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ABSTRACT

Proton irradiation with a primary ion energy of 2 MeV was used to simulate radiation damage in UN and
(U,Zr)N fuel pellets. The pellets, nominally at room temperature, were irradiated to peak levels of 0.1, 1, 10
dpa and 100.0 dpa resulting in a peak hydrogen concentration of at most 90 at. %. Microstructure and
mechanical properties of the samples were investigated and compared before and after irradiation. The
irradiation induced an increase in hardness, whereas a decrease in Young’s modulus was observed for
both samples. Microstructural characterization revealed irradiation-induced cracking, initiated in the
bulk of the material, where the peak damage was deposited, propagating towards the surface. Addi-
tionally, transmission electron microscopy was used to study irradiation defects. Dislocation loops and
fringes were identified and observed to increase in density with increasing dose levels. The high density
of irradiation defects and hydrogen implanted are proposed as the main cause of swelling and conse-
quent sample cracking, leading simultaneously to increased hardening and a decrease in Young's
modulus.

© 2024 The Authors. Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Uranium Nitride (UN) is a promising nuclear fuel candidate for
future advanced nuclear reactor systems [1—3]. Generation IV lead-
cooled fast neutron reactors (LFRs), such as the SUNRISE-LFR and
SEALER-55 designed in Sweden, as well as BREST-300 in Russia, are
planned to operate on UN or (U,Pu)N fuel [4—6]. Due to its prop-
erties, UN offers enhanced performance and the potential of a
closed fuel cycle. UN exhibits properties such as high uranium
density [1,7], good thermal conductivity [8—10], high melting
temperature [11], compatibility with liquid metal coolants [12],
good breeding performance [12,13], and reprocessing capabilities

[1].
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Although in the literature there are several studies on irradia-
tion of UN fuel [14—18], they were typically conducted over two
decades ago. These studies were limited to moderate neutron flu-
ences, resulting in limited characterization providing detailed in-
formation on microstructural and mechanical changes of UN under
irradiation. Furthermore, these studies did not describe how the
irradiation tolerance is affected by the presence of solid fission
products (FP). It is challenging, expensive and cumbersome to
investigate neutron irradiation effects on new fuel concepts,
essentially due to the worldwide shortage in nuclear reactors
worldwide accepting irradiation tests. Neutron irradiation in-
troduces additional complexities, such as long irradiation times,
high costs and sample activation, necessitating the use of dedicated
hot-cell facilities to perform post-irradiation examination.

For these reasons, ion-irradiation was employed here to further
the knowledge on irradiation performance. Proton irradiation
provides rapid material damage, associated with lower costs,
shorter irradiation times and is much more readily accessible given
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the availability of several ion irradiation facilities. Moreover, proton
irradiation offers a well-controlled environment where single var-
iable dependencies can be studied, which is particularly important
when planning separate effect tests. Lastly, ion-irradiation allows
for flexibility in control of temperature, dose, and dose rate, which
is not easily achievable with neutron irradiation in a nuclear reactor
[19]. Proton irradiation on nuclear fuels has been predominantly
used to study UO; so far [20—22]. Recently proton irradiation of
UN-UO; composite system, was studied with a 2 MeV proton beam
with fluences up to 8 x 10'® jons-cm~2, at 400 °C and 710 °C,
respectively, in order to investigate the microstructural evolution of
the U-N—O system [23,24]. The studies concluded that proton
irradiation induced dislocation loops, oxidation, and phase trans-
formation, as with increased temperature, the presence of UO, and
U,N3 phases was increased, and the amount of UN was decreased.

The objective of the present work is to bridge the gap in the
limited data on irradiation behavior of UN and the lack of infor-
mation on the behavior of solid FP effects on the UN matrix under
irradiation. Hence, a campaign was performed to irradiate UN and a
simulated burn-up (SIMFUEL) fuel pellet with a proton beam
reaching damage doses up to 100 displacements per atom (dpa) at a
dose rate of 0.005 dpa/s. A (U,Zr)N SIMFUEL pellet is included in this
investigation since zirconium (Zr) is one of the representative and
significant solid FPs that need to be considered, as it plays a vital
role in fuel behavior. The impact of Zr on irradiation-induced
cracking and microstructural defects in UN was evaluated. The
Stopping and Range of Ions in Matter (SRIM) [25] software was
employed to simulate the proton irradiation characteristics in UN
and the composite SIMFUEL. The hydrogen concentration profile,
peak damage doses as well as proton penetration depth were
simulated. Following the irradiation campaign, a wide range of
characterization techniques was employed to study microstruc-
tural, and mechanical properties of the samples prior and post-
irradiation as well as to investigate irradiation-induced defects
such as cracking, hardening, and extended defects.

2. Methods
2.1. Powder synthesis and pellet fabrication

High purity UN powder was fabricated by the hydriding-
nitriding-denitriding method using uranium metal obtained from
the Institutt for Energiteknikk, Norway, employing the experi-
mental set up and temperature profile described by Malkki et al.
[26]. The average particle size of UN powders produced by this
method was around 5 um [27—29]. Elemental analysis was carried
out to determine the levels of oxygen and nitrogen in the UN
powder, using a LECO TC-436DR Nitrogen/Oxygen Analyzer.

The ZrN nano-phase powder used to fabricate the SIMFUEL
pellet was synthesized by a novel carbothermal nitridation route
using Ny gas as nitrogen source and sucrose as reducing agent. The
process yielded nano-particle sized c-ZrN with an average crystal
size of 87 nm and a lattice parameter of a = 0.4598 nm. The syn-
thesis process and complete characterization of the ZrN powder is
given elsewhere [30].

To produce the desired concentration of SIMFUEL composites
and enhance mixing and homogenization, UN and ZrN powders
were milled using a Retsch PM100 milling machine at an inert
argon atmosphere. The final mixing step, before sintering, was
performed with a hand mixing bowl using an agate piston and a
mortar. The as-synthesized powders were sintered using Spark
Plasma Sintering (SPS) [31] in a Dr. Sinter SPS 530 ET machine,
connected with a glovebox allowing for a transfer of the powders
under inert, argon, atmosphere. The powders were filled into
graphite dies lined with thin graphite paper to avoid powder-
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carbon interaction during sintering. The sintering was performed
at the National SPS Facility at Stockholm University. Both pellets
were sintered under low vacuum (<10 Pa) and the heating rate was
set to 100 "C/min until the maximum sintering temperature,
1,650 °C, was reached. A pyrometer was used to measuring tem-
perature at the outer surface of the die. After sintering, the graphite
paper was ground off the pellets' surfaces using SiC paper (grit 280
to 2000) and polished with diamond suspensions (9, 3, 1 um and
0.25 pm). The pellets were then polished using colloidal silica
suspension of 0.04 pm, and washed in an ultrasonic bath for 30 min.

