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a b s t r a c t

Flash sintering (FS), a novel fabrication technique belonging to the family of field assisted sintering (FAS)
techniques, has been utilized in this study to fabricate uranium dioxide (UO2) pellets. Stoichiometric
(UO2.00) and hyper-stoichiometric (UO2.16) pellets were flash sintered at 600 �C within a few (2e3) mi-
nutes. This is in sharp contrast to conventional sintering where temperatures hundreds of degrees higher
are necessary and the sintering time extends to hours. Relating this in terms of the homologous tem-
perature ratio (TH) for both conditions shows that in the case of flash sintering at 600 �C, TH¼ 0.3 versus
TH¼ 0.6 for conventional sintering at 1600 �C. The highest density achieved for a UO2.00 pellet was 81%
theoretical density (TD) when flash sintered at 600 �C for 185 s at a field of 188 V/cm and a current
density of 442mA/mm2. For the UO2.16 pellet, the highest achieved density was 91% TD when flash
sintered at 600 �C for 123 s at a field of 188 V/cm and a current density of 632mA/mm2. X-ray diffraction
(XRD) characterization of the sintered pellets showed the final sintered material to be single cubic
fluorite phase. Scanning electron microscopy (SEM) of longitudinal sections revealed non-uniform mi-
crostructures with regions of high density where the grain size ranged from 1 to 15 mm. Comparisons
between conventionally and flash sintered pellets that achieved equivalent shrinkage strains were also
conducted. In all cases, the flash sintered pellets achieved similar densification to the conventionally
sintered pellets at much lower furnace temperatures and shorter times.

Published by Elsevier B.V.
1. Introduction

Field assisted sintering (FAS) techniques describe a group of
novel sintering methods that use electric field and/or current to
provide powder densification in very short time periods (minutes
compared to hours) and at lower temperatures compared to con-
ventional sintering [1]. Spark plasma sintering (SPS) [2e6] and
flash sintering (FS) [7e20] are FAS methods that have received a lot
of attention in recent years due to their potential significant eco-
nomic impact. SPS uses a combination of temperature, pressure,
and electric current to sinter powder compacts at lower tempera-
tures and at shorter times but with better mechanical properties. In
SPS, powder is loaded into a graphite die and heated by a pulsed
direct current (DC) while simultaneously applying uniaxial pres-
sure. Typically, the applied field is low (~volts) and the current flow
through the die is high (~thousands of amps) [2]. FS, while similar
ratory, Materials Science and
, 87545, USA.
to SPS (they both utilize field and current to induce densification),
uses applied fields (1e100's of volts) and low current flow through
the sample (amps). In FS, a low density powder compact sample is
placed in a furnace, in contact with two electrical leads that are
attached to a power supply, examples of this are shown in
Refs. [7e19]. The flash event is characterized by a current runaway,
during which the current exponentially increases before reaching a
pre-defined current limit. The bulk of sintering can occur on the
order of seconds under the application of appropriate fields, cur-
rent densities and temperatures [21]. This is in contrast to con-
ventional methods where any advances in lowering the sintering
temperature to improve efficiency [22e24] still require long sin-
tering times (hours) since the process is diffusion controlled.

FS has been demonstrated for a plethora of oxide materials such
as ZrO2 [9], an ionic conductor, SrTiO3 [15], an insulator, TiO2 [25], a
semiconductor, and Y2O3 [26] and MgO-doped alumina [27], both
wide band-gap insulators. However, little research has been con-
ducted on its use as a fabrication method for nuclear fuels and
specifically, UO2. A recent study by Raftery et al. [28] has showcased
that UO2 can be flashed and that the onset conditions for flash
sintering are dependent upon the applied field and furnace
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temperature. In fact, flash of UO2.00 and UO2þx was observed for a
range of temperatures with the lowest being room temperature,
unlike other ceramics [29]. This is not surprising as UO2 is a
semiconductor with a band gap of ~2eV [30] and its conductivity
increases with temperature, therefore enabling a thermal runaway
phenomenon that leads to the flash event. The similarities between
UO2 and ZrO2, both are fluorite with a high melting point and can
accommodate substantial oxygen non-stoichiometry depending on
temperature and oxygen partial pressure as shown in the UO2
phase diagram adapted fromRef. [31] in Fig.1, (which highlights the
UO2þx-U4O9-y phase field) indicated that flash sintering would be a
fabrication technique applicable to UO2. Additionally, the higher
band gap of ZrO2, ~6eV [32,33], versus ~2eV for UO2, indicated that
flash sintering in UO2 could be applied at lower temperatures and
fields to produce dense pellets.

