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A B S T R A C T

The control of the interaction between the U(Mo) fuel phase and the Al matrix is one of the challenges of dis-
persion fuel plate development for research reactors. Given the specific properties of this interaction layer, larger
amounts of it in the meat could lead to a reduction of the plate mechanical integrity and thermal conductivity,
eventually leading to pillowing. The SELENIUM project showed that by depositing a ZrN coating on the surface of
the U(Mo) fuel particles, the amount of formed U(Mo)-Al interaction layer is limited but still present. Microstruc-
tural analysis performed on the as fabricated coating and fresh fuel plates containing ZrN coated U(Mo) dispersed
in an Al matrix, revealed that the coating gets damaged during plate production. The post irradiation examina-
tions (PIE) of the ZrN coated U(Mo) fuel plates, from the SELENIUM and SEMPER FIDELIS experiments, show
how the U(Mo)-Al interaction layer is formed - only at those locations where the coating is missing or damaged
- and the evolution of coating microstructure during irradiation. As a remedy, to further reduce the amount of
interaction layer formed, the use of an Al-Si matrix was proposed based on the higher affinity of Si for U com-
pared to the affinity of Al for U. PIE of a fuel plate consisting of ZrN coated U(Mo) dispersed in an Al-Si matrix
irradiated in the SEMPER FIDELIS experiment, clearly demonstrates the benefit of adding Si to the matrix.

© 2021

1. Introduction

Low enriched U(Mo) has been selected as a viable candidate to re-
place the high enriched fuel currently still used in several high perfor-
mance research reactors (HPRR). Two U(Mo) based fuel systems are be-
ing considered: a dispersion in which atomized U(Mo) particles are dis-
persed in an Al matrix or monolithic where a U(Mo) foil is clad with Al
sheets. In the build up to qualification of this new fuel, several irradi-
ation experiments have been performed. It was found that both disper-
sion and monolithic fuels suffer from detrimental interaction between
the U(Mo) fuel and Al matrix or Al cladding that lead to poor in-pile be-
havior of the fuel systems. To limit or even eliminate the formation of
such a deleterious U(Mo)/Al interaction layer, the application of a diffu-
sion barrier was evaluated. The role of a diffusion barrier is to prevent or
slow down the inter-diffusion of the two materials in contact. Therefore,
to be effective, a good diffusion barrier requires inertness with respect
to adjacent materials.

In the case of the monolithic fuel system, a pure zirconium layer
is employed for the purpose of controlling the U(Mo)-Al interdiffusion
at the foil/cladding interface during both plate fabrication and irradia
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tion. A barrier thickness of ~25 µm is usually selected to exceed the
maximum fission fragment recoil range (~9 µm in Zr). For U(Mo) dis-
persion fuel the application of coatings directly on the powder particles
surface by physical vapor deposition (PVD) [1], was expected to limit
or possibly even avoid the interaction between the fuel and the Al ma-
trix altogether. Even if the fission products are not stopped, the diffu-
sion barrier does prevent the recoil atoms of the fuel phase and the ma-
trix to reach each other, thereby preventing interaction. The SELENIUM
(Surface Engineering of Low ENrIched Uranium-Molybdenum) fuel de-
velopment project of SCK•CEN [2] consisted of the production, irra-
diation and post-irradiation examination of 2 flat, full size plates con-
taining coated U(Mo) atomized powders dispersed in a pure Al matrix.
Next to silicon, ZrN was selected as coating material as it is metallur-
gically inert towards U(Mo) and Al. The choice of ZrN was also based
on the experience of the Russian MIR irradiated mini rods containing
ZrN coated U(Mo) [3]. The post irradiation examination (PIE) clearly
showed the positive effect of the coatings; for both Si and ZrN coated
fuel a virtual absence of reaction between the U(Mo) and the Al is ob-
served up to high fission densities after which a U(Mo)/Al interaction
layer has formed. Even though both coatings have a clear effect on the
kinetics of interaction layer formation, their behavior and evolution is
completely different under irradiation [4]. Whereas the Si coating in-
teracts with U(Mo) during plate production and the resulting U-Si rich
interaction layer intermixes with the Al matrix during irradiation, the

https://doi.org/10.1016/j.jnucmat.2021.153000
0022-3115/© 2021.
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ZrN layer seems to remain unaffected, i.e. it did not react with the fuel
particles or the matrix, during plate production. However, also in the
case of the ZrN layer, still the deleterious U(Mo)/Al interaction layer
was formed and the degradation of the coating with increasing burnup
was observed. Extensive microstructural characterization on fresh and
(ion) irradiated ZrN coatings has been performed in order to understand
its in-pile behavior [4–11].

