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SUMMARY

Large grained UO; can be achieved through the addition of dopants such as, Cr, Al, Nb and Mg. The
enhanced microstructure can enable slower fission gas release that reduces pressure build up in the fuel
rods and better mechanical properties that can alter the pellet cracking behavior and, therefore, limit
accident prone pellet cladding loading. UO; fuel is sintered through conventional sintering methods that
require high temperatures and long sintering times. Field assisted sintering techniques like flash
sintering use current and voltage to enable sintering of ceramics at low temperatures and short times.
Flash sintering has been demonstrated for sintering UO> to high densities. In this work, this technique
has been applied to Cr-doped UO> to assess the feasibility of the technique for grain enhancement.
Doped UO; samples below and above the solubility limit of Cr into UO; have been assessed. The results
show that grain enhancement was not possible in either case and this was attributed to the low
temperatures and sintering times that make flash sintering attractive. For the Cr-doped sample below or
near the solubility of Cr, it is postulated that the temperatures were not high enough to actually dissolve
it into solution in the UO> lattice. For the Cr-doped sample above the solubility limit of Cr, secondary
phases were identified via SEM and EDS, as expected. Follow up work should be carried out to assess
if flash sintering can produce grain enlargement for UO> feedstocks with dopants already in solid
solution such as UO; produced via sol-gel or modified direct denitration method.
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FCRD ADVANCED FUELS CAMPAIGN

1. INTRODUCTION
1.1 Additives in UO2

Uranium dioxide is the primary fuel for nuclear reactors and has been in use for decades. Despite being a
successful nuclear fuel with an established performance, the industry is always seeking for improvements.
Such improvements relate to pellet-clad mechanical interactions with regard to pellet cracking behavior and
fission gas (Xe and Kr) retention enhancement during reactor operation. Fission gas release causes an
increase in the fuel rod pressure, which can in turn cause rod failure, as well as lower the thermal
conductivity of the fuel-cladding gap. Large-grained UQO: can reduce the release of fission gas and other
fission products during operation [1] as well as change the microstructure-dependent nature of pellet
cracking and associated contact loading on the cladding from the pellet. Additions of metal or rare earth
oxides have been successfully used as additives that improve sinterability of UO; and enhance the grain
size of the fuel. Typically, the grain size of doped UO; is an order of magnitude larger than that of undoped
UO,. Additions of Cr [2]-[6], Al [S]-{7], Nb [8]-[11], Mg [6], [12], [13], Ti [5], [7], [11], Y [7] and V [5],
[7] have been studied as grain enlargers in UO,. The dopants are usually added at hundred to thousand
weight parts per million (ppm), often below or slightly above the solubility limit of the metal in the UO,
lattice.

The interactions between dopant additions, grain size and fission gas release behavior are complex. The
large grain size of the fuel is expected to reduce fission gas release [1], however, the doping does increase
the diffusion coefficient of the fission gas, as seen in the work of Killeen on Cr-doped UO; [14]. This can
result in cancelling out of the benefits of large grained, doped UO>. To this date, the mechanisms via which
the enhanced grain growth occurs in doped UO; are not fully understood. Liquid phase sintering has been
proposed in the literature as the facilitating mechanism for enhanced grain growth [2], [15]. In Cr-doped
UO, for example liquid phase sintering would be due to the existence of the CrO eutectic at 1950 K. Despite
this, Bourgeois et al. [2] reported an increase in grain size as a function of Cr content for sintering
temperatures below that of the CrO eutectic. In the same work, for temperatures below 1950 K, the largest
grain size was observed at the solubility limit for Cr. For Cr content exceeding the solubility limit, the grain
size was reduced. For temperatures above 1950 K, Cr additions above the solubility limit also resulted in
increased grain size, due to liquid phase sintering. This suggests that Cr in solid solution within the UO,
matrix is required to see the benefits of enlarged grains, or the sintering has to take place at high
temperatures; above 1950 K for Cr-doped UO,.