In this work, flash sintering at a furnace temperature of 600 �C (a
temperaturewhere conventional sintering does not take place) was
used to fabricate stoichiometric UO2.00 and hyper-stoichiometric
UO2.16 pellets. Firstly, the conditions (applied field and current
density) that produce the highest density pellets were identified.
Subsequently, the sintered materials were characterized via X-ray
diffraction (XRD) and scanning electron microscopy (SEM). Finally,
comparisons between conventionally and flash sintered pellets that
reached similar densification were conducted and showcase the
potential of flash sintering as a fabrication method for UO2 fuel as
significantly lower temperatures and times are required.

2. Materials and methods

2.1. Materials preparation

Depleted uranium dioxide feedstock from AREVA with an oxy-
gen to metal (O/M) ratio of 2.16 was used for this study. Stoichio-
metric uranium dioxide powder was also prepared by heat treating
the as-received powder in flowing an argon-6% hydrogen gas
mixture at 850 �C for 6 h, a methodology similar to ASTM C1430-07
[34]. The resulting material was evaluated to possess a nominal
stoichiometry of UO2.00. Both the UO2.16 and UO2.00 feedstocks were
milled for 15min in a Spex Certiprep 8100 high-energy mill with a
zirconia ball and vial set and then sieved through a 325-mesh sieve.
Fig. 1. Calculated U-O phase diagram, adapted from Higgs
Therefore the agglomerate size was nominally <44 mm but the
particle size for both feedstocks was sub-micron.

X-ray diffraction (XRD) measurements were done on the as-
received (UO2.16) and the fully reduced (UO2.00) powders to deter-
mine the phase of the starting materials using a Bruker AXS D8
Advance X-ray diffractometer. Peak indexing of the XRD pattern
was performed using Bruker AXS's Evaluation (EVA) program [35]
combined with the Joint Committee for Powder Diffraction Studies
database [36].

The UO2.16 and UO2.00 feedstocks were cold pressed to produce
UO2.16 and UO2.00 pellets, 4.49mm in diameter and approximately
6mmmm in height. Cylindrical pellets were used in this study as,
unlike the dogbone samples frequently used in the literature
[8,9,12,15,19,26,27,37,38], pellet geometry is the typical form for
UO2 fuel. It is also worth noting that no binder was used in cold
pressing the pellets to avoid introducing any variables that could
mask the material response during FS. This resulted in extremely
delicate pellets that required absolute care during handling, espe-
cially in the case of the UO2.00 pellets. For this reason, the UO2.00
pellets were pressed at 60MPa to achieve sufficient mechanical
integrity, resulting in green densities of 7.09 g/cm3 (65% TD), while
the UO2.16 pellets only required pressing at 40MPa, resulting in
green densities of 5.94 g/cm3 (58% TD). The volume of the as
pressed pellets used for geometric density determination was
calculated based on an ideal cylindrical geometry. Finally, the ends
of each pellet were coated with a thin film of platinum paint for a
consistent interface with the electrical contacts.

2.2. Flash sintering set up and methods

In its simplest form, the apparatus used to perform the FS ex-
periments consists of a furnace connected to a power supply via
leads in contact with a sample. In this work, a Netzsch dilatometer
(model DIL 402C) was adapted by retrofitting platinum leads and
contacts, connected to a power supply (TDK LAMBDA model
GEN300-11-1P230), to apply an electric field through the sample,
which is in contact with the leads. This FS set up is similar to the
one used by Hao et al. [39]. Adapting the dilatometer to perform FS
was a natural fit since the dilatometry technique measures changes
in length of a material as it is heated. A schematic and a photo
et al. [31] highlighting the UO2þx-U4O9-y phase field.
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illustrating the experimental set up are shown in Fig. 2(a) and (b).
The dilatometer was connected to a Centorr Model 2A gas purifier
with an oxygenmonitor to condition the flowing argon atmosphere
during measurements to an oxygen content of 1� 10�15 ppm. The
pellets were heated in the dilatometer at a rate of 10 �C/min to an
isothermal temperature of 600 �C and were held for 10min to
equilibrate the sample at temperature before application of the
electric field.