Following the SELENIUM irradiation, several irradiation experiments
using ions [6,12,13] have been performed on coated particles. The neu-
tron irradiation called SEMPER FIDELIS was performed by the European
Consortium HERACLES1 at BR2 (Mol, Belgium) and aimed on investigat-
ing the fuel swelling phenomenon and effects of coatings while the sis-
ter irradiation EMPIrE (European Mini-Plate Irradiation Experiment), by
ANL/INL at ATR (Idaho, US), had a focus on the in-pile behavior of var-
ious ZrN coated U(Mo) powder batches, produced by different techno-
logical processes (physical vapor deposition or atomic layer deposition
processes) [14–16].

This paper gives an overview of the microstructural analyses per-
formed on as fabricated ZrN coatings deposited by PVD as well as the
examination on fresh fuel plates containing ZrN coated U(Mo) parti-
cles. The behavior of the ZrN coating under irradiation as previously ob-
served in the SELENIUM irradiation is confirmed by comparing the PIE
results of some of the SEMPER FIDELIS plates to the existing results.

2. Fabrication history

The U(Mo) powders used are prepared by an atomization process de-
veloped by the Korea Atomic Energy Research Institute (KAERI) [17].
This method results in spherical particles that show cellular microstruc-
ture, which is usually found in rapidly cooled alloys that have a sub-
stantial liquidus-solidus gap. The thick Mo deficient U(Mo) layers defin-
ing the cell boundaries [18], are known to directly reduce the stability
of the γ-U(Mo) structure [19,20]. It is at these cell boundaries that re-
structuring (polygonisation) of the fuel and initial precipitation of the
fission gas is observed [21,22]. The PIE of the SELENIUM plates (and
plates from prior irradiation campaigns) clearly showed that restructur-
ing can be correlated to an increase in swelling rate of the fuel plate. A
heat treatment of the powder to homogenize the Mo content and pro-
mote grain growth, was suggested as procurement to delay restructuring
and as such the increase in fuel swelling rate. The U(Mo) powder of the
SELENIUM U7MD1231 plate was not heat treated (NHT) while the fuel
for the SEMPER FIDELIS FIDJ0204 plates were annealed (HT) at 1000°C
for 1 h (Table 1).

Application of the coating on U(Mo) particles was performed us-
ing magnetron sputtering, a PVD method where atoms that are ejected
from a target traverse the vacuum and are deposited atomistically on
a substrate to form a thin layer. In 2009 SCK CEN and the University
of Ghent developed the STEPS&DRUMS (‘‘Sputtering Tool for Engineer-
ing Powder Surfaces’’ & ‘‘Deposition Reactor for Uranium based Model
Systems’’) setup [1] . The reactor is a vacuum vessel with at one end
a rotating drum to coat particles. The reactor is pumped down to the
10−6 mbar range and high-purity Ar gas is admitted in the chamber.
In the case of ZrN deposition from a Zr target, high purity nitrogen is
added. TRIM calculations were performed to estimate the required dif-
fusion barrier thicknesses, based on a ballistic approach and it was con-
cluded that a diffusion barrier of ~1μm ZrN should be capable of avoid-
ing the recoiled Al and U atoms from interacting, thus effectively pre-
venting IL formation [18].

The thickness of the ZrN coating was measured from the scanning
electron microscopy (SEM) images at four positions on 50 randomly
chosen fuel particles. A homogeneous coating with an average thick

1 HERACLES is composed of AREVA-CERVA, CEA, ILL, SCK•CEN and TUM

Table 1.
A summary of the meat characteristics of the fuel plates under investigation.

Experiment Plate Id
Powder
Type

Matrix
Type

Coating
thickness(µm)

Heat
treatment
of the
U(Mo)
particles

SELENIUM U7MD1231 ZrN
coated

Al 1.15±0.31 NHT

SEMPER
FIDELIS

FIDJ0204 ZrN
coated

Al 0.84±0.25 HT

ness as displayed in Table 1, was measured. The high standard devi-
ation is expected due to the absence of stereographic corrections. The
thickness of the coating layer for large fuel kernels will of course be
smaller than on those particles having a small diameter.

