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Abstract
The doping of UO2 ceramics with transition metal elements such as vanadium is a topical enterprise due to the relevance to 
advanced technology nuclear fuels in addition to understanding fuel-cladding interactions in spent nuclear fuel. Herein, the 
lattice and microstructural dependence of V-doped UO2 ceramics synthesized under conditions of − 420 kJ/mol and 1700 °C 
with elemental additions of 0, 500, 1000 and 2000 ppm was established using high-resolution synchrotron X-ray powder dif-
fraction and scanning electron microscopy. Microstructural analysis indicates moderate growth of the UO2 grain structure is 
achieved with V doping, but not as appreciable as gold-standard Cr-doped UO2. Collected diffractograms, analysed using the 
Rietveld method, indicate similar levels of solubility of V in comparison to Cr-doped UO2 under like conditions. The results 
of this investigation were discussed in relation to current structural models of lattice incorporation of transition metals in UO2.

Introduction

The structural-chemical behaviour of UO2 as transition 
metal elements are introduced into its structure is of current 
interest due to the relevance to advanced technology nuclear 
fuel (ATF) [1] development and fuel-cladding interactions 
that occur within spent nuclear fuel (SNF) [2]. In the case 
of ATFs, it has been demonstrated that transition metal ele-
ments, such as Cr and Mn, when introduced during fuel fab-
rication can lead to enhanced grain growth compared to non-
doping [3–6]. This leads to enhanced fission gas retention 
(FGR) during fuel operations, allowing longer burnup cycles 
and a subsequent reduction of SNF generation per capita 
compared to regular UO2-based fuel [7]. At the same time, 
fuel-cladding interactions in SNF can result in diffusion of 

specific cladding elements and radionuclides that can impact 
the overall stability of SNF [8]. The subsequent investigation 
of chemical incorporation and changes to lattice structure 
of UO2 when specific elements, particularly those of the d 
block, are incorporated is of overall relevance to nuclear fuel 
development and SNF management.

Recent investigations of Cr- and Mn-doped UO2 have 
unveiled the chemical intricacy of relatively trace element 
doping of the UO2 structure [3, 4]. In particular, the pleth-
ora of secondary chemical phases that can arise impact the 
solubility within the UO2 lattice matrix and also the ability 
of grain growth to occur during material sintering. High-
resolution synchrotron X-ray powder diffraction meth-
ods were recently demonstrated [9] to provide an almost 
authoritarian-based tool to probe the changes to the lattice 
structure and provide insight into the redox changes that 
occur in UO2 with transition metal doping. The use of high-
resolution methods such as via synchrotron sources to track 
subtle changes induced from trace doping was crucially 
highlighted. Consequently, the use of such high-resolution 
methods to understand changes to structure and material 
properties is critical to correctly determine the behaviour 
and performance of novel nuclear materials, particularly 
those with potential fuel applications.

Vanadium has been a long-term friend of nuclear fuel 
design and operations, due its low thermal neutron absorp-
tion cross section of 51V and its good alloying properties 
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desirable for cladding [7]. Indeed, it has been previously 
argued that V can induce enhanced grain growth in UO2, 
[10, 11] particularly making it applicable for ATF usage. 
However, there is scarce available literature data on the 
structural dependence of the UO2 lattice and microstructure 
when subject to doping with this element. In light of this, 
this investigation has utilised high-resolution synchrotron 
X-ray powder diffraction to examine the structural depend-
ence of the UO2 lattice structure during additions of 0, 500, 
1000 and 2000 ppm V as elemental under conditions of 
-420 kJ/mol and 1700 °C. Additional to this, the microstruc-
tural dependence of the ceramic materials is examined as a 
function of V addition via scanning electron microscopy.

Experimental

Synthesis of V‑doped UO2 ceramics

V-doped UO2 ceramics with 0, 500, 1000 and 2000 ppm 
additions of V element were fabricated using a previously 
established co-precipitation method beginning with doped 
ammonium diuranate (ADU) [5]. The doped ADU com-
pounds were prepared using stoichiometrically controlled 
amounts of uranyl nitrate (UO2(NO3)2) and vanadium oxide 
sulphate (VOSO4·5H2O) that were mixed in solution. To 
these solutions, ammonia (NH3) was added at 300% excess, 
triggering precipitation. The ADU mixtures were calcined 
under air to oxide form using a box furnace at 800 °C for 
5 h prior to reduction to UO2 at 600 °C under 4% H2—96% 
Ar atmosphere for additional 5 h. In both steps, the samples 
were in powder form. Finally, the pre-treated powders were 
compacted into pellets and heated to 1700 °C using a tube 
furnace for 10 h with an oxygen potential (µO2) of − 420 kJ/
mol that was monitored and produced via a 4% H2—96% Ar 
and 1% O2—99% Ar gas mixture. The furnace was cooled 
to room temperature using a ramp rate of 6 °C/min, whilst 
the gas mixture was maintained.