In these experiments, when the electric field is applied to the
specimens at 600 �C the power supply operates under voltage
control. Upon application of the electric field across the pellet, the
sintering process is initiated, which is accompanied by a nonlinear
increase in the electrical conductivity (drop in resistance, R) of the
specimen such that the current in the specimen rises instanta-
neously. This rapid rise in current triggers the power supply to drop
in voltage due to the change in the specimen's resistance and
switch into current control mode saturating at a maximum pre-set
current limit. The power generation in the specimen equals to V2=R
during the voltage, V , controlled mode, meaning that the drop in
resistance, R, leads to increased power generation, and therefore
heating. When the mode switches to current control, and the cur-
rent through the sample is steady at the maximum pre-defined
value, the power generation is I2,R (I is the current) meaning
that the heating is controlled by the applied current. The details of
the process in which application of electric field/current leads to
ultrafast sintering in zirconia are discussed in the work by Francis
et al. [40].

Various fields and current densities were applied before the
conditions that resulted in the highest density pellets, different for
each stoichiometry, were identified. As such, only these conditions
will be discussed in the following section. One must note other
Fig. 2. (a) Schematic diagram showing the main components of the flash sintering exper
assembly showing the encapsulated thermocouple and platinum wires and leads in contac
samples sintered under higher current densities than the ones
discussed here may have produced higher local densities but these
samples cracked to varying degrees upon removal from the
experimental setup thereby preventing post-FS examinations on
intact pellets.

2.3. Post flash sintering characterization

The resulting high-density pellets were characterized by geo-
metric density measurements followed by cutting and polishing
the specimens along their longitudinal cross-section (approxi-
mately one half of the diameter was removed in an effort to
minimize possible surface artifacts) to evaluate their microstruc-
ture. The volume assumed for geometric density determination of
the FS materials was calculated based on the summation of two
conical frustum geometries that represented the hourglass shape of
the final geometry. XRD measurements were performed on the
polished samples to determine the final phase of the resulting
material after FS. The XRD measurements were performed using a
Bruker AXS D8 Advance X-ray diffractometer, Cu-K radiation, and q-
2q geometry. The X-ray diffractometer was equipped with a G€oebel
mirror to achieve parallel beam diffraction optics. The 2q scans
were performed using fixed incidence angle of 10� using a step size
of 0.02� and a dwell time of 3 s per step, over a 2q range of 20�e80�.
Calibration of the instrument q position was performed using a
NIST 1976 Corundum standard following a company-established
protocol. The company specification (± 0.02�) for the configura-
tion of the diffractometer used in this investigation was achieved.
Using this calibration protocol, the error in lattice parameter
measurements is ± 0.001Å. Peak indexing was done in the same
manner as discussed in section 2.1. Lastly, to observe the materials
imental setup which was used in this study, (b) A photo of the actual measurement
t with a UO2.16 pellet.
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microstructure produced by FS, an Inspect F scanning electron
microscope (SEM) operating in secondary electron mode was used
to acquire images across the entire length of polished FS samples.

3. Results and discussion

The results from FS measurements, post-FS XRD and micro-
structural characterization on the UO2.16 and UO2.00 pellets will be
discussed sequentially in the following sections, along with a
comparison between densification obtained from FS and conven-
tional sintering.

3.1. Pellet fabrication via flash sintering

Fig. 3 shows the density (black line) and furnace temperature
(blue dotted line) evolution during FS on a UO2.16 (a) and a UO2.00
(b) pellet. In the case of the UO2.16 pellet (Fig. 3(a)), a field of 188 V/
cm and a current density of 632mA/mm2 were applied for 123 s.
The UO2.00 pellet (Fig. 3(b)) was flash sintered under the same field
(188 V/cm) but at a lower current density, 442mA/mm2, for 185 s.
The furnace temperature for both FS tests was kept constant at
600 �C before flash sintering. Region I in Fig. 3(a) and (b) indicates
the time before the application of the field during which the
samples are left to equilibrate at the specified furnace temperature.
Region II indicates when FS takes place, that is the application of the
188 V/cm field and the subsequent change into current controlled
mode. The start of FS corresponds to an instantaneous densification
onset followed by a more gradual increase in density to a peak
value of 91% TD for the UO2.16 pellet and 81% TD for the UO2.00

pellet. An increase in temperature, as measured by an alumina-
sheathed thermocouple in close proximity to the pellets
(Fig. 2(b)), is also observed in region II, for both pellets. In Fig. 3(a)
the temperature rises to a peak value of 835 �C while in Fig. 3(b) the
maximum temperature reached during FS is 780 �C. Lastly, region
III indicates when the power is instantaneously removed from the
sample by turning off the power supply. Following region III, a small
decrease in density is evident as the temperature begins to drop
until it returns to the 600 �C equilibrium temperature it was at
before FS.