All fuel plates were fabricated by FRAMATOME CERCA using the
standard 'picture frame' plate production process and were subsequently
irradiated in the BR2 reactor of SCK CEN.

3. Irradiation history

The SELENIUM plate U7MD1231 was irradiated for 3 cycles with
a maximum power at beginning-of-life (BOL) close to 470 W/cm². Due
to the absence of burnable neutron absorbers, there is a gradual reduc-
tion in power with burnup, reaching a value of around 250 W/cm² at
end-of-life (EOL) The plate attained an average burn-up of ~48 % 235U
and a local maximum burn-up just below 70%235U (Table 2).

The irradiation history of the SEMPER FIDELIS plate FIDJ0204 is
similar to the SELENIUM plate, except that FIDJ0204 remained in the
reactor for an additional cycle. As a result, an average and maximum
burnup of respectively ~57 and ~82% 235U was attained (Table 2).

4. Microstructural analysis of as fabricated ZrN coatings

4.1. Coated U(Mo) powder

To obtain a homogeneous coating, the deposition of the ZrN layer
on the U(Mo) powder was performed in a rotating drum system
(STEPS&DRUMS), keeping the particles in constant motion during the
sputtering process [1]. The use of this system has a significant impact
on the final microstructure of the coating.

The high magnification scanning electron microscopy (SEM) image
(Fig. 1), shows a 1 µm homogeneous thick ZrN coating deposited on a
U(Mo) particle. The coating is composed of a dense layer of a few tens of
nanometer followed by a layer showing a porous columnar, cauliflower
microstructure.

The growth and final microstructure of a sputtered coating is pre-
dominately controlled by the deposition pressure, amount of surface and
volume diffusion, degree of oblique incidence and the amount of ion
bombardment. As the surface area of a spherical particle, that needs to
be exposed to the vapor flux, is four times larger than a planar sub-
strate having the same size of the circular cross-section of the micros-
phere [23], the effective deposition rate is very low (~0.04 nm/s). Fur-
thermore the need for constant motion prevents the control of the mi-
crosphere substrate temperature, meaning that the deposition occurred
at low temperature. For randomly moving spheres, the deposition flux
is received under an oblique angle of 45° incidence as a result of the
rapid time average by the moving microsphere over all deposition an-
gles [23]. This oblique incidence has the effect of promoting Zone 1 of
the structure zone model (SZM) defined by Movchan and Demchishin
[24]. In this model, zone 1 structures are columnar units separated by
voided boundaries that are several nanometers wide. They arise from
shadowing effects and very limited adatom motion. This leads to a
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Table 2.
Fabrication and irradiation history of the SELENIUM and SEMPER FIDELIS fuel plates.

Experiment Plate ID Cycle max HF at BOCW/cm 2 Max Burnup at EOC% 235Uf/cm 3 Mean Burnup at EOC% 235Uf/cm 3 Effective full power days

SELENIUM U7MD1231 02/2012 466 26.8
1.9E+21

15.7
1.1E+21

27

03/2012 381 54.8
4.1E+21

35.5
2.6E+21

21

04/2012 290 69.6
5.3E+21

47.5
3.5E+21

21

SEMPER FIDELIS FIDJ0204 03/2018 437 34.3
2.5E+21

20.5
1.5E+21

26

04/2018 324 53.0
4.0E+21

32.2
2.3E+21

21

05/2018 304 66.5
5.4E+21

42.3
3.2E+21

21

06/2018 301 82.4
6.5E+21

56.7
4.3E+21

28

Fig. 1. Secondary electron image of a PVD deposited ZrN coating on U(Mo) showing the porous columnar cauliflower microstructure of the layer : a) in cross section b) on the outer
surface of the coated fuel particle.

structure that takes on a cauliflower type appearance [25] as observed
in Fig. 1.

The most important consequences, with regards to the prevention of
the U(Mo)-Al interaction, of the columnar-void microstructure can be
the lower density of the coating, lower thermal conductivity and the
porosities could serve as a pathway for Al diffusion towards the U(Mo)
fuel.

X-ray reflectivity (XRR) measurements were performed on a compa-
rable ZrN coating deposited on a flat surface (Si wafer) to assess the den-
sity of the layer. It was found that the crystalline ZrN coating has a den-
sity of 6.82 g/cm3, indeed a little lower than the theoretical density of
7.09 g/cm3.