2.2. Damage calculations

2.2.1. Proton-induced damage

To understand displacement damage in UN caused by neutrons,
proton irradiation was implemented in this work. Since the existing
literature on irradiation studies of UN fuel is scarce, before pro-
ceeding with the proton irradiation, SRIM was used to produce
predictions of the proton irradiation damage profile in UN and the
composite (UpgZrg1)N fuel pellet. The “lon Distribution and Quick
Calculation of Damage” mode was implemented for these calcula-
tions based on [32]. The SRIM results were used to estimate the
total damage (in dpa) onto the sample as well as the depth at peak
irradiation dose and the hydrogen implantation profile.

In most earlier studies using proton irradiation of nuclear fuels,
the energy of the protons has been chosen to be around 2 MeV
[21—23,33]. Therefore, for all simulations, and the irradiation ex-
periments, the proton energy was set to 2 MeV. For simulating UN
in SRIM, a layer with two elements was created, with 50 at.% ni-
trogen and 50 at.% uranium. The displacement threshold energies
were set to 40 eV for uranium and 25 eV for nitrogen [23]. Similar to
UN, when simulating the composite (UggZrp1)N fuel pellet, three
concentrations were defined: 50 at.% nitrogen, 45 at.% uranium and
5 at.% zirconium. The displacement threshold energy for zirconium
was set to 35 eV [34]. The lattice and surface binding energies were
set to zero for each of the chosen layers and the total number of ions
simulated was 10°.

The scanning nuclear microprobe facility at the Tandem Labo-
ratory at Uppsala University was used for the irradiation experi-
ments [35]. Both UN and (UggZrp;)N pellets underwent proton
implantation using 2 MeV energy. A pressure of approximately
107 bar was maintained in the high-vacuum chamber during the
irradiation. The experiment was conducted at room temperature.
The pellets were mounted onto a sample holder controlled through
a 3-axis step motor with the help of a light microscope. The choice
of irradiation fluences can be largely attributed to the irradiation
time needed to achieve the desired doses.

Four areas (spots) were irradiated in each sample, with various
fluences ¢ chosen to scan a range of irradiation conditions of
reactor relevance, considering the experimental limitations. The
size of the first three irradiation areas of the UN sample was
12 pm x 12 pm, while 10 pm x 10 pm was used for spot 4 of UN as
well as all four spots of the SIMFUEL pellet. While irradiating UN,
the average current of the proton beam was 1.5 nA, however, while
irradiating the composite sample, it varied between 0.2 nA and
1.5 nA among the four irradiation fluences.

It is of interest to estimate the temperature in the irradiation
volume, as samples could experience thermal shock due to beam
heating. Calculations were performed considering the beam en-
ergy, ion fluences, irradiation times, depth of implantation and
irradiation areas. The total power received at the irradiation spot
was obtained and finite element modelling (FEM) was used to
evaluate the thermal response of the UN fuel pellet during irradi-
ation. The COMSOL Multiphysics® tool was used to estimate the
temperature distribution of the fuel pellet during irradiation. The
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geometry and parameters of the fuel pellet were constructed
introducing the UN thermal properties [9]. A constant heat flux was
applied on a 10 pum x 10 um area at the center of the pellet. Heat
loss by radiation from the pellet surface was applied. Since the
surface emissivity of UN is not known, a constant surface emissivity
of 0.5 was selected as an average approximation. The pellet tem-
perature distribution was estimated in a time-dependent simula-
tion covering the entire irradiation time. It is important to mention
that the FEM simulations assume only heat loss through radiation
(as a conservative case). Heat loss by conduction from the sample to
the holder will decrease the temperature of the irradiation volume
even further. The power from the proton beam on the irradiation
areas can be calculated since the beam intensity, beam energy and
irradiation areas are known. The FEM results show that, even in the
conservative simulated case, the beam does not cause significant
heating of the sample, with a maximum temperature increase of
less than 10 °C in the beam spot compared to the rest of the pellet.
Therefore, the irradiation does not cause significant heating in the
pellet.

2.3. Characterization

A combination of characterization techniques was employed to
study the samples before and after proton irradiation to gain in-
sights into the evolution of the phase composition, crystal struc-
ture, surface morphology, mechanical properties, microstructure,
and irradiation-induced defects.

X-ray Diffraction (XRD) was used to provide information on
phase presence and lattice parameters of the UN powder, pellet and
(UooZrp1)N composite fuel pellets. The Siemens D5000 X-Ray
Diffractometer was used, with a Cu K, target at a 40 mA current and
35 kV voltage. The XRD patterns were collected in the 26 angle
range of 20° to 100°. The step size was set to 0.02°, and the
acquisition time was 2 s per step for the powder and 0.5 s per step
for the pellets. For the solid pellets, the sample stage was set to a
rotation speed of 15 r/min. The Rietveld refinement was performed
using the PROFEX [36] software and the Crystallography Open
Database (COD) [37].

Scanning Electron Microscopy (SEM) (Hitachi S-3700 N) was
used to examine the surface morphology, while Energy Dispersive
Spectroscopy (EDS) enabled elemental composition analysis. The
Image] software was used to investigate and measure surface fea-
tures, such as pores and macro irradiation defects [38].

Electron Backscattering Diffraction (EBSD) data was obtained
using a JEOL JSM-7800F SEM equipped with a Bruker e-Flash de-
tector. The EBSD images provided details on grain boundaries,
orientation, and size. Electrons of 20 keV electrons and an iterative
data cleaning process were used. A total of 30 iterations from 8 to 5
nearest neighbors were performed, with an indexing rate above
90%. The equivalent circle diameter was chosen as grain size, and
the pixel and grain thresholds were set to 50 pixels and 15°,
respectively.