As evident from Fig. 3, an increase in furnace temperature was
observed during FS for both pellets. This is due to Joule heating in
the sample from the application of current and is commonly
observed in the literature [11,28,41]. The increase in temperature is
fairly similar between the two pellets, 55 �C difference, despite a
large discrepancy in the applied current densities; 632mA/mm2 for
a)

Fig. 3. Density (black solid line) and furnace temperature (blue dotted line) evolution of a U
mm2 (a) and a UO2.00 pellet flash sintered under a field of ~188 V/cm and a current densit
perature of 600 �C. (For interpretation of the references to colour in this figure legend, the
the UO2.16 pellet versus 442mA/mm2 for the UO2.00 pellet. This is an
interesting observation as it indicates that the sample resistivity
can largely affect the observed heating. One would expect that a 1.5
times higher current density would result in a similar increase in
temperature but this is not the case here as the UO2.16 pellet (FS at a
current density 1.5 times higher than the UO2.00 pellet) only shows
a 1.07 times increase in temperature. This discrepancy can be
explained by taking into account the resistivity of UO2.00 which is
much higher than that of UO2þx [28,42,43]. This means that when
FS under the same current density, a UO2.00 sample would heat up
more than the UO2þx sample.

Nonetheless, the temperatures shown in Fig. 3 are only to be
taken as an estimate since the encapsulated thermocouple is next
to, ~2 mm away, and not in contact with the sample. Therefore, the
sample temperatures reached during FS are estimated to be
higher than those measured using the current setup. A more ac-
curate specimen temperature could have been measured with a
pyrometer, as was done in other studies by Raj [11] and Francis
et al. [44], but due to the constraints of the measurement appa-
ratus this was not possible. In both aforementioned studies, there
was agreement that application of an electric field does increase
the temperature but not to such temperatures required to sinter
the materials in such a short time as observed during FS. These
studies concluded that although Joule heating plays a role during
FS, there may be other mechanisms that are also synergistically
taking place to achieve the ultrafast sintering observed during FS.
In another investigation focused on in-situ flash sintering exper-
iments performed on 3 Yttria stabilized zirconia (YSZ), LeBrun
et al. [7] used XRD on a platinum thin-film, placed on the surface
of the samples, to measure the lattice expansion (and relate that to
temperature) due to FS induced heating. These measurements on
the expansion of the Pt lattice parameter showed that the material
increased from the starting 1000 �C temperature by ~300 �C dur-
ing FS at a current density of 105mA/mm2. These measured values
are considered to be fairly accurate due to the well-established
thermal expansion data on platinum. In this study the applied
current densities (442 for the UO2.00 pellet and 632mA/mm2 for
the UO2.16 pellet) were higher than in the above cited works,
therefore, it is possible the actual sample temperatures are
underestimated more severely.

To further evaluate the heating of the materials during FS, the
sample temperature was estimated using the method to calculate
the joule heating based on power density described by Raj [11]. For
this methodology, we used the power density achieved during the
steady state dwell segment (region II) in Fig. 3(a) and (b). During
b)

O2.16 pellet flash sintered under a field of ~188 V/cm and a current density of 632mA/
y of 442mA/mm2 (b). Both pellets were flash sintered at an iso-thermal furnace tem-
reader is referred to the Web version of this article.)
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this region after the flash event when the power density achieves a
steady state, the sample can be considered to be in a joule heating
regime. During the steady state segment of the experiment the
calculated power for UO2þx was Pdwell¼ 200W and for UO2.00 was
Pdwell¼ 105W. The estimated black body radiation temperatures
calculated during the steady dwell was 2061 �C for UO2þx and
1733 �C for UO2.00. The calculated temperature values are likely
overestimated, due to several points. First, the electrodes and wire
supplying the power during flash sintering are made of platinum
with a listed meting point (Tm) of 1768 �C, therefore if the speci-
mens were exposed to a temperature of the magnitudes calculated
it would be expected to observe signs of melting of the Pt electrode.
Inspection of the Pt to sample interface showed no signs of melting
in either material. Based on this is can be assumed that the tem-
perature of the sample conservatively lies between the range of
800 �C (measured from the TC next to the sample) and less than
1768 �C. The primary reason for this discrepancy is, in using this
concept to estimate temperature the assumption is made that our
experimental geometry is an ideal black body radiator, which it is
not. In the current experimental setup the sample is pinned be-
tween platinum contact points connected to wires in contact with
alumina platens offering ample paths to dissipate conductive heat.
Therefore it is likely some of the applied power is conducting away
from the specimen at a faster rate than that which is absorbed. In
contrast to the experimental geometry used in this investigation,
the experimental geometry used during Raj [11], the sample is
hanging in free space by two small wires thereby making the ideal
situation for more accurate black body radiation temperature cal-
culations in that there are no other primary thermal conduction
mechanisms taking place.