The X-ray diffraction pattern of measured ZrN coated as atomized
powder (Fig. 2b) reveals that the coating consists of a crystalline (cubic
cF8 structure) ZrN phase with a crystal sturcture that is consistent with
a nominally stoichiometric ZrN reference [6,7]. The broad peaks of the
ZrN phase are consistent with the nanoparticles observed in Fig. 1. A
crystallite size ranging between 5 nm [26] and several tens of nanome-
ters [7] is reported. The other phases found are UO2 and UC and known
contaminants of the U(Mo) powder (Fig. 2a insert). A study by He et al.
[9] confirmed the nominal stoichiometry of the ZrN coating. Using atom
probe tomography (APT). Measurements performed on the as fabricated
coating resulted in 49.9 ± 0.9 % Zr, 48.9 ± 0.9 % N and 0.3 ± 0.05 %
O.

4.2. Coated heat treated U(Mo) powder

The annealing of the U(Mo) powders, to homogenize the Mo content
and induce grain growth, is performed in a Pyrotherm furnace equipped
with an horizontal (stationary) ceramic tube. The powder is loaded in
an Al2O3 crucible and surrounded by tantalum foil for oxygen gettering.
The crucible is placed in the tube, which is subsequently sealed off and
continually flushed with argon. Quenching is done by retracting (under
Ar atmosphere) the crucible from the heated zone. Phase identification
performed on the XRD scans of the heat treated U(Mo) powder show
that in addition to uranium oxide and uranium carbide (both contami-
nates of as atomized U(Mo)), uranium nitride had formed (Fig. 2c). This
indicates that the powder was exposed to air (contamination of the Ar
atmosphere). Scanning electron microscopy in combination with energy
dispersive X-ray analysis (SEM/EDX) indeed shows that on the surface
of the fuel kernels, a contamination layer has formed (Fig. 3).

It should be noted that not all heat treated particles are affected and
the thickness of the contamination layer is variable. It is assumed that
the position of a particle in the powder batch in the crucible determines
the extent to which it was exposed to the atmosphere.

The XRD scan in Fig. 2d and the X-ray distrubition maps of the outer
surface of a coated, annealed U(Mo) particle (Fig. 4) both clearly show
that the contamination layer does not affect the ZrN coating. A stoichio-
metric ZrN phase is measured and no interdiffusion between coating and
contamination layer is observed.
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Fig. 2. Measured X-ray diffraction pattern of a) U(Mo), b) ZrN coated U(Mo), c) heat treated U(Mo) and d) ZrN coated heat treated U(Mo) particles and the reference pattern JCPDS
00-036-0089 for UO2, JCPDS 00-047-1879 for UO2.2, JCPDS00-032-1397 for UN, JCPDS01-073-1709 for UC and JCPDS 00-002-0956 for ZrN.

Fig. 3. Secondary electron image, O Kα, N Kα, U Mα, Mo Lα and C Kα x-ray distribution mappings of the outer surface of an annealed U(Mo) fuel particle.

4.3. Fuel plates

All fuel plates were manufactured by FRAMATOME-CERCA using
their classical picture frame technique and hot rolling. The Zr Lα X-ray
distribution map (Fig. 5a) obtained by electron probe microanalysis
(EPMA) on the cross section of a fresh fuel plate, shows that for several
particles the coating is damaged. As this was not observed in the exam-
ination of the as coated U(Mo), it is most probable that the damage re-
sults from the plate fabrication process. Fig. 5 shows that larger parts

of the coating peeled off from the fuel particles surface. This type of
damage is mostly observed at the interface between the meat and the
cladding; and at those locations where fuel particles are in close contact
with each other.

It should be noted that most of the ZrN flakes observed in the matrix
and aligned parallel to the rolling direction, are the result of over-spray-
ing in the coating process. During deposition ZrN will also be sputtered
on the rotating drum. At a certain thickness, fragments will peel off the
drum and will be pulverized by the tumbling U(Mo) powder. The result-
ing flakes are too small to be removed from the batch by sieving.
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Fig. 4. Secondary electron image, U Mα, Zr Lα, C Kα, N Kα, and Mo Lα X-ray distribution mappings of the outer surface of a ZrN coated annealed U(Mo) fuel particle.

Fig. 5. Zr Lα X-ray distribution map : a) cross section of the plate showing the Zr flakes in the matrix and damage to the coatings b) detailed image of the coating on two adjacent U(Mo)
particles, showing through thickness cracking.

