubic array of 

uranium atoms. Therefore, since even the bcc Mn2O3 structure of α‒U2N3+x resembles a 

pseudo fcc CaF2, the crystal structure mismatch is minimized. High N/U ratio contracts the 

unit cell of U2N3+x further. Consequently, all three layers preserve their epitaxial orientation, 

which in turn gives good lattice coherence [9,10,43]. This minimizes the strains expected by 

the lattice expansion and limits the overall rate of reaction as the interstitial oxygen is 

inhibited from diffusing through the UO2 to the UO2/α‒U2N3+x interface, where lattice 

nitrogen is displaced and released. While almost no N goes into the gas phase as N2 from this 

reaction, some NH3 is formed, and some of the N is dissolved in the UO2[10]. But the 

overwhelming majority of N diffuses through the α‒U2N3+x lattice to the UN/ α‒U2N3+x 

interface to form more UNx/α‒U2N3+x from bulk UN. Consequently, the formation of this 

oxygen inhibiting double film of hydrolysis educts explains the corrosion resistance of a 

single crystal at the beginning of the hydrolysis well [9,43]. On the other hand, while little N2 

is formed by α‒U2N3+x formation increasing amounts are formed ultimately by the final 

α‒U2N3+x oxidation to UO2 [10] as the reaction proceeds in later phases. As the grains are 

single crystals, these findings on the initial stages of oxidation of a UN single crystal will be 

applied analogously to explain UN grain integrity vs. intergranular corrosion.  

Irrespective of the favorable microscopic behavior α‒U2N3+x/UO2 sandwich layer on the UN 

bulk, density changes of these compounds are considerable. The density change from UN’s 

14.32 g/cm³ to U2N3’s 11.24 g/cm³ and ultimately to UO2’s 10.97 g/cm³ represents an increase 

in specific volume of 21.5 % and 23.4 % respectively. As the sandwich layer thickens at the 

grain boundaries, the extra stress between the grains cannot be accommodated for long, and 

cleavage happens. The cracking progressively exposes previously unaffected intergranular 

surfaces to the attack of steam, which diffuses along the grain boundaries. Consequently, the 

degradation of high density polycrystalline UN pellets is driven by intergranular corrosion, 

which leads to macroscopic cracking of the microstructure. This progressive increase in 

exposed intergranular surface is responsible for the acceleratory part of the sigmoidal curves 

reported by literature [10]. What protects a single crystal or grain for a while causes the 

polycrystalline sample matrix to break apart. 
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This mechanism also explains the pressure dependence of the bulk UN degradation. The 

gaseous products NH3, N2 and H2 that are formed at the reaction site add increased pressure in 

the grain boundaries. NH3 formation is facilitated by increasing p(N2) in the reaction 

atmosphere [27]. In an environment of high p(N2), additional N2 from outside will diffuse 

along the pores of the UO2 layer to facilitate NH3 formation from UN, which in turn 

accelerates the formation of α‒U2N3+x. NH3 that is trapped in the sample favors the formation 

of α‒U2N3+x, accelerating the stress accumulation. As the gradients of the gaseous effluents 

and the steam would be pointing against each other, increasing the pressure would mean 

increased p(N2), p(O2) and c(HO
‒
) at the grain boundaries connected to the cracks. The latter 

would be increased through the forced diffusion of steam along the opening cracks and even 

smallest pores [9]. If the specific exposed surface is the rate determining factor, samples with 

smaller grains should not perform better than samples with larger grains as the specific grain 

boundary surface area is smaller for the latter, but results show the opposite. The reason for 

this behavior is that the brittle behavior in polycrystalline ceramics worsens with larger grain 

sizes. As the single grains are very hard, stresses are diverted to the grain boundaries. Less 

specific grain boundary area per volume means that less stress can be accommodated between 

grain boundaries before cleavage. The stresses induced by intergranular volume expansion 

therefore can be accommodated better in a ceramic with smaller mean grain size [44]. 