Conventional sintering is the typical mass scale fabrication route for nuclear fuel and has been used
extensively to sinter doped UO». The conventional sintering temperatures can be as high as 1700 -1800 °C
with sintering times of 4-5 hours at this temperature in order to obtain the necessary high density of >95%
theoretical density (TD). There have been numerous efforts in an attempt to lower the sintering temperature
to improve efficiency [16], [17]. However, any improvements made in sintering temperature still require
long sintering times (hours) since the process is diffusion controlled. Field assisted sintering techniques
(FAST) 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 low temperatures compared to
conventional sintering [18]. Spark plasma sintering (SPS) and flash sintering (FS) are FAST methods that
have received a lot of attention in recent years due to their potential, significant economic impact. In FS,
field and current are applied through the sample to sinter materials to high densities without adding pressure.
Typically, a green density sample is placed in a furnace, in contact with two leads that are attached to a
power supply [19], [20]. The flash event is characterized by a current runaway, in which the current
exponentially increases until reaching a pre-defined current limit. The bulk of sintering can occur within
seconds under the correct combination of field, current and temperature [6]. An example of the very high
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sintering rates induced at relatively low temperatures via FS is shown in Figure 1 where UO, samples
sintered conventionally and via FS are compared [21]. At 600 °C, rapid densification is observed in UO»
with FS, conventional sintering results in no densification. The advantages of understanding and controlling
the sintering mechanisms present in FS are, therefore, obvious.

T T T
0L Conventional sintered-600°C

Conventional sintered-1000°C

BN
48 =
=
°
12 4
16 L Field assisted sintered-600°C B
! ! ! ! |
Field applied 1000 2000 3000 4000 5000

Time (sec)

Figure 1: Densification profiles versus time for non-stoichiometric UO: samples sintered conventionally at 600
and 1000 °C and via FS at 600 °C [21].

In this work the potential of using FS to fabricate Cr-doped UO; pellets has been examined. The goal here
was to assess the resulting microstructures and comment on whether the addition of field and/or current has
a beneficial or detrimental effect. Two dopant concentrations were examined in this work, one near (750
ppm Cr203) and one above (1500 ppm Cr;03) the solubility limit of Cr into UO; [22]. The temperatures
during FS are expected to be significantly lower than those needed to enable liquid phase sintering.
However, it is noted that the exact temperature during FS has not been established.

2. EXPERIMENTAL PROCEDURE
21  Synthesis of doped UO2 powder

The doped UO; powder is typically synthesized either via a dry route that uses mechanical milling of the
UO; and the oxide powder [23], [24] or via a wet process where a chemical precursor is used to evenly
distribute the dopant into the UO, [3], [7]. Recently, doped UO, has also been synthesized via an internal
sol-gel approach at Oak Ridge National Laboratory (ORNL) [25]. In this work, a wet process was used as
it is believed it produce a more uniform distribution of the oxide by fully coating the UO, particles.
Chromium nitrate nonahydrate, Cr(NO3);#9H,0, was used as the precursor as it is ethanol and water soluble
and can be calcined to Cr,O;3 at low temperatures, below 420 °C. The chromium nitrate precursor was
dissolved in ethanol in the correct stoichiometry to produce the desired dopant amount, in this case 750
ppmw and 1500 ppmw. The precursor solutions were sonicated for 10 minutes to fully dissolve the
precursor in ethanol and were then stored in Nalgene bottles and transferred to an inert atmosphere glovebox
(<30 ppm O») for further processing. As-received depleted UO- from Areva (O/M=2.16) was milled in a
high energy SPEX mill with a zirconia ball and vial for 15 minutes in 10g batches. The milled powder was
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then passed through a 325-mesh sieve to ensure an agglomerate size of less than 44 um. The sieved UO,
was placed in a dedicated zirconia SPEX vial and hand blended with the precursor solution using a steel
spatula for 1 minute, followed by SPEX milling with a zirconia ball for 5 minutes. This step was performed
in batches of 10 g for the UO;. Any remnants of the doped UO; solution in the SPEX jar were rinsed with
an additional 2 ml of ethanol. The doped UO; solution was then placed on an alumina crucible, covered in
aluminum foil, and heated to 500 °C for 1 hour under gettered ultra high purity (UHP) argon, flowing at 1
l/min. The calcined, doped powders were then crushed in a mortar and pestle to pulverize any larger
particles, followed by sieving through a 325-mesh sieve. As a final step, the UO, was blended with 1 wt.
% Ethylene Bis-Stearamide (EBS) to improve particle flow characteristics and handling of the green density
pellets.