The more detailed Zr Lα X-ray distribution map in Fig. 5b, reveals
cracks in the coating, perpendicular to the U(Mo) surface. A thermal ex-
pansion mismatch between the fuel and the coating (thermal expansion
coefficient for U10Mo (similar to the U7Mo used) is 11.5 × 10−6 m/
m•K [27] and for ZrN is 7.24 × 10−6 m/m•K [28]) is, at least partly,
the most probable reason. It causes the fuel to shrink more than the
coating when cooling down after the heat treatment during plate pro-
duction (hot rolling - blister test). The thermal expansion mismatch be-
tween coating and substrate results in tensile stress on the coatings in
the radial direction and compressive strain in the tangential direction. It
is the tensile stresses in the films that can cause through thickness mi-
crocracking [29]. However, the cracks may also result from the impact
of mechanical forces (rolling) on the brittle, ceramic ZrN.

A third type of damage is the delamination of the ZrN coating (Fig.
6). Iltis et al. [30] showed that that this type of damage also has a
preferential direction which is parallel to the rolling path. However, it
was reported that this type of damage was mainly observed in the EM-
PIrE miniplates containing PVD ZrN coated particles, suggesting that

the rolling conditions for miniplates are more severe compared to those
applied on full sized plates.

5. The behavior of ZrN coating under irradiation

5.1. Microstructure

The evolution of the coating microstructure as a function of the fis-
sion density is illustrated in this paper through SEM analysis of polished
and fractured surface samples.

Comparing the microstructure of the coating after irradiation to
high burnup to the as fabricated coating (Fig. 1), the columnar, cauli-
flower structure can no longer be discerned (Fig. 7). Still some pores
can be seen but it should be noted that their shape (rounded) differs
from the pores seen at the column boundaries in the as fabricated layer
(Fig. 1a). The contamination layer that has formed during the heat
treatment (Fig. 4) on some of the U(Mo) kernel surfaces, seems to be
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Fig. 6. Secondary electron image showing delamination of the ZrN coating.

unaffected and no interaction with the coating layer is observed (Fig.
7b)

The images in Fig. 7a,b also show that a layer in-between the coat-
ing and the Al matrix has formed. The formation of this layer is, simi-
lar to the formation of an interaction layer between the fuel and matrix,
an ion driven diffusion process (ballistic effect) [18]. The images of the
coating layer submitted to different burnups (Fig. 8), reveals that this
interaction layer already forms at low burnup. Furthermore, it is noticed
that with increased fission density the thickness of the coating layer is
reduced while the coating-matrix interaction layer thickness increases.

Based on these SEM images, quantitative measurements were made
of the thickness of the coating and interaction layers submitted to differ-
ent fission density (Fig. 9).

In Fig. 9 an accelerated increase in the Al-Zr-N and related decrease
of the ZrN layer thickness above ~4.5 × 1021fissions/cc, is observed.
A similar observation was also made for the growth of the interaction
layer between U(Mo) and the Al matrix [31]. This transition behav-
ior of the Al-U(Mo) IL growth around a threshold was related to the
strong temperature dependence of the mixing rate between two materi-
als under ion bombardment above a critical temperature [32,33]. It is
apparent that a similar temperature dependence exists for neutron irra

diated materials. By plotting the interdiffusion quantity as a function of
irradiation temperature (based on calculations), the so called Q curve
(Fig. 10) illustrates that the interdiffusion process is composed of an
athermal regime and a temperature dependent regime. The transition
temperature for a neutron irradiated Al-ZrN system between the two
regimes is ~115 °C. Ion irradiation experiments on the Al-ZrN system
are planned and the results will confirm or correct this threshold tem-
perature.

By intentionally scratching the surface of the samples, the fractured
surface of the grains becomes visible (Fig. 11). It shows a dense coat-
ing layer consisting of very small grains, with some in-between small
(rounded) pores. The porous columnar structure as observed in the as
fabricated coating, is no longer present which could indicate a restruc-
turing (induced by fission fragments bombardment) of the ZrN layer.

The formed ZrN-Al intermixing layer (Fig. 11 pointed out by ar-
rows) has a smooth appearance and a distinct and smooth boundary is
observed between the remainder of the coating and the ZrN-Al interac-
tion layer.