Synchrotron X‑ray powder diffraction

Ambient temperature synchrotron X-ray powder diffrac-
tion (S-XRD) measurements were performed at the BM20 
Rossendorf beamline [12] (ROBL) at the European Syn-
chrotron Radiation Facility (ESRF), Grenoble, France. 
Diffraction data were collected on high-resolution XRD1 
machine equipped with a Dectris Eiger CdTe 500 k pho-
ton counting detector. Synthesised ceramic samples were 
finely ground following sintering and immediately packed 
into glass capillaries of 0.3-mm diameter enclosed in 1-mm 
Kapton tubes which serve as radiological confinement bar-
riers. The energy of synchrotron radiation was set at 16 
000 eV and detector geometry of the experimental setup 

was calibrated using silver behenate and a LaB6 NIST stand-
ard reference. A precise wavelength of 0.7372 Å was deter-
mined. Experiments were performed in a transmission mode 
Debye–Scherrer geometry and corresponding 2D data were 
reduced using the PyFAI library adapted for diffractometers 
mounted on a goniometer arm [13]. Structural analysis was 
performed using the Rietveld method as implemented in the 
programme GSAS-II [14]. The peak shapes were modelled 
using a pseudo-Voigt function and the background was esti-
mated using a 6–12 term shifted Chebyshev function. The 
scale factor, detector zero-point and lattice parameters were 
refined together with the peak profile parameters.

Scanning electron microscopy

The morphology of the microstructure of V-doped UO2 
ceramics for 0, 500, 1000 and 2000 ppm elemental additions 
element was determined using a FEI Quanta 200F (Thermo 
Fisher Scientific) Scanning Electron Microscope (SEM). 
Surfaces of parts of the sintered pellets were embedded in 
resin and carefully polished using diamond pastes (up to 
1 µm) and finished with a colloidal Si-suspension. The sam-
ples were sputtered with a thin layer of carbon to enhance 
the electrical conductivity. Back-scattered electron (BSE) 
images were collected at 10 kV to obtain a high orientation 
contrast image to identify single grains.

Results and discussion

Collected S-XRD diffractograms were analysed using the 
Rietveld method where fluorite structural models using the 
space group Fm3m were applied. Rietveld profiles of all ana-
lysed diffractograms are provided in Fig. 1, where it can be 
observed that all generated V-doped UO2 compounds under 
described conditions resulted in single phase materials to 
the limits of resolution. Subtle shifting of Bragg reflections 
to higher 2θ can be observed in the diffractograms with 
increasing dopant concentration. This lattice contraction to 
higher 2θ is consistent with incorporation of the small V 
cation within the UO2 lattice matrix, consistent with previ-
ous works on Cr- and Mn-doped UO2 [3, 4, 9]. The lattice 
parameters determined from Rietveld refinements are pro-
vided in Table 1. 

SEM micrographs performed on the V-doped UO2 
ceramic pellets fabricated with additions of 0, 500, 1000 
and 2000 ppm are provided in Fig. 2. It is evident the addi-
tion of V under sintering conditions of − 420 kJ/mol and 
1700 °C results in enhanced grain growth compared to the 
non-doped case. However, this also results in considerable 
void formation, evident in Fig. 2. The origin of these voids 
is linked in part to the volatilisation of V which is known to 
occur under such sintering conditions [15]. In comparison 
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Fig. 1   Rietveld profiles made against S-XRD data collected on V-doped UO2 powder samples with 0, 500, 1000 and 2000 ppm additions as V 
elemental for λ = 0.7372 Å where all structures were refined using a fluorite model in space group Fm3m 
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to Cr-doped UO2, under similar doping conditions used for 
V in the present study, an approximate 100-fold increase 
in average grain size can be achieved [4]. For V doping of 
UO2, there is only a marginal increase in the average grain 
size compared to undoped UO2, inferior to what can be 
achieved with Cr doping [4, 5]. It was recently argued for 
Mn-UO2 that the presence of specific secondary phases that 
arise during UO2 doping can impact the grain growth pro-
cess of UO2 when additives are used, specifically those of 
fluorite structure which are stable in solid form at sintering 
conditions [3]. Inspection of the V–O Ellingham diagrams 
suggests fluorite-based oxides may exist under relevant sin-
tering conditions which can impact grain growth via afore-
mentioned described mechanisms or unwanted volatility 
that can contribute to porosity [16]. However, this study did 
not determine whether these phases are present and whether 
they have a direct impact. Moreover, in the context of addi-
tive doped advanced nuclear fuels, these results suggest the 
doping of UO2 with V is not as effective as using Cr for 
enhanced grain growth.