5.1.2 Degradation mechanism of the UN–10U3Si2 composite 

For the UN–10U3Si2 composite it was shown, that large clusters of tightly packed UN grains 

are surrounded by the U3Si2 phase. Although full enveloping is seldom the case, UN grains 

seem to be protected by U3Si2 against steam attack for the duration of the experiment, as long 

an intragranular crack did not expose the UN grain to direct steam exposure. Indeed, any 

corrosion happening was identified due to bulk grain being eroded away along the ensuing 

cracks. Contrary to the case of pure UN, the cracking was seen to be predominantly 

intragranular. There were also fewer cracks compared to other samples of similar 

microstructure. O2 diffuses in the U3Si2 phase which seems to react preferentially with the 

steam, precipitating UO2 phases. This delays the attack on the UN grains. The stresses 

ensuing from corrosion products build up shear forces that are not accumulated at the weaker 

grain boundaries but need to overcome the mechanical strength inside the UN grains itself. 

This makes cracking much rarer. The bulk corrosion of the composite happens at the crack 

surfaces but the cracks go mainly through the grains. In the composite, less material is 

corroded compared to pure UN of similar microstructure because high density UN single 
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crystals exhibit a certain steam tolerance by the mechanism explained before. Even when the 

UN grains are split in two, the remaining parts often stay firmly embedded in the U3Si2 

matrix. Thus the steam needs to erode the bulk of these UN crystal fragments. This takes 

considerably longer than to rip away UN crystals as experienced in pure UN samples. 

5.2 Conclusions 

The main goal of this experimental work, to expand knowledge on the corrosion and 

mechanical disintegration of high density polycrystalline UN pellets under high pressure 

steam, was achieved. The comparative performance of the fuel pellets were discussed on the 

basis of mass increase and microstructure changes analyzed by LOM and SEM/EDS. The 

removal of open porosity, accompanied by a density increase gives higher hydrolysis 

resistance to polycrystalline UN. High density polycrystalline UN is degraded by cracking 

owed to stresses generated by volume expansion of the corrosion products along the grain 

boundary. The ensuing cracking accelerates corrosion by exposing ever more surfaces 

available to steam attack. The LOM images captured for the first time the degradation 

mechanism in high density polycrystalline UN showing the corrosive attack at the grain 

boundaries.  From SEM/EDS it is seen that, at the grain boundaries already attacked by steam 

corrosion, Uranium relative concentration decreases while O and N density increases 

compared to bulk. Although EDS is not conclusive enough for detailed chemical analysis for 

light elements the N, O and U relations hint that α‒U2N3+x is formed as also reported by 

literature [8,10,11]. The stresses generated by the growth of the corrosion layer are best 

accommodated by a polycrystalline sample with smaller grains as it is the case with most 

ceramics [44]. Finally, it can be comfortably concluded that for pure UN, the most 

“waterproofed” microstructure will need to have the smallest grain size, maximizing density, 

while minimizing open porosity. Though, such an optimization will have to be balanced 

against other critical performance parameters of a nuclear fuel like swelling, fission gas 

retention etc. to name a few. 

Whether the pure U3Si2 exhibits a better chemical tolerance to steam than UN does, was not 

assessed. However, it can be hypothesized that the absence of a feed‒back mechanism analog 

to the function of NH‒compounds seen in UN corrosion might make U3Si2 more tolerant. On 

the other hand U3Si2 is a brittle phase [45], it will need an separate literature review and 

comparative HPBAC studies as done for pure UN to assess the behavior of it over longer 

durations. Both were not in the scope of this work. Nevertheless, U3Si2‘s protective function 

in the composite was seen to be due to the shielding of UN grains against intergranular 
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corrosion by reacting preferentially with steam and absorbing the mechanical stresses by 

generating a network of thinly dispersed cracks. The latter reaction causes UO2 and probably 

U3Si5 to be precipitated when the local saturation of O2 is reached. Longer steam exposure 

will reveal how the composite behaves when the U3Si2 is consumed entirely or to a significant 

extent. 

The low weight gain compared to UN samples subject to the same experimental conditions 

and the different corrosion progression in the microstructure of UN–10%U3Si2 are strong 

indications that the composite has great potential to be superior over most if not all pure high 

density polycrystalline UN samples. 