Atomic Force Microscopy (AFM) with a Dimension FastScan
AFM-Bruker allowed for high-resolution and three-dimensional
surface characterization. With AFM it was possible to study sur-
face irradiation defects and identify areas of interest for further
investigation with Transmission Electron Microscopy (TEM). The
AFM was operated in tapping mode, and an AIO-Al cantilever of
rectangular shape was used, with length, width, and thickness
equal to 150, 30 um and 2.7 um respectively, and a constant surface
tension of 7.4 N/m with an aluminum tip. The image analysis was
done using the NanoScope Analysis 1.9 software.

Nano-indentation using a Femto-Indenter FT-104 measured
nanohardness and Young’s modulus. Continuous Stiffness Mea-
surement (CSM) was used and a grid of 8 x 8 indents was arranged
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with a 2 pm distance between each indent in both x and y di-
rections. Displacement-controlled mode was selected, and the
maximum penetration depth of the indents was set to 0.2 pm, with
a total applied load time set to 10 s.

Focused Ion Beam (FIB) was utilized to extract thin lamellae for
TEM analysis, providing insight into the nanoscale bulk micro-
structure. The TEM specimens were lifted out from the fuel pellets
with a dual-beam focused ion beam/scanning electron microscope
(FIB/SEM) in an FEI Versa 3D workstation implementing standard
procedures for in-situ sample lift-out and specimen preparation
[39]. Conventional transmission electron microscopy TEM (CTEM)
was performed on an FEI Tecnai T20 operated at 200 kV. Scanning
TEM—energy dispersive X-ray spectroscopy (STEM-EDS) mapping
and point analysis were performed on a TESCAN GAIA3 — FIB/SEM
workstation equipped with a X-Max"™ EDS detector from Oxford
Instruments. Further STEM imaging and EDS mapping were per-
formed on an FEI Titan 80—300 operated at 300 kV equipped with
an X-sight detector from Oxford Instruments. During sample
preparation, protective platinum (Pt) was deposited on the top of
the surface to minimize possible damage and/or contamination of
the area of interest [40]. After the Pt deposition, Ga milling was
carried out to thin the samples, starting from a voltage of 30 kV and
later reduced to 5 kV to limit the ion damage to the surface of the
lamellae. A reference lamella, 20 pm wide and 5 um deep, was
extracted from both samples to characterize the material prior to
irradiation. Larger lamellae, 20 um deep, were lifted out for irra-
diated regions of both the UN and the SIMFUEL sample to include
the regions with peak irradiation damage in the TEM cross-
sections.

3. Results and discussion

3.1. Phase composition and microstructure of as-fabricated
materials

UN powders previously fabricated via the hydriding-nitriding-
denitriding process, split into three consecutive fabrication days,
have measured around 1,600 wt x107® of oxygen. Oxygen is mostly
present as UO,, and was there on average 1.2 wt% [28,41]. In this
work the UN powder production was performed in a modified way,
introducing a continuous 17 h fabrication process. The oxygen
concentration was measured, by LECO, to be 135 wt x 107, resulting
in a UO; concentration of 0.13 wt%, an order of magnitude
improvement in purity level from the reference above. The average
nitrogen concentration was determined by LECO to be 5.5 wt%. The
XRD pattern of the UN powder is shown in Fig. 1 (top). The pattern
demonstrates a single-phase cubic structure corresponding to a
lattice parameter of a = (0.4889 + 0.0001) nm, which is in good
agreement with previously reported UN lattice parameters
[28,42,43]. Additionally, the refinement revealed a low oxygen
concentration of 1.45 wt% UO, and 98.55 wt% UN. It can be noted
that XRD and LECO analyses yield somewhat different results. XRD
points to a higher oxygen presence, which might result from XRD
overestimating phases of low concentrations due to background
noise. The elemental analysis by LECO is more accurate and reliable
at such low percentages.

The sintering properties of UN by SPS have been studied pre-
viously [29]. SPS chosen here to achieve a fully dense pellet without
introducing significant changes to the grain size. The same sinter-
ing parameters were applied to the composite sample, which
resulted in a sintered yet cracked pellet along its axial direction
throughout its bulk. This crack behavior can be explained by the
difference in thermal expansion of the two source powders, UN and
ZrN, resulting in non-uniform expansion and shrinkage during
heating and cooling, respectively, which could have caused the
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Fig. 1. XRD patterns of UN as-synthesized powder (top) and sintered (Ug9Zrg1)N fuel
pellet (bottom).

observed cracking. Hence, to avoid this, the sintering pressure was
reduced to 45 MPa. To ensure a fully densified pellet, the reduction
in holding pressure needs to be accounted for. Thus, the sintering
time was increased to an additional 30 min, resulting in a fully
dense, crack-free composite fuel pellet. Moreover, the increase in
sintering time enhances the interdiffusion between UN and ZrN,
which improves the homogeneity of the solid solution in the
sample.

After sintering, the graphite paper was ground off the samples,
and the pellet densities were measured by a modified Archimedes'
method [27]. The sintering parameters of UN and (UggZrp1)N,
including sintering temperature, holding time, applied pressure, as
well as the dimensions and final density, in terms of theoretical
density (TD), of the pellets are shown in Table 1.

XRD was used to study the phase presence in the solid samples
and to identify the lattice parameters of the UN and (UggZrg1)N
composite fuel pellets. Rietveld refinement revealed that the UN
pellet has a lattice parameter of a = (0.4893 + 0.0001) nm, which is
in good agreement with the source powder and with values re-
ported in the literature [28,44,45]. Additionally, the refinement
showed a low oxygen concentration of 0.08 wt.%, resulting in 0.68
wt.% UO,. The oxygen concentration appears to be lower in the UN
pellet compared to the value obtained for the UN powder, 1.45 wt.%
of UO,. The opposite could be expected, since the powder handling
outside the inert atmosphere of a glove box should have increased,
or at least maintained, the oxygen content in the pellet. Therefore, it
can be concluded that XRD does not appear to exhibit high accu-
racy, at such low concentrations. This is an additional reason why
the LECO method is preferred to determine phase concentrations
below 1% (in mass).