It was recently demonstrated [4, 9] that the normalised 
changes to the lattice parameter can be used to indirectly 
track the solubility of dopants within UO2 and also their 
redox-structural chemistry. In Fig. 3, the normalised lat-
tice parameters of V-doped UO2 determined in this study 
are plotted with reference data from Cr-doped UO2 and 

Mn-doped UO2, [3, 9] synthesised under like conditions and 
also measured using high-resolution S-XRD.

Inspecting Fig. 3, it is observed that the rate of lattice 
contraction for V-doped UO2 with progressive doping is 
more accelerated than that observed for Cr- and Mn-doped 
UO2. For Cr, it is established that there is a solubility limit 
of 750 ppm for conditions of − 420 kJ/mol and 1700 °C 
[6]. However, because of the speciation of Cr to differ-
ent phases other than the UO2 lattice matrix (Cr2O3, Cr-
metallic, Cr2+ etc.) [4], additions higher than this amount 
need be performed during synthesis to ultimately reach 
this solubility limit [9]. This is the reason continuous con-
traction of the lattice parameter is observed for Cr and Mn 
above 750 ppm addition [3, 9]. In contrast, for V-doped 

Table 1   Refined lattice  parameters for V-doped UO2 with 0, 500, 
1000 and 2000  ppm addition determined from S-XRD data with 
λ = 0.7372 Å. The structures were refined in a cubic fluorite structure 
with space group Fm3m 

V addition ppm Lattice parameter (Å) wRmin (%) Rp (%)

0 5.466081 (3) 3.10 10.12
500 5.465646 (5) 2.90 11.59
1000 5.465386 (6) 3.53 11.26
2000 5.465332 (3) 3.02 9.64

Fig. 2   SEM-BSE images of UO2 with a 0  ppm, b 500  ppm, c 
1000 ppm and d 2000 ppm addition of V. Note the subtle increase in 
average grain size of the microstructure with doping of V which also 
coincides with an increase in void formation. The void formation is 

suspected of arising from volatile V oxide species that are lost during 
sintering, particularly those above the apparent solubility limit of V in 
UO2 as identified by S-XRD measurement and analysis

Fig. 3   Normalised lattice parameter (a/ao) of V-doped UO2 deter-
mined from Rietveld refinements against S-XRD data performed in 
this work plotted comparatively against lattice parameter data of Mn-
doped UO2 [3] and Cr-doped UO2 [9] also determined from S-XRD 
data in which the materials were generated under like conditions of 
−  420  kJ/mol and 1700  °C. The pink arrows are used as guides to 
highlight the two different regimes of lattice contraction, prior- and 
post-solubility limit
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UO2, linear lattice contraction can be observed between 0 
and 1000 ppm V addition which then dramatically changes 
at 1000 ppm. Between 1000 and 2000 ppm, the change in 
lattice parameter is relatively negligible, whereas prior to 
this region constant contraction is observed. Accordingly, 
this suggests that solubility limit of V within UO2 has 
been reached by approximately 1000 ppm addition of V 
from S-XRD measurement and the solubility is consid-
erably lower than for Cr and Mn. This may explain the 
enhanced voids observed in SEM micrograph of 2000 ppm 
compared to the 1000 ppm doping, in which the excess V 
not contained within the UO2 matrix, as secondary phases 
are subject to volatilisation and subsequent contribution to 
void formation in the microstructure.

Conclusions

A series of V-doped UO2 ceramic materials with V addi-
tions of 0, 500, 1000 and 2000 ppm were synthesised under 
sintering conditions of − 420 kJ/mol and 1700 °C. The 
dependence of lattice contraction from V incorporation into 
the UO2 lattice was established using S-XRD, in which 
the data suggest the solubility limit of V within UO2 is far 
more diminished than compared to Mn-doped UO2 and also 
Cr-doped UO2. SEM investigation of the microstructure of 
V-doped UO2 ceramic pellet specimens indicates that V can 
induce enhanced grain growth of the UO2 grain structure, 
but this is not to the same degree as Cr-doped UO2, used 
presently as an ATF for nuclear power generation.
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