5.3 Outlook 

The autoclave tests series at 303 °C and 9 MPa in this study enabled a good basis to evaluate 

the questions at hand. The degradation mechanism by intergranular cracking of dense 

polycrystalline UN was captured the first time my imaging techniques. The mechanism itself 

is independent of temperature, as the dominating degradation process of dense UN is 

exposure of new intergranular surfaces through corrosion induced intergranular cracking. 

Even if different oxidation products form temperatures higher than 800 °C, pellet degradation 

will be driven by this mechanism. An additional open question remains the effect of different 

admixture concentration of U3Si2 phases on the degradation mechanism. This will constitute 

an important basis in defining the optimal amount of U3Si2 in composites destined for 

irradiation. Furthermore, to account for the complex thermal hydraulics expected during 

different scenarios leading to pellet‒coolant interaction, a continuous loop test with axially 

heated pellets is expected to generate crucial data on real behavior in a LWR core. 

Finally, even though significant improvements in water/steam tolerance might be achieved by 

various ways like composites and microstructure optimization, the chemical interaction of the 

fuel with the fuel over time cannot be suppressed completely. Thus, in case of cladding 

puncture/failure any improvement to water/steam tolerance can only delay the inevitable 

outcome that the fuel in that pin being pulverized and washed out by the coolant over time. 

Zircaloy cladding failure probabilities in LWRs have decreased constantly over the years [46], 

and are considered rare events. Nevertheless, in case wash‒out is found to be an unacceptable 

outcome for UN based ATFs, then it is obvious that the solutions will have to be looked for in 

R&D on cladding materials that have an extremely low probability of failing. Such R&D and 

new optimization efforts for claddings are inevitable particularly in case new cladding 

materials are introduced alongside ATFs.  
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7 Annex 

 

Figure 53: UN‒1 completion% after exposure to 303 °C 9 MPa 480 min 

 

Figure 54: Heating ramp example for HPBAC 

 

Figure 55: Quenching curve example for HPBAC 
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Sample #Run 
Exposure 

time 
[min] 

Mass 
before 

[g] 

Mass 
after [g] 

Maximum 
projected 

weight 
gain  at 
303°C 

(1)
 

Gain(+) 
[g] 

Gain(+) 
% 

Completion 
(1)

 % 

UN-1 1 300 0.7945 0.8503 0.0567 5.58E-02 7.023 98.386 

UN-1 2 180 0.747 0.7511 0.0121 4.10E-03 0.549 98.935 

UN-2 1 30 0.8802 0.8813 0.0628 1.10E-03 0.125 1.751 

UN-3 1 30 1.2491 1.2528 0.0892 3.70E-03 0.296 4.150 

UN-4 1 30 1.1201 1.1240 0.0800 3.90E-03 0.348 4.878 

UN-5 1 90 0.3813 0.3879 0.0272 6.60E-03 1.731 24.248 

UN-6 1 30 1.0641 1.0651 
0.0760 

1.03E-03 0.097 1.360 

UN-6 2 60 1.0651 1.0916 2.65E-02 2.488 36.248 

UN-6 1 45 0.5234 0.5246 
0.0374 

1.20E-03 0.229 3.212 

UN-6 2 45 0.5246 0.5298 5.20E-03 0.991 17.129 

UN-6 1 30 0.7783 0.7794 

0.0556 

1.08E-03 0.138 1.935 

UN-6 2 30 0.7794 0.7813 1.90E-03 0.244 5.354 

UN-6 3 30 0.7813 0.7854 4.10E-03 0.525 12.734 

UN-7 1 90 0.7126 0.7157 0.0509 3.08E-03 0.432 6.045 

UN-8 1 90 1.0384 1.0387 0.0741 3.00E-04 0.029 0.405 

UN-U3Si2
(2)

 1 30 1.2335 1.2363 0.1049 2.80E-03 0.227 2.670 

UN-U3Si2
(2)

 1 90 1.0387 1.0396 0.1181 9.00E-04 0.087 0.762 

UN-10 Digerator-Ar 120 0.2971 0.2992 0.0212 2.10E-03 0.707 9.902 

UN-10 Digerator-N2 120 0.3157 0.32 0.0225 4.30E-03 1.362 19.080 
(1)

 Assuming no impurities, and UO2 (
(2)

and SiO2) as end product @303°C 

Figure 56: Steam exposure raw data from all samples 