Analysis of the XRD pattern obtained for the composite fuel
sample, Fig. 1 (bottom), revealed the presence of a single phase
with the peaks situated at the same 26 angles as for UN, however,
broader in width. The lattice parameter was determined to be
a = (0.4883 + 0.0001) nm. This value indicates that the ZrN has
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the UN lattice, reducing the lattice parameter. Furthermore, the
refinement revealed an oxygen concentration of 0.15 wt.%, which is
equivalent to 1.29 wt.% UO,.

The lattice parameter of the composite sample, obtained from
XRD, allowed for estimation of the percentage of ZrN in solid so-
lution with UN by employing the Vegard’s law [46], as shown in
formula (3) below.

(3)

ap and ag are lattice parameters of pure compounds UN
(a=0.4893 nm) and ZrN (a = 0.4598 nm) [30], respectively. a,, s,
is the lattice parameter of the solid solution obtained in this section
(a = 0.4883 nm). By substituting the lattice parameters above, x can
be calculated and was found to be x = 0.034, revealing that
approximately 3.4 at% of ZrN formed solid solution with UN.
Therefore, the average chemical composition throughout the
composite sample is (Ugg97Zrg03)N.

SEM was used to obtain information on the sample surface
morphology, such as grain structure and size, local porosity, and
phase presence. Fig. 2 shows a backscattering electron image of the
UN and (Ug9Zrg1)N fuel pellets. The microstructure of the UN pellet
consists of porosity present in the form of small pores, a homoge-
neous matrix of the single phase, with a few dark inclusions,
located at the grain boundaries, which are related to UO,. These
areas were identified by EDS as oxide-rich regions. The sample
surface was examined in detail, and the areas to be irradiated were
carefully chosen to be representative. Hence, the irradiation spots
were selected to be pore and oxide free to minimize the effects of
porosity as well as oxide inclusion in the behavior of the UN fuel
under irradiation. The average grain size, measured using the
Image] software, was (7.8 + 2.8) um, which is in good agreement
with previously reported values [28,29,47].

Regarding the microstructure of the composite (UgoZro1)N, the
oxide inclusions were similar to those in UN. EDS analysis suggests
a solid solution matrix of U-Zr—N throughout the pellet, with an
average concentration of Zr raging from 3 at.% to 4 at.%. This value
agrees with the result by XRD and Vegard’s law obtained above. The
four regions to be irradiated were chosen to represent a homoge-
neous solid solution of (U,Zr)N and to avoid oxide inclusions. The
average concentration of Zr present in these regions is equal to
(3.0 + 1.5) at% Zr corresponding to a solid solution of (Ug 97Zrg o3)N.
The average grain size of this sample was (5.2 + 1.7) um. This value
is smaller than the grain size obtained for pure UN. This observation
can be explained since the ZrN powder used has nano-particle size,
while the UN powder fabricated is of micron-particle size. There-
fore, when both powders mix creating a solid solution throughout
the matrix, as well as ZrN precipitates, the grain size value is an
average of the grain size of UN, ZrN and (U,Zr)N. This results in an
intermediate grain size value, which is higher than that of ZrN but
lower than that of UN. The remaining Zr seems to precipitate as ZrN
throughout the sample (dark areas in Fig. 2 (right)).

ap, B, = (1 —X)ap +Xxeap

3.2. Nano hardness and Young’s modulus

Nanoindentation is employed to study the mechanical behavior
of UN and composite fuel samples. Both nanohardness and Young’s

formed a solid solution with UN, where Zr has replaced U atoms in modulus can be measured with this technique. The

Table 1

Sintering parameters for UN and (UpgZrg1)N pellets.
Sample Sintering temperature (°C) Sintering time (min) Uniaxial pressure (MPa) Density (%TD) Diameter (mm) Height (mm)
UN 1,650 5 80 97.5 9 3.4
(Uo9Zro1)N 1,650 35 45 98.2 10 32
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U-Zr-N matrix

Fig. 2. Scanning electron images (BSE mode) of the sintered pellets: UN (left), UggZro N (right).

nanoindentation was performed on both UN and (UggZrg1)N pel-
lets, in a non-irradiated area as a reference. The same settings were
then used to measure hardness and Young’s modulus in the irra-
diated areas.

The nanoindentation equipment produces results of hardness
and reduced Young’'s modulus, E;. In order to compare the values of
Young’s modulus obtained in this work with the literature, formula
(4) is used to calculate the Young’s modulus of the samples, Es [48].

1 1-v2 142

E K Es

(4)

E; and »; are the Young’s modulus and Poisson’s ratio of the
diamond tip indenter and are equal to 1,140 GPa and 0.07, respec-
tively. Es and v refer to the Young’s modulus and Poisson’s ration of
the sample, and E; is the reduced Young’s modulus, obtained by
nanoindentation. The Poisson’s ratio of UN is equal to ryy = 0.225
[49] and of ZrN is, vz;n = 0.25 [50].

The Young’s modulus of UN can be also calculated using formula
(5) provided by Hayes et al. [49].

E=0258.D3m2-@ —2375.105.T) (5)
where E is the Young’s modulus in MPa, D is the pellet’s density in %
TD and T is temperature in Kelvin. The relation is valid for 70% < D
<100% and 298 K < T < 1,473 K.

The pellets were indented at a reference area, separate from the
irradiation regions. With the help of SEM, the individual indents
were analyzed, and the areas of indentation were studied, see Fig. 3
(left). Fig. 3 (right) depicts a color map of hardness in the 8 x 8
array of the individual 2 pm x 2 pm square indents. The variation in
hardness and modulus values can mainly be attributed to the
following two reasons. The depth of the individual indent, which
will determine the measurement result, and the location of the
indentation, which will alter the result, in case an indent hits inside
a grain or at a grain boundary, as well as depending on the phase
present in the indented region.

From Fig. 3 for UN, the hardness measurements lie within four
color-coded clusters, with the green and yellow values being on the
low end of the hardness. For UN, the indents corresponding to the
lower hardness are mostly located at the top part of the 8 x 8 array,
and as can be seen from the SEM image, most of these indents hit
near or on pores, thus resulting in lower hardness values. From the
same SEM image, the higher hardness values (orange and red
squares), correspond to indents on pore-free regions. The average
value of hardness of the UN sample was found to be (8.1 + 0.2) GPa.
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Literature reports a hardness value of pure UN around 10 GPa
[28,48,49].