The FS results from the UO2.16 and UO2.00 pellets showed that,
for both materials, moderate temperature combined with appli-
cation of an electric field produces exceptionally high sintering
rates that result in a high degree of densification at furnace tem-
peratures where little to no sintering occurs using conventional
methods. As mentioned earlier, the two different power densities
(produced by keeping applied field strength constant while varying
current density) used to FS the two pellets, were determined to
produce maximum density in fully intact pellets. Using higher
power density values than the ones presented here, caused the
specimens to crack. For example, when FS was performed on a
UO2.16 pellet using a field of 188 V/cm and a current density of
694mA/mm2, a density of 93% TD was achieved but the pellet
cracked during measurements. Similarly, UO2.00 pellets that were
FS under current densities greater than 442mA/mm2, fractured
catastrophically into multiple pieces.
Fig. 4. XRD patterns obtained in the pre (black line) and post (red line) FS condition for a
phase peak positions are shown as an aide in distinguishing between the two separate ini
references to colour in this figure legend, the reader is referred to the Web version of this
3.2. Post flash sintering characterization

3.2.1. X-ray diffraction
XRD was performed to assess the effect of FS on the materials

crystallographic assemblage. Fig. 4 shows the XRD patterns ob-
tained from the UO2.16 and UO2.00 pellets before FS (black line) and
after FS (red line). In both cases, the XRD patterns corresponding to
the materials in the pre-FS condition were obtained from the as-
received (Fig. 4(a)) and fully reduced (Fig. 4(b)) AREVA feedstocks.

XRD measurements revealed that the pre-FS starting material
for the UO2.16 pellet (Fig. 4(a)) was mixed phasic, comprised of both
of a major fluorite (red markers) phase with a measured lattice
parameter of 5.46394 ± 0.001Å and a lower percentage of a-U3O8
(blue markers). The above mentioned phases were identified by
indexing them with respect to the following JCPDF cards face
centered cubic UO2.13 #074e2432 (red markers) and body centered
orthorhombic U3O8 #031e1424 (blue markers). Additional “F”
markers corresponding to the fluorite phase peak positions are
shown as an aide in distinguishing between the two separate
phases. The XRD pattern obtained from the polished post-FS UO2.16
pellet (Fig. 4(a)) shows that the minor U3O8 phase, which was
initially present in the pre-sintered material, was consumed during
FS. Indexing of the post-FS pellet shows that the flash process
produced a monophasic cubic fluorite material with a lattice
parameter of 5.4584 ± 0.001Å as indexed with respect to JCPDF
card #078e0725 (red markers) for UO2.00 with a listed lattice
parameter of 5.4660Å. This result shows that the two-phase urania
is converted to a single-phase fluorite structure consistent with a
sample temperature above ~800 �C [31]. The two-phase,
UO2.16þU3O8, structure does not appear after cooldown presum-
ably because the sample underwent an overall change in stoichi-
ometry during FS or because the cooling rate was sufficiently high
to prevent re-formation of the initial two-phase structure for
UO2þx. Regarding the change in lattice parameter observed in the
pre-FS and post-FS material, we believe the change in stoichiom-
etry is a contributor, but we must not rule out other factors that
may also contribute to this, such as defect elimination, internal
stresses and strain gradients.