An extensive transmission electron microscopy (TEM) investigation
by Van Renterghem et al. [34] reports that the irradiated ZrN coating
has a polycrystalline structure with a grain size of the order of 100 nm.
The observed ring diffraction pattern confirms that the coating crystal
structure has an fcc symmetry in agreement with the ZrN structure re-
ported in the ICSD database . The lattice parameter of the coating mea-
sured by electron diffraction is 4.64 ± 0.02 Å, which is in agreement
with but above the 4.5773 Å reported in the reference database.

The structure of the ZrN-Al interaction layer was found to be poly-
crystalline and consisting of small grains of the order of 50 nm. The
grains have an fcc crystal structure with a lattice parameter of
4.20 ± 0.02 Å. No specific phase could be attributed but it was sug-
gested that a structure in-between pure Al (fcc with a = 4.056 Å) and
AlZr3 (cubic lattice with a ¼ 4.3917 Å and Al on the corner positions
and Zr on the face centers) is most likely [34].

The study also showed that apart from the respectively de- and in-
crease in layer thickness, the structure of the coating and interaction
layer does not significantly change with burnup. More importantly, no
interaction between the U(Mo) fuel and ZrN coating could be witnessed.

5.2. Elemental composition

The X-ray distribution maps of the main components of the coating,
fuel and some of the fission products generated, were obtained by scan-
ning transmission electron microscopy (STEM) and energy dispersive
X-ray spectroscopy (EDS) [9]. From Fig. 12, a sharp interface between
the U(Mo) and ZrN coating is seen as well as in-between the ZrN layer
and the coating/matrix interaction layer. The fission products ejected
out of the fuel kernel can be found incorporated in the ZrN coating, as

Fig. 7. Detailed back scattered electron images of an irradiated ZrN coated fuel particle at high burnup, in as polished condition. Both non-heat treated fuel particles (a) and heat treated
particles (b) show the formation of a layer resulting from the interaction between the coating and matrix. Note the difference in magnification between the two images.
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Fig. 8. Detailed secondary electron images of the intact ZrN coating submitted to different burnups. The formation of a layer in-between the coating an Al matrix is observed (pointed out
by white arrow). The images are at the same magnification.

Fig. 9. Thickness of the ZrN coating layer (left) and the formed ZrN-Al interaction layer (right).

precipitates or in case of Xe as bubbles. This latter observation is consis-
tent with the recording of rounded porosities in Fig. 7. Almost no fission
products are found in the Zr-N-Al interaction layer but an accumulation
of them, in particular Xe bubbles, at the interface of the coating/matrix
interaction layer and the matrix is witnessed.

To obtain information on the composition of the interaction layer
and coating, EPMA has been performed. When interpreting the data,
one should keep in mind that the size of the measurement volume of
the probe (electron beam) is comparable to the size of the coating. This
means that in many cases no absolute values can be extracted for the
composition and thickness of the interaction layer or coating. On sam-
ples that have received different burnups, several linescans covering
the coating were defined, but also some manual measurements in point
mode were obtained as reference. For all samples only Al, Zr, Mo and U
were measured since it is very difficult to measure light elements such
as nitrogen with EPMA. Nitrogen was introduced in the ZAF correction
based on an assumption of stoichiometric ZrN, rather than on a mea-
sured result. The uncertainties associated to a measurement result of
such a light element in these varying matrices (U(Mo), ZrN, Al) would
be too large.

The results of the individual points and of the linescans are plotted
in a pseudo ternary diagram (Fig. 13). If the coating would still be in

tact and had a width larger than the beam size, the points would form
a perfect triangle. This is almost the case in the sample submitted to the
lowest burnup (Fig. 13 black dots, 2.1 × 1021 f/cc). As the ZrN coating
thickness decreases with increasing burnup, an apparent dilution of the
coating with Al and U(Mo) could be related to the measurement condi-
tions, i.e. a probe size larger than the coating thickness. The points en-
circled in red in Fig. 13, can be considered to reflect the composition of
the layer resulting from the interaction between the ZrN coating and the
Al matrix. The numerous compositions for the interaction layer found,
confirms that the layer is induced by fission fragment induced intermix-
ing and that no stable phase has formed.