For the composite sample, the results are split into four colored
clusters indicating a variation in hardness, bottom right of Fig. 3.
There are three green squares corresponding to hardness values
that are lower than the rest of the clusters. After investigation
under SEM, it was found that the indents at the 2—4 pm and
8—10 pm areas on the X axis hit pores, however, the indent at the
4—6 pm region on the X axis is located on a grain boundary. On the
opposite side of the spectrum, there are four red squares which lie
on the higher values of hardness. Even though the red indent
located at the 2—4 um region on the X axis, has an average-level Zr
concentration and has visibly hit a pore, the hardness measurement
is high in relation to the average. The cluster of three red indents
located at 6—10 um on the X axis revealed a Zr concentration ten
times higher than the average, hence resulting in increased hard-
ness. The average value of hardness of the SIMFUEL sample was
found to be (9.1 + 0.4) GPa. Since no literature reference is present
for the nanohardness values of such a SIMFUEL composition, an
estimation was made using Vegard’s law. Using formula (3) and
replacing the lattice parameter of UN and ZrN with the hardness of
each phase respectively, the hardness of the SIMFUEL sample can
be estimated, which was found to be between 8.5 GPa and 9.2 GPa
for a 3 at.% and 10 at.% ZrN concentration, respectively. The hard-
ness of the composite sample is higher than that of UN. This is
expected since ZrN is harder than UN [51,52]. Therefore, a solid
solution of (U,Zr)N would result in a hardness in between UN and
ZrN, closer to that of UN since the concentration of ZrN is limited to
10 at.%.

The Young’s modulus of UN follows the expected relationship of
proportionality to hardness, meaning low hardness values corre-
spond to low Young's modulus values, and higher hardness to
higher Young’s modulus. The measurement resulted in an average
value of (224 + 4.5) GPa for the reduced Young’s modulus of UN.
Formula (4) was used to calculate the Young’s modulus, which was
found to be 264 GPa. This result closely agrees with the reported
literature values [28,48]. The correlation by Hayes et al. [49] for the
Young’s modulus of UN, formula (5), for a sample of 97.5% TD and at
room temperature, results in a value equal to 240 GPa. Therefore, it
can be inferred that the measured value in this work agrees with
earlier results.

Lastly, the average reduced Young’s modulus of (UggZrg1)N was
measured to be (237 + 4.5) GPa. The Young’s modulus of the
composite can be obtained from formula (4), however, formula (3)
is necessary to approximate the Poisson’s ratio of (UggZrg1)N, by
replacing the lattice parameter with the Poisson’s ration of UN,
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Fig. 3. SEM images of the indents (left) and color map for the 8 x 8 indent array (right) for UN (top) and (UggZro1)N (bottom).

vyn = 0.225 [49], and ZrN, vz;y = 0.25 [50]. The result was found to
be V(u,,zr,,)N = 0.228 which leads to Young’s modulus of (Uo.9Zro1)
N equal to 283 GPa. Thus, the results point to increased hardness
and Young’s modulus of a sample where ZrN is present. This is in
close agreement with the Young’s modulus of the composite pellet
obtained using Vegard’s law, for Eyy = 264 GPa (this work) and
Ezn = 460 GPa [50], resulting in Ey, 47y, ,)n = 284 GPa.

3.3. Damage calculations

3.3.1. Proton-induced damage

Simulation of the proton irradiation on UN and the composite
fuel resulted in an estimate of the proton-induced damage profile
as well as hydrogen concentration in the samples. Despite the
addition of the ZrN powder in the UN, the peak damage dose ob-
tained for both samples as well as the peak hydrogen concentra-
tion, was of the same level, while the depths of the peaks differ
slightly. The peak dose corresponding to spot 1, 2, 3, and 4 is equal
to 0.1, 1, 10, and 100 dpa, respectively. The peak hydrogen con-
centration for both samples is equal to 0.9 at.%, 8.0 at.%, 46.0 at.%
and 90.0 at.% H for spot 1, 2, 3 and 4, respectively. It can be observed
that the increase in hydrogen concentration is not linear with the
dose, which is due to the fact that the peak concentration volume
increases with increased fluences. The hydrogen concentration
peak appears 1 pum deeper than the peak damage dose for both
samples, and this could be attributed to the fact that after the ions
create damage in the material, they continue to travel through the
material’'s bulk with insufficient energy to cause any additional
damage, before eventually stopping. The irradiation volume has
been obtained from the full-width half maximum (FWHM) of the
curve in Fig. 4 and found to be around 1,540 pm>. It is important to
note that in spot 4, as shown in Fig. 4, the peak hydrogen
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concentration is approaching 90 at.%, which is a very large con-
centration considering the small irradiation volume, since the
hydrogen concentration peak is near zero close to the surface and
concentrated around the peak irradiation region. Therefore, the
irradiation-induced behavior of the samples is likely to be influ-
enced by the hydrogen accumulation at the depth near 20 pm.
However, it is improbable to see irradiation defects due to hydrogen
pileup near the sample’s surface. For UN the peak damage dose is
found at 18.9 um depth into the sample’s bulk, however, the sample
surface is experiencing ten times lower damage dose. For example,
in spot 4, Fig. 4, the peak damage dose is approximately 100 dpa, at
a depth of 18.9 um, whereas near the surface the dose deposited is
in the range of 10 dpa. For the (UpgZrg1)N sample, the peak depth
appears at 19.2 um depth, since the stopping force of Zr is lower
than that of U, increasing particle range.

3.4. Post-irradiation analysis

3.4.1. Microstructure and surface morphology of irradiated pellets

The first two irradiation spots, with doses 0.1 dpa and 1 dpa, did
not reveal any surface, microstructural or elemental difference
before and after irradiation. Therefore, it was not trivial to pinpoint
the exact post-irradiation region, since there was no clear indica-
tion of where the proton beam hit the sample. Hence, this work
focuses on the 10 dpa and 100 dpa irradiation areas. For the 10 dpa
(spot 3) and 100 dpa (spot 4), there were visible marks of the
irradiation regions. For UN, in Fig. 5a the reference areas 3 and 4 are
depicted before irradiation (dashed-line square), and the 10 dpa
and 100 dpa regions are shown (solid-line square), with visible
post-irradiation marks. The same areas are depicted in Fig. 5b for
(Uo.9Zro1)N.