The pre-FS XRD patterns corresponding to the fully reduced
feedstock (Fig. 4(b)) show a monophasic cubic fluorite that indexes
favorably with JPCF card #078e0725 for UO2.00 (red markers). As in
the case of the previously discussed as received material, “F”
markers corresponding to the fluorite phase peak positions are
shown on the plot. Also shown in Fig. 4(b) is the XRD pattern ob-
tained from the UO2.00 pellet, post-FS, showing very little change
from the pre-FS material. The post-FS material is a cubic fluorite
UO2.16 (a) and a UO2.00 (b) pellet. Additional “F” markers corresponding to the fluorite
tial phases (a) and showing the principal fluorite phase (b). (For interpretation of the
article.)
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phase that is very similar to the pre-FS material except for a small
change in lattice parameter from 5.46408 ± 0.001Å to 5.46702 ±
0.001Å in the post-FS material. This small change in lattice may be
due to a slight reduction in O/M or strain produced during FS.While
both starting feedstocks had a sub-micron grain size, in both sets of
XRD patterns of Fig. 4(a) and (b), almost no change in grain size was
evident when comparing diffraction maxima peak widths. Because
the XRD measurement sampled the entire cross section of the
pellet, SEM examination was used to further characterize the
microstructure. Finally, upon comparing the post-FS XRD patterns
for the UO2.16 and UO2.00 pellets, both materials are very similar
with regards to both phase and chemistry.

3.2.2. Microstructure
In Fig. 5 the SEM micrographs of polished cross-sections from

the UO2.16 (a) and UO2.00 (b) pellets are shown. The images reveal
non-uniform microstructures for both pellets with density gradi-
ents along the longitudinal axis of each pellet. For the UO2.16 sample
(Fig. 5(a)), the image shows regions of lower density on the two
ends of the pellet, where the electric field was applied, and a region
of high density in the central area of the pellet. A magnified view of
the high-density central region, outlined with a box from the UO2.16
pellet is also shown in Fig. 5(a). The higher magnification image
shows a distribution of grains ranging in size from 1 to 15 mm with
Fig. 5. Low magnification SEM images obtained across the longitudinal cross-section of a U
show the highest density region from which the high magnification images (indicated with
some intragranular and intergranular porosity.
The final microstructure of the UO2.00 pellet (Fig. 5(b)) is highly

fractured along its length. The nature of the cracking is indicative of
defects that are not unexpected when pressing this O/M-adjusted
feedstock without binder or lubricant (also seen to a lesser extent
for the UO2.16 pellet in Fig. 5(a)). The outer edges of the UO2.00 pellet
show a more uniform microstructure, containing fewer defects
than the central part of the pellet, and cracks that can be associated
with differential shrinkage can also be seen. A magnified view of
this outer region of the UO2.00 pellet is also shown in Fig. 5(b). This
magnified view shows intragranular porosity, pores along the grain
boundaries and grain sizes ranging from 1 to 15 mm, similarly to the
UO2.16 pellet (Fig. 5(a)). In contrast to the UO2.16 pellet, a higher
volume fraction of porosity networks was present. Finally, the post-
FS geometry for both pellets changed into an hourglass shape,
although this was more profound in the UO2.00 pellet (Fig. 5(b)).

It can be presumed that the irregular shape and cracks observed
in both FS specimens are most likely due to the following factors.
These factors include the mechanical constraint coupled with the
heat sink effect in the experimental setup may lead to differential
shrinking rates (within the sample) and thermal gradients from
contact with the electrodes. Another factor is, as a result of using
binderless and lubricant free cold uniaxial pressing to prepare
specimens for FS, it is likely that post pressing defects (microcracks)
O2.16 (a) and UO2.00 (b) pellet. For each respective low magnification image, the boxes
arrows) were obtained.



J.A. Valdez et al. / Journal of Nuclear Materials 505 (2018) 85e93 91
and density variation consisting of higher density at the ends of the
pellets and lower density towards the center exists within the pre-
FS materials. As a consequence of the preexisting defects and
density variation in the pressed pellets it is reasonable to assume
the FS materials would exhibit some signature of these pressing
artifacts.

The microstructural examination shows that during FS, den-
sities and grain sizes relevant to LWR fuels can be rapidly achieved
even at low furnace temperatures, however, as indicated by the
heterogeneous microstructures and the abundance of retained
intragranular porosity, substantial improvement in process control
is necessary to be able to achieve coupled density and micro-
structure control.