A more accurate measurement of the coating and of the coating/
matrix interaction layer was performed using atom probe tomogra-
phy (APT) [9]. It was found that for a sample submitted to a bur-
nup of 4.0 × 1021 f/cm3, a nearly stoichiometric ZrN layer is measured
(~56 at% Zr, ~44 at% N) indicating that the composition of the ir-
radiated coating remains unchanged. A measurement at the interface
between the ZrN coating and the Zr-N-Al interaction layer results in
~63 at% Al, ~36 at% Zr+N and ~1 at% U+Mo. At the interface be-
tween the Zr-N-Al and Al matrix a composition of ~85 at% Al, ~14 at%
Zr+N and ~1 at% U+Mo was measured. The APT measurements are in
line with the EPMA results (Fig. 13, pink stars).
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Fig. 10. Quantity of Al-ZrN interdiffusion as a function of the inverse of temperature.

5.3. Coating failure modes

The examination of the fresh fuel plates (4.3), shows three types of
coating damage: large parts of the coating removed from kernel surface,
through layer micro-cracks, and delamination of the coating.

As expected, at those locations where the U(Mo) fuel was in direct
contact with the matrix, a U(Mo)-Al interaction layer has formed (indi-
cated by a white arrow in Fig. 14a) [10]. Considering the low operat-
ing temperature of research reactors and similar to the ZrN-Al interac-
tion layer, the formation of the U(Mo)-Al interaction layer is typically
not thermally driven but is the result of a ballistic process [18] even if
the transition to a much more thermal regime is reached at only slightly
higher temperature [35].

The delamination of the coating from the fuel kernel surface does not
seem to have an effect on the efficiency of the coating as a diffusion bar-
rier. No formation of a U(Mo)-Al interaction layer can be observed (Fig.
14a, encircled in white).

For the through-layer micro-cracks, two evolutions are observed. It
appears that if the crack was wide enough, the diffusion of Al through
the crack has led to the formation of a U(Mo)-Al interaction layer (Fig.
14b). As irradiation, diffusion and intermixing progresses, the growing
U(Mo)-Al interaction layer pushes the crack wider open as can be ob-
served by the curled up coating at the edge of the interaction layer (Fig.
14b pointed out by a white arrow).

For the very small through-layer cracks, no diffusion of Al and sub-
sequent formation of a U(Mo)-Al interaction layer can be observed (Fig.
14c). It appears that the small through-layer cracks get sealed off by the
formed ZrN-Al interaction layer.

6. Improving behavior of the ZrN coating

From all neutron and ion irradiation experiments it has become clear
that a ZrN coating on U(Mo) fuel kernels, acts as an efficient diffusion
barrier up to very high burnup. Only at those locations where the coat-
ing is damaged and direct contact between the fuel and matrix occurs, a
U(Mo)-Al interaction layer is formed. Even though this interaction layer
only has limited effect on the observed fuel swelling, its amorphous
character allows the diffusion of fission gas which collects at the inter-
face of the interaction layer and the matrix. The subsequent large bub-
bles that form weaken the fuel plate integrity in such a way that break-
away swelling could occur.

As shown above, the damage of the coating is inherent to the fuel
plate fabrication process (rolling, blister testing). As a remedy to restore
the damaged coating, adding Si particles to the matrix was suggested.

The effect of silicon on the healing of the damaged ZrN coating, is
based on the higher affinity of Si for U compared to the affinity of Al for
U [36,37]. It is expected the Si in the matrix to interact, during plate
production and subsequent irradiation, with the uncovered U(Mo) sur-
faces resulting in the formation of locally rich U-Si layers. However in
previous irradiation experiments, based on U(Mo) dispersed in an Al-Si
matrix [38–49] it was found that the use of Al–Si matrices could work
if not for the inefficient diffusion of Si combined with the high U load-
ings. This results in an incomplete coverage of the kernels with a Si-rich
preformed layer. Irradiation experiments with Si coated U(Mo) [4] con-
firmed the efficiency of U-Si rich layers as diffusion barrier and less in-
teraction layer formation was seen, however at higher burnups crescent
shaped porosities were observed at the interface of the coating and ma-
trix.

In the SEMPER FIDELIS experiments, fuel plate FIDJ0301 consisting
of ZrN coated U(Mo) dispersed in an Al-5%Si matrix (Table 3) was irra-
diated.

As both plates were fabricated in the same run and irradiated un-
der the same conditions (Tables 2 and 4), direct comparison of the mi-
crostructure was possible.

As can be seen from the images in Fig. 15, at a burnup of approx-
imately ~32% 235U, the amount of interaction layer (colored green) is
slightly higher for fuel plate FIDJ0203 compared to FIDJ0301. This dif-
ference becomes even more apparent at a higher burnup of ~42% 235U.