For UN, in Fig. 5a, at 10 dpa, the surface appears to be brighter
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SRIM results for spot 4 (100 dpa)
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Fig. 4. SRIM simulation results for UN (solid lines) and (UpgZro1)N (dashed lines) for spot 4 with a fluence of 10?° ions-cm~2 and a dose of 100 dpa.
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Fig. 5. SEM images of selected pre-irradiation reference areas marked with dashed squares and post-irradiation regions marked with solid squares for UN (a) and (Ug9Zro1)N (b),
for 10 dpa and 100 dpa; Overview of the crack in the 100 dpa irradiation region in UN (c) and (UggZro1)N (d).
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under SEM, specifically under the BSE detector. The bright ‘burn’
mark is the size of the irradiated region, approximately
12 um x 12 um. Even though brighter regions under BSE indicate
the presence of elements with higher atomic number compared to
the surrounding area, the EDS analysis did not reveal any elemental
composition changes in the irradiated region, but an increase C
content was observed on the irradiation rim (Appendix A, Fig. Al).
The 10 dparegion of the composite sample, Fig. 5b, differs from that
of UN, for mainly two reasons. Firstly, the surface of the irradiated
region does not appear to have a brighter mark under SEM, and the
EDS analysis did not reveal any changes in the elemental compo-
sition of the irradiated region. Secondly, contrary to the crack-free
spot 3 of UN, a 10 pm long crack can be observed on the compos-
ite sample. This can be explained since the presence of Zr increased
the hardness of the SIMFUEL matrix, making it prone to more
enhanced cracking behavior compared to the softer UN pellet. It is
important to note that the bulk effect of irradiation is expected to
be more severe, since the surface dose is one order of magnitude
lower.

In the UN region that received 100 dpa, Fig. 5a, it can be
observed that there is cracking initiated near the center of spot 4.
Cracking also exists in the SIMFUEL pellet for the 100 dpa dose,
Fig. 5b, however, the cracking is more extensive. For UN, the initial
crack appears at an area which is elevated (swollen), compared to
the sample surface and is approximately 30 um long. The swelling
and liftoff of the irradiated area and the region around it was
observed with the help of a tilted stage under EBSD and can be seen
in Fig. A2 in Appendix A. Similar swelling behavior was observed
for the SIMFUEL pellet. The initial crack leads to a secondary crack
propagating in two different directions (Fig. 5¢). The secondary
crack is over three times larger than the initial crack, approximately
150 um long. Additionally, two smaller cracks can be observed on
the left-hand side of the irradiation region. These smaller cracks are
about 10 um and 30 pm long and located approximately 50 pm
away from the center of the irradiation. For the SIMFUEL sample, a
similar yet exacerbated behavior as that of UN, is observed. A crack
is initiated from the elevated (swollen) center of the irradiated
region, extending in four directions. Additionally, the area covered
by the total cracking pattern, Fig. 5d, is larger than the area of the
crack in UN, since the crack in (UggZrg1)N that leads to the sec-
ondary crack is twice as long as that in UN. The secondary crack
appears to be wider with a lot of material liftoff. This indicates that
the secondary crack occurred rapidly and more aggressively, thus,
breaking, and lifting off part of the material away from the surface
bulk, leaving the unaffected material below.

From SRIM results the depth of the peak damage dose is similar
for UN and (UggZrg1)N as is the profile of the hydrogen accumu-
lation. Hence, both sample surfaces experience similar doses as
well. By maintaining the same irradiation conditions for both
samples, which resulted in both pellets cracking in a similar
manner under 100 dpa it is proposed that crack formation is not
coincidental and was caused, among others, due to irradiation.
Therefore, it can be inferred that increasing the irradiation dose, the
damage in the material is exacerbated, since no crack was visible in
spot 3 of UN. The presence of extended surface cracking supports
that there is a significant disruption deeper in the material, since
the peak damage region is found at 18.9 um depth from the surface,
which experienced one tenth of the dose.

The grain properties of the UN and the (UgoZro1)N pellet were
studied using EBSD. Fig. 6 demonstrates the band contrast and in-
verse pole figure of UN before and after receiving a dose of 100 dpa.

The analysis resulted in an average grain size of (7.1 + 2.3) um for
UN and (5.2 + 1.7) um for (Up 9Zrg1)N. The grain size obtained here
for UN and (UggZrg1)N are very close to the values obtained by SEM
above. Additionally, Fig. 6 demonstrates a random distribution and
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no preferential crystallographic orientation of the grains for either
sample. The grain and orientation results are in agreement with
previous studies [29], where UN pellets were sintered with the help
of SPS. Ref. [53] suggests that a preferential grain orientation could
result in changes in material properties such as strength, ductility,
and toughness, which in result could cause changes to the fuel
performance [29]. Here, such an effect is not expected as there is no
preferential crystallographic orientation.

Moreover, as the irradiation region was limited to an area of
100 um? and since the average grain occupies an average area of
about 40 pm?, only a few grains, or parts of grains were included in
the irradiated region. Thus, no information could be obtained
regarding grain growth. Lastly, the irradiation-induced cracks in
both samples feature combined cracking patterns, incorporating
both transgranular and intergranular cracks, as cracks appear to
propagate both through the grains and along the grain boundaries,
respectively. AFM revealed that the irradiation rim was elevated
with a high carbon presence (Appendix A, Fig. A1). This could result
from residual hydrocarbons present in the high-vacuum environ-
ment, which are then sputtered away by the beam and get re-
deposited around the implanted area.

3.4.2. Irradiation-induced hardness and elasticity change

Nano-indentation measurements were performed on both
samples, in the 100 dpa irradiated regions (spot 4), to study the
effects of proton irradiation to the material’s hardness and elas-
ticity. The results for UN and (UggZrp1)N are presented in Fig. 7
(top), and Fig. 7 (bottom) respectively. The nanoindentation data
for UN have been collected from a secondary 100 dpa region spot
that was irradiated under the same conditions as described in
Section 2.2.3.