3.3. Flash sintering versus conventional sintering

Comparisons between pellets flash sintered at 600 �C and pel-
lets sintered at various temperatures using conventional, pres-
sureless, sintering were carried out for UO2.00 and UO2.16 to
elucidate the differences. Three temperature conditions were
selected for conventional sintering tests; 600, 1000 and 1650 �C.
Note that although the instrument was programed to achieve a
final temperature 1650 �C the plots shown in Fig. 6 are meant to
show the point in the 10 �C/min ramp when the equivalent sin-
tering strain to the FS material was achieved. In these tests, the
temperature was ramped up at a rate of 10 �C/min until the desired
temperature was reached, after which it was held in an isothermal
step for up of 2 h and cooled at 10 �C/min. None of the plots in Fig. 6
show the ramp down to ambient temperature. The conventional
and flash sintering data were plotted as a function of sintering
strain, ((lengthfinal-lengthinitial)/lengthfinal (%)) versus time to show
the pure linear shrinkage measured in-situ during the series of
dilatometer sintering measurements. In Fig. 6(a) the evolution of
the shrinkage strain in UO2.16 pellets due to FS at 600 �C (black line)
and conventional sintering at 600 �C (blue squares), 1000 �C (red
triangles) and 1650 �C (green diamonds) is shown. In Fig. 6(b) the
Fig. 6. Sintering strain evolution (ramp rate of 10 �C/min) achieved via FS at 600 �C and con
1000 �C (red triangles) and 1650 �C (green diamonds) for UO2.16 (a) and UO2.00 (b) pellets. Fo
application while no apparent sintering was observed in materials during the 600 �C isotherm
dot and arrow) for UO2.16, sintering strain equivalent to the value seen in FS-UO2.16 was attain
"x" as projected by a dotted line from the termination of the FS at 600 �C measurement. F
equivalent sintering strain to FS-UO2.00 was not attained. In contrast to the 1000 �C measure
the isotherm is reached in either 6a or 6b. Instead, the profiles are labeled showing the temp
achieved. The ramp down to ambient temperature is not shown in Fig. 6. (For interpretation o
of this article.)
same data is shown for UO2.00 pellets. All plots in Fig. 6 were
adjusted so that time equal to zero corresponds to when samples
were heated to 600 �C. The amount of time required to meet the
conditions discussed in the following text are based from the
measurements beginning at 600 �C unless otherwise indicated.

The plots in Fig. 6(a) show that rapid shrinkage (densification)
takes place during the 123 s of FS at 600 �C, whereas in the sample
sintered conventionally under the same temperature almost no
changewas observed, even after holding the sample at temperature
for over 4650 s. This same behavior was observed for the UO2.00
pellets that were conventionally and flash sintered at 600 �C (see
Fig. 6(b)). As also seen from the calculated density results presented
in section 3.1, the final sintering strain measured for the flash sin-
tered UO2.00 pellet was less than that recorded for the flash sintered
UO2.16 pellet. Expectedly, based upon the established differences in
the sinterability of UO2þx versus UO2.00 [45e47], the total time to
reach maximum shrinkage during FS for UO2þx was less than for
UO2.00; 123 versus 185 s.

As expected, for temperatures above 600 �C it was observed that
during the heating stage of conventional sintering, the material
starts to sinter. For example, increasing the temperature from 600
to 1000 �C, results in an approximate 10% increase in shrinkage
strain, for a UO2.16 pellet (see Fig. 6(a)). When the target sintering
temperature is reached, 1000 �C in this case (red circle), the pellet
continues to sinter until finally reaching a sintering strain equiva-
lent to that achieved via FS at 600 �C. The equivalent sintering strain
value is indicated with an "x" as projected by the dotted line from
the termination of the FS at 600 �Cmeasurement. Nonetheless, for a
UO2.16 pellet to reach a shrinkage strain equivalent to that of FS
conventionally, 1.7 h were required as compared to 123 s. This is
despite conventional sintering performed at a temperature 400 �C
higher than for FS. Similarly, significant shrinkage was observed
when ramping up from600 to 1650 �C. In this case, the temperature
and time required to reach the maximum sintering strain as ach-
ieved via FS was 1044 �C (green circle) over a period of 2950 s.
Conventional sintering continues past this temperature shown on
ventional sintering at programmed isothermal temperatures to 600 �C (blue squares),
r both FS materials at the 600 �C a high degree of sintering strain took place during field
without applied field. Regarding the 1000 �C isotherm condition (onset labeled with a
ed in 64 min at the isotherm. The equivalent sintering strain value is indicated with an
or UO2.00 exposed to the 1000 �C isotherm (onset labeled with a dot and arrow), the
ments, the profiles for the programmed 1650 �C isotherm condition do not show when
erature (during the ramp) at which the equivalent final strain to 600 �C FS material was
f the references to colour in this figure legend, the reader is referred to the Web version
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the plots but since the aim herewas to compare the conditions that
produce a shrinkage equivalent to that achieved during FS, the plot
was stopped shortly past that point thereby not showing when the
1650 �C isothermal step was reached.