From a more detailed X-ray distribution mapping (Fig. 16), the ben-
eficial effect of adding silicon to the matrix and as such reducing the
amount of interaction between the fuel and matrix, is clearly seen. Dif-
fusion of silicon to uncoated U(Mo) particles (so called fines which
are added to the meat to improve rolling) and the formation of a U-Si

Fig. 11. Evolution of the ZrN coating observed in samples from fuel plate U7MD1231 (ZrN coated U(Mo)) on surfaces. The ZrN-Al interaction layer is pointed out by a white arrow. Please
note the difference in magnification of the images obtained at the different burn-ups.
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Fig. 12. STEM image and combined EDS maps showing element distribution of U (red), Zr
(pink), Al (turquoise) and Xe (white). The individual and additional X-maps can be found
in [9].

rich interaction layer is observed (indicated by encircled in 1Fig. 16).
At the locations where a larger part of the ZrN coating is missing, a Si
rich layer on the U(Mo) fuel surface has formed (indicated by encircled
2 in Fig. 16). Diffusion of silicon along the small through-layer cracks
leads to the formation of a U-Si layer underneath the cracked ZrN layer
(indicated by encircled 3 in Fig. 16)

7. Conclusions

The deposition of ZrN on U(Mo) particles using PVD results in the
formation of a crystalline, stoichiometric ZrN coating that has a porous
columnar, cauliflower microstructure consisting of small nano-sized
grains. Analysis of the as fabricated coated fuel particles shows that the
coating thickness is homogenous and fully covers the fuel particle sur-
face. No interaction between the coating and the U(Mo) fuel or the con

tamination layer resulting from heat treating the fuel kernels, is wit-
nessed. However, from the examination of the fresh fuel plates it is seen
that damage to the coating during plate production is inevitable and
could lead to unwanted interaction between the U(Mo) fuel and Al ma-
trix.

Post irradiation examination shows changes to the structural in-
tegrity of the ZrN coating but confirms its efficiency as diffusion bar-
rier up to very high burnup. Fission fragment induced intermixing cre-
ates an interaction layer between the ZrN coating and the Al matrix. The
growth of this interaction layer is at the expense of the ZrN coating and
the amount of interdiffusion shows a transition at 115 °C from temper-
ature-independent to temperature-dependent behavior. The remaining
ZrN coating and the formed ZrN-Al still exhibits a polycrystalline char-
acter and consist of smaller grains.

As expected, at those locations where the coating was damaged or
missing, the formation of a U(Mo)-Al interaction layers was observed.
As engineering solution for healing of the damaged coating adding Si to
the matrix was proposed. An irradiation of a fuel plate consisting of ZrN
coated fuel particles dispersed in a Al-Si matrix confirmed the beneficial
effect as only a limited amount of U(Mo)-Al interaction layer has been
observed.

At no point diffusion of Al through the ZrN coating was found, mak-
ing this type of coating in combination with an Al-Si matrix, a less
than the preferred solution for the successful irradiation of low enriched
U(Mo) fuel plates.
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Fig. 14. Secondary electron images of irradiated ZrN coated U(Mo) fuel particles showing a) delamination of the coating b) volcano type of interaction layer c) through-layer cracks.

Table 3.
Fuel plate characteristics.

Experiment Plate ID
Powder
Type

Matrix
Type

Coating
thickness(µm)

Heat
treatment
of the
U(Mo)
particles

SEMPER
FIDELIS

FIDJ0301 ZrN
coated

Al + 5%
Si

0.83±0.23 HT
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Table 4.
Irradiation history of fuel plate FIDJ0301.

Experiment Plate ID Cycle Max HF at BOCW/cm 2 Max Burnup% 235Uf/cc Mean Burnup% 235Uf/cc EFPD

SEMPER FIDELIS FIDJ0301 05/2017 526 35.8
2.6E+21

22.9
1.6E+21

28
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Fig. 15. Secondary electron images of the meat in fuel plates FIDJ0301 and FIDJ0203. To differentiate the separate phases present in the meat, coloring of the images is performed based
on intensity thresholds (grey scale levels): fuel (blue), matrix (red), coating and interaction layer (green). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 16. Secondary electron image, Al Kα , U Mα , Zr Lα, and Si Kα blue x-ray distribution mappings of part of the meat: U Mα blue, Zr Lα green, Al Kα red and Si Kα yellow.
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