From Fig. 7 (left), the SEM images show which of the indents in
the 8 x 8 array are in the irradiated region. The white line marks the
rim of the irradiation spot. The indents inside and on the rim
represent the irradiation area and the rest are outside the irradiated
region, yet still in the vicinity of the cracked region. For UN the SEM
image revealed further cracking of the rim, due to the indentation,
represented by the single green square in the red-square cluster.
This green-marked indent will not be taken into consideration
when calculating the hardness and Young’s modulus of the irradi-
ated region of UN, as it was a faulty measurement, and it is not
representative of the material’s properties. For the UN phase, the
red cluster indicates the irradiated area, whereas the rest of the
clusters belong to the un-irradiated region. The average value of the
hardness and reduced Young’s modulus for the irradiated UN were
found to be (11.5 + 0.9) GPa and (165.0 + 8.4) GPa, respectively. The
Young’s modulus was calculated using formula (3), and found to be
183 GPa, for the irradiated region of UN. Compared to the reference
region, the irradiation induced a hardness increase in UN [17]. The
increase in hardness was 40% for the 100 dpa condition. On the
other hand, the Young’s modulus was reduced due to irradiation by
30% compared to its reference value.

For the composite pellet, the indents that belong to the irradi-
ation region, cover the area of X: 0—6 um and Y: 0—8 pm, in Fig. 7
(bottom). The two green indents, at X: 0—1 pm, Y: 0—4 pm, will
not be counted towards the averages, as they hit inside the crack,
thus are not representative of the irradiated bulk region. The
average value of the hardness and reduced modulus for the irra-
diated (UgoZro1)N were calculated to be (11.5 + 1.1) GPa and
(177.0 + 10.2) GPa, respectively. The Young’s modulus is equal to
199 GPa. As observed previously, the hardness induced due to
irradiation is increased here as well and is 26% higher. Similarly, to
the findings of UN, the Young’s modulus of the irradiated region of
(Uo.9Zrp1)N is 30% lower than that of the reference region.
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Fig. 6. EBSD analysis of the selected pre-irradiation reference area marked with dashed squares and the same region post-irradiation marked with solid squares for UN at 100 dpa
(band contrast (top), inverse pole figure (bottom)).
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Fig. 7. SEM images of the indents (left) and color map for the 8 x 8 indent array (right) for UN (top) and (U 9Zro1)N (bottom) at the 100 dpa irradiated area. The reader is advised
to note the scale difference in the colormap between the two samples.

3.4.3. Irradiation-induced bulk defects analyzed via TEM cracking mechanism, the 10 dpa and 100 dpa irradiation regions
To investigate irradiation-induced bulk defects and identify the were studied under TEM. Additionally, reference lamellae were
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lifted out, from both samples, to investigate pre-existing features
and compare them with the irradiated samples to examine irradi-
ation defects. The lamellae extracted were approximately 20 um
long and 5 pm and 20 pm deep for the reference and irradiated
regions, respectively. Deeper lamellae were extracted for the irra-
diated areas to include the peak irradiation damage depth. During
milling, the bulk of the material was revealed, and cracking was
identified at the peak damage region, near 19 um, for both the 10
dpa and the 100 dpa irradiation regions, in both UN and (U,Zr)N
samples.

Fig. 8a depicts the 10 dpa and 100 dpa milled regions, in UN,
featuring cracks parallel to the surface at a depth of the peak
damage region. The same was observed in the SIMFUEL regions
during milling. It is proposed that these cracks have propagated
from the bulk, most damaged region, towards the surface. The
presence of cracks in a consistent manner, at the peak implantation
depth, calculated by SRIM, confirms that the material cracked due
to high damage deposited from the irradiation in the region. The
lamellae examined here can be seen in Fig. A3 in Appendix A, where
no significant number hydrogen bubbles were observed, hence
indicating that the main reason for cracking was local swelling due
to damage induced into the material from the irradiation. The 10
dpa region of UN was the only one that did not reveal surface
cracks. However, cracking could be observed at the peak damage
region after milling. Since there was a surface crack observed in the
10 dpa irradiated region on the SIMFUEL, it can be inferred that the
crack propagation was more rapid compared to that in UN. This can

Journal of Materiomics 10 (2024) 906—918

be attributed to the presence of Zr in the SIMFUEL, increasing the
hardness and reducing the elasticity of the material, thus making it
more susceptible to enhanced cracking under the same irradiation
conditions.

Fig. 8b depicts the TEM images of the reference and irradiated
lamellae of both samples. From the reference images, 0 dpa, it can
be observed that there are several features pre-existing in the
sample bulk before the irradiation. Dark spotting and possible
dislocation lines (marked with white arrows) are visible in both
reference images. Both UN and SIMFUEL appear to have similar
homogeneous structures. Here the reference images are presented
to facilitate comparison with the irradiated regions, as it was
observed that previous literature on ion irradiated UN tends to
report bulk results on irradiated samples and not reference areas
[20,23,24], which does not give the possibility to compare between
the two and makes it hard to attribute features to microstructure or
irradiation, respectively.

The images referring to 1 dpa damage were taken from the spot
3 (peak damage of 10 dpa) lamellae, near the sample surface, where
the damage dose is one order of magnitude lower. In the 1 dpa
damage region, micro fissures can be observed in the UN sample
(marked with white arrows), in Y-like formations, indicating
intragranular micro cracking due to irradiation-induced swelling.
The 1 dpa region of the SIMFUEL displays dislocation lines (marked
with white arrows), similar to the ones observed in the unirradi-
ated regions, thus classified as pre-irradiation existing features.
Both reference and 1 dpa images are taken in the same

S 57

10 pm

(b)

(U,ZrN

100 dpa

Fig. 8. (a) SEM - SE images of the milled irradiation regions of 10 dpa and 100 dpa in UN. The black arrows point to bulk cracks. (b) BF-TEM images of the reference and irradiated
regions for both UN and SIMFUEL samples. The pictures marked as corresponding to 1 dpa dose were collected near the surface of the 10 dpa samples. The white arrows point to
dislocation lines and micro fissures, whereas the white circles indicate dislocation loops. Where grain boundaries are visible, they are indicated by GB.
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Table 2
Dislocation loop densities for the irradiated regions in UN and (Ug gZrg1)N lamellae.