22 FSofUO:

Pellets were pressed at 140 MPa with a dual action 4.49 mm punch and die set using a Carver 3851 uniaxial
hydraulic hand press. A thin layer of Zinc Stearate was used to lubricate the punch and die surfaces that
came in contact with the powder. The green density of the pressed pellets was approximately 60%
theoretical density (TD). The ends of the pellets were coated in a thin layer of graphite paint to increase
contact between the pellet and the graphite insulators that were placed between the platinum electrodes and
the pellet. The graphite insulators served as an electrically conductive barrier used to minimize thermal
losses during cool down. Previously, platinum paint, without any insulators between the electrodes and the
pellet, was used but this set up resulted in significant cracking and often welding or partial melting of the
pellet onto the platinum electrodes. The addition of the graphite insulators and graphite paint resulted in
elimination of the aforementioned effects and in sintered, undoped UO; pellets with good mechanical
integrity and minimal hourglassing.

The flash experiments were performed in a dilatometer (NETZSCH, DIL 402C) that was retrofitted with
platinum contacts and leads connecting to a power supply (PELCO 20V, 20A). In this set up, described in
more detail in [21], an electric field is applied through the sample, which is in contact with the platinum
leads, while the sample is at a predefined isothermal temperature. This temperature was selected to increase
the electrical conductivity of UO; such that the flow of current through the sample is instant, i.e. an
incubation period is not manifested. That temperature was selected to be 600 °C where conventional
sintering does not take place, therefore, eliminating any contributions other than from FS. The samples
were first heated to 450 °C, at a rate of 10 °C/min, for half an hour to burn out the EBS binder. This was
followed by heating to the maximum FS temperature, 600 °C in this case, also at a rate of 10 “C/min, and
holding for 2 hours. The first 30 minutes of this isothermal hold were required to achieve isothermal heating
of the DIL furnace. Once this was reached, FS was initiated.

A current control method was used in these FS experiments where a maximum pseudo alternating current
(AC) was predefined along with a rate for increase and decrease of the current. The voltage was not defined
in these experiments contrary to traditional FS as outlined in [21], [26] where direct current (DC) was used.
A number of FS current control profiles were tested to select the appropriate current ramp up and ramp
down rates as well as the maximum current density. All FS experiments, including all heating steps, were
performed under gettered UHP argon flowing at 300 ml/min with an oxygen content of < 10* ppm.

2.21 Density measurements and microstructural characterization

After sintering, the pellets were roughly ground using a 600 grit SiC grinding paper to remove any graphite
paint from the ends of the pellet. The final density of the pellets was measured at room temperature via
Archimedes immersion density. Following the density measurements, a portion of the sintered pellets were
cut along their longitudinal axis to examine their microstructure along the length of the pellet. The sectioned
pieces were mounted in epoxy and polished to be examined under a scanning electron microscope (SEM).
A thin layer of graphite was painted on the polished sample surface to help with electrical conductivity.
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The grain size of the examined samples was determined using the line intercept method. Approximately 20
intercepts were counted on each sample to enable good statistics of these measurements.

3. RESULTS
3.1 Synthesis of doped UO2 powder

In Figure 2, SEM images of the starting Areva powder (a) used in to synthesize the 750 ppm Cr-doped
UO; power (b) is shown. The resulting powder was examined to ensure that no abnormally large particles
were present and to ensure that the powder was nominally spherical. In Bourgeois et al. [2] the Cr-doped
powder was spray-dried and, therefore, resulted in spherical particles that aided flowability of the powder
and resulted in well compacted pellets. The powder shown in Figure 2(b) was nominally spherical and
therefore was expected to aid pellet compaction.

(a) (b)

Figure 2: SEM pictures of (a) Areva powder passed through a 325-mesh and (b) doped powder with 750 ppm Cr,0;3
calcined at 500 °C.