The identical measurements that were previously discussed
were also performed on UO2.00 pellets (see Fig. 6(b)). The UO2.00
pellets tested here exhibit significantly less shrinkage, under con-
ventional sintering and FS conditions, when compared to UO2.16
pellets. More specifically, the final sintering strain reached during
FS of a UO2.00 pellet at 600 �C (furnace temperature) was not ach-
ieved over the time scale of our measurements for conventional
sintering at 1000 �C (red circle). To achieve a sintering strain equal
to the maximum achieved for FS, conventional heating to 1522 �C
(green circle) over a period of approximately 1.6 h was required.

The results discussed here illustrate that there are indeed
interesting phenomena associated with FS as compared to con-
ventional sintering. Fig. 6(a) and (b) demonstrate that materials
exposed to electric field combined with modest furnace tempera-
tures can sinter in much shorter times and at substantially lower
temperatures as compared to conventional sintering. The results
also show that, as commonly observed in conventional sintering
[45e47], hyper-stoichiometry also increases sintering kinetics
during the ultrafast sintering seen under applied electric fields.
During FS, UO2þx samples can tolerate exposure to higher current
densities than UO2.00 samples while producing fully intact pellets
correspondingly with higher densities. Various mechanisms have
been proposed in the literature for the very high sintering rates
observed in FS at nominally low processing temperatures, such as
joule heating, point defect multiplication and metastable phase
formation [1,40,48]. Observations from the studies reported here,
however, were not able to establish which mechanisms are
responsible for the flash sintering behavior seen in urania. Addi-
tional studies will be required to establish the mechanisms un-
derlying the greatly enhanced sintering kinetics as well as to
establish the process control necessary to employ the flash sinter-
ing technique to sinter urania with controlled densities and
microstructures.

4. Conclusions

Flash sintering was performed on pellets of hyper-
stoichiometric and stoichiometric urania. Two different condi-
tions were identified that produced an intact pellet with the
highest density for each material at a furnace temperature of
600 �C. In a UO2.16 pellet, using 188 V/cm and 632mA/mm2 for 123 s
produced a final sintered density of 91% TD and for a UO2.00 pellet
using 188 V/cm and 442mA/mm2 for 185 s produced a final sin-
tered density of 81% TD. Using current densities in excess of these
values was shown to cause catastrophic failure for each material.

XRD revealed that after FS, the initial mixed phase UO2.16 ma-
terial was converted into a monophasic cubic fluorite material. XRD
measurements on the UO2.00 material showed that it remained
relatively unchanged from its starting phase, remaining a cubic
fluorite phase similar to the FS hyper-stoichiometric material.

SEM characterization on polished longitudinal cross-sections of
FS UO2.16 and UO2.00 pellets showed microstructures consisting of
regions of porosity and regions of high-density material. The
porous and high-density areas were localized at different regions
within each pellet depending on its stoichiometry. In the hyper-
stoichiometric material, the defects were mainly concentrated on
the two ends of the pellet, where the electric field was applied, and
a uniform, high-density regionwas observed across the central core
of the pellet. In the stoichiometric pellet, the defects were shown to
be concentrated across the central core and on both ends of the
pellet. A region of high-density material was observed in the outer
circumference of the pellet.
Lastly, dilatometer measurements comparing FS to conventional

sintering showed that different sintering characteristics occur
based on the stoichiometry of each pellet. In hyper-stoichiometric
samples, an equivalent sintering strain achieved during FS for
approximately 2min can be achieved when sintering convention-
ally by heating to 1000 �C and holding slighty over 60min or
heating to 1044 �C. In stoichiometric urania an equivalent sintering
strain to FS was not achieved when sintering at 1000 �C. A similar
sintering strain to that achieved during FS for about 3minwas only
possible by heating to 1522 �C.

The data in this investigation show that in flash sintered ma-
terials densification occurs in a short period while the equivalent
sintering without an applied field requires longer times and/or
significantly higher temperatures; 91% TD with ~10 mm grain size
was achieved in minutes at a temperature of 0.3 of the (Tm) as
opposed to several hours at 0.6Tm for a conventionally sintered fuel
pellet. In this work, we have fabricated high density UO2 pellets
with the presence of an electric field at temperatures much lower
than typically used to sinter UO2, although with non-uniform mi-
crostructures. Further work needs to be done to identify the
experimental parameters and mechanisms responsible for
enhanced sintering kinetics, which in turn can enable control of
microstructure uniformity and grain growth in flash sintered
pellets.
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