Journal of Materiomics 10 (2024) 906—918

Sample Dislocation loop densities (x10?" m~3)

1 dpa (plateau) 10 dpa (peak) 10 dpa (plateau) 100 dpa (peak)
UN 0.7 20 11 26
(UoZro.1)N 5.0 50 30 80

magnification, and it can be observed that fringes are considerably
more prominent in the irradiated samples but are not visible in the
reference areas. Lattice fringes were observed in unirradiated re-
gions only under higher magnification. The presence of Moire
fringes in the irradiated samples points to lattice distortion from
self-interstitial clusters and dislocation loops that form due to the
irradiation damage. The 10 dpa and 100 dpa images were taken
from the same lamellae, with relatively similar thickness. The
fringes in these areas appear denser, clustered, and more defined
compared to 1 dpa. This indicates that their density is greatly
enhanced by an increased damage to the lattice.

Moving to clearly defined dislocation loops, a quantitative
analysis of the dislocation loop density is proposed here. Disloca-
tion loops can be observed in the irradiated images (several ex-
amples marked with white circles), indicating prevalent irradiation
induced damage. The irradiated images of both samples, at 1 dpa,
appear to be consistent with previous literature finding [23,24,33],
where similar dislocation loops and defects were observed in
irradiated uranium-nitrogen-oxygen system. In Table 2 the dislo-
cation loop densities of the irradiated volumes are presented. It is
important to note that there are two values of dislocation loop
densities reported for the 10 dpa dose levels for both samples. The
two dose levels refer to the bulk region of spot 3 (peak dose 10 dpa)
and the near surface region of spot 4 (plateau dose 10 dpa).

From Table 2 it can be observed that the dislocation loop density
increases one order of magnitude from 1 dpa to 10 dpa. At the 10
dpa irradiation dose the two values are indicative of the regions
that the measurements were taken from. The 10 dpa (peak) is the
region with peak damage and hydrogen concentration, in the bulk
of spot 3, for both pellets. There, besides the irradiation induced
defects, hydrogen is expected to concentrate, distort the lattice
even further and interact with defects. A higher density of dislo-
cation loops is observed at the peak versus the plateau conditions
for the 10 dpa dose levels. At 100 dpa the dislocation loop density
increases further, however, there is a dampened effect of the
damage, with respect to the lower doses, indicating a tendency
towards defect saturation. Such significant levels of microstructural
damage are expected to swell the materials, as defects expand the
lattice around them. This, alongside the lack of hydrogen bubbles
present at the peak concentration depths, is a confirmation that the
cracking behavior can be attributed to the local swelling at the peak
concentration depth. The cracks can then propagate towards the
sample surface.

The lower the Young’s modulus, the less resistant the material is
to elastic deformation. Therefore, a lower level of applied stress is
sufficient to create the same amount of strain and elastically
deform the material. Here both irradiated samples display a 30%
decrease in Young’s modulus when measured in the surface of the
irradiation spot. This result agrees with previously reported liter-
ature findings, where according to Ref. [54], the Young’s modulus,
of silicon carbide, reduces with increasing point defect concentra-
tion. In addition, ref. [55] proposes that irradiation-induced
cracking, in silicon carbide, decreases the Young’'s modulus even
further. Given that there appears to be a general anti-correlation
between swelling and Young’s modulus evolution, this decrease
in elastic response combined with the saturation of defects in the
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irradiated bulk, see Fig. 8, indicates significant levels of local
swelling. In this work extensive irradiation-induced cracking was
observed around the 100 dpa irradiated regions. Additionally, the
damage generated in the samples' bulk is of a high concentration,
given the small irradiation volume, which results in local swelling
of the irradiation affected grains and thus cracking of the material
initiated in the irradiated regions. The damage combined with the
high concentration of implanted hydrogen could have resulted in
an effective expansion of the lattice parameter which in turn would
further reduce the Young’s modulus.

It is important to consider an additional reason that could
enhance cracking in the samples. During SPS sintering the central
part of the pellet is hotter, thus, has greater thermal expansion than
the rim. Upon cooling this leads to a tensile stress which is greatest
at the center, and to a corresponding compressive stress at the rim.
The model appears to be supported by the observation that such
cracking from the sintering itself is less frequent if additional
thermal insulation is applied to the die, reducing the rate of heat
loss and hence the radial temperature gradient during sintering.
Thus, the localized damaged microstructure, which should be
significantly swollen, could have initiated the bulk cracking which
propagated towards the surface, and this may have been aided due
to residual stress in the SPS sintered pellets.

4. Conclusion

In this work, the effects of proton irradiation behavior of SPS
sintered UN and (U,Zr)N fuel pellets were studied. Surface and bulk
techniques were employed to identify microstructural irradiation
defects and mechanical testing was implemented to measure the
effect of irradiation on mechanical properties, such as hardness and
Young’s modulus for doses up to 100 dpa. One limitation of this
work was the inability to produce SIMFUEL pellets in homogeneous
solid solution through the sample. An additional experimental
limitation is associated with the proton irradiation, and particularly
beam time constraints, costs and sample activation. Therefore, 100
dpa was selected as the highest peak damage dose in the UN and
SIMFUEL pellets.

The composite sample in this work presents a solid solution
matrix, as well as Zr-rich regions, due to insufficient diffusion of Zr
atoms into the UN. Post-irradiation nanoindentation testing
revealed irradiation-induced hardening as well as a decrease of the
Young’s modulus, as compared with the unirradiated regions. The
increase in hardness was around 40% for UN and 26% for the SIM-
FUEL sample. The Young’s modulus decrease was consistent for
both samples and was found to be 30%.

Detailed surface and bulk characterization confirmed sample
cracking, initiated at the bulk of the material, where the peak
damage dose was deposited. The cracking propagated through the
bulk and onto the sample surface. Examining the high density of
defects present at the 10 dpa and 100 dpa irradiated bulk regions, it
can be inferred that the main driving force for crack initiation was
the substantial damage, in terms of defects and lattice distortion,
deposited into the sample. The irradiation damage combined with
high hydrogen concentration, given the relatively small irradiation
volume, resulted in local swelling of the material and subsequent
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cracking of the pellets. The swelling can also be observed from the
samples' surface where the irradiated, and cracked, region is
elevated compared to the rest of the unirradiated area. Swelling
caused by the high density of irradiation defects and the implanted
hydrogen could have resulted in an effective expansion of the lat-
tice parameter thus reducing the Young’s modulus.
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