3.2 Densification and initial microstructural characterization results

A number of FS conditions were tested to identify the optimal parameters for densification of the doped
UQO; pellets. The majority of this development phase was conducted with the 750ppm Cr-doped pellets. The
parameters that were probed were the maximum current, the rate of increase of the current, the hold time
and the sintering atmosphere. Figure 3, shows the resulting immersion densities achieved for samples tested
under different current densities. All the samples shown in Figure 3 were tested with a current increase rate
of 1A/min and a current decrease rate of 0.5A/min. All samples were held at the maximum current density
for 2 minutes except for one sample, indicated in the figure, which was held for 10 minutes. It is obvious
that immersion density increases almost linearly with increasing maximum current density. Current
densities up to 600 mA/mm? where tested here as previous work [21] has shown detrimental effects to the
samples if this value is exceeded. The effect of dwell time at maximum current density was also probed and
it was found that a prolonged dwell, 10 minutes versus 2 minutes, results in a lower density. This is due to
internal cracking in the sample resulting from a large power input in the sample for a prolonged time.
Literature studies have also shown that a prolonged dwell time, longer than a few minutes, during FS at
maximum current is not required [27]. Samples that were sintered under Ar-5%H; showed a reduction in
resulting immersion density. This was expected as the reducing environment would limit the sintering
kinetics. Finally, the effect of the current increase rate was examined and it was established that a rate
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higher than 1 A/min resulted in lower immersion densities for all samples. This was further probed by
comparing a sample that was sintered at nominally traditional FS conditions (sample 3, Table 1) versus a
sample that was sintered at the current control FS conditions given for the samples of Figure 3 (sample 1,
Table 1). Both these samples were sintered at a maximum current density of 600 mA/mm?, however, the
sample flashed with the current control method resulted in a higher density, namely 87.33 % TD versus
82.16 % TD for the nominally traditionally flashed sample. This is due to the instantaneous current increase
rate during traditional FS of sample 3 which has resulted in thermal shock of the sample and, therefore,
lower density due to significant internal cracking.

88 1 1 1 1 1

10 min dwell at

o ——> W
max. current density

84 " -

824 -

Immersion density (% TD)

804 B

78 1 1 1 1 I
350 400 450 500 550 600 650

Max. current density (mA/mmz)

Figure 3: Immersion density versus maximum current density applied during FS experiments. FS was carried out at a
furnace temperature of 600 °C. The current increase rate was set at 1 A/min while the current decrease was set at 0.5
A/min for all samples shown here. All samples except the one indicated in the figure were held at the maximum current
density for 2 minutes. All samples shown here were sintered under getetred UHP Ar.

Table 1: List of sample IDs, Cr-doping content, FS conditions, and resulting immersion densities for 4 samples of interest
that were further probed via optical microscopy.

Cr Max. Current Current Dwell Immersion
Sample . current . decrease . NN
concentration . increase rate time density (%
ID (ppm) density (A/min) rate (min) D)
PP (mA/mm?) (A/min)
1 750 600 1 0.5 2 87.33
2 750 600 1 0.5 10 85.36
3 750 600 instantaneous 0.5 2 82.16
4 1500 600 1 0.5 2 79.38

In Table 1 a list of the FS conditions, Cr-doping content, and resulting immersion densities is shown for 4
samples of interest that were selected to be examined under SEM. Sample 1 was tested under an FS profile
that was deemed to procure the highest densities and resulted in an immersion density of 87.33% TD.
Sample 2 was tested with a longer, 10 minute, dwell time, which resulted in a decrease in density, namely
85.36 % TD. Sample 3 was tested under conditions of nominally traditional FS, with the exception of a 0.5
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A/min current decrease rate, and resulted also in a decrease in density, namely 82.16 % TD. The current
decrease rate of 0.5 A/min was tested in an effort to minimize thermal shock of the sample, a phenomenon
often encountered in traditional FS of UO; due to abrupt cooling. Sample 4 was tested with the same profile
as that for Sample 1, however the increased Cr-doping content of 1500 ppm resulted in a significant
decrease in density, namely 79.38 % TD. For reference, the FS current and voltage profiles of samples 1-3
are shown in Figure 4. Interestingly, identical FS conditions produce very different densification for a
sample that is doped with 750 ppm Cr,O3, near the solubility limit of Cr into the UO, lattice, and a sample
that is doped with 1500 ppm Cr,Os, above the solubility limit of Cr. According to Peres et al.[22] and
Bourgeois et al. [2], additions of Cr above the solubility limit would result in the insoluble Cr,O3 to form
secondary phase particles. These secondary phases could inhibit grain growth and densification by limiting
grain boundary mobility. This would explain the density discrepancies between samples 1 and 4. It is noted
that for all samples in this work, densities < 90% TD were obtained. This is likely caused due to the Cr
additions in the UO; feedstock since densities >90% TD were previously obtained via FS [21].

—&—\/, sample 1 ——A, sample 1
—o—\/, sample 2 —o—A, sample 2
—*—\/, sample 3 —*—A, sample 3
20 1 1 1 1 1 1 1 10
-8
15+
S 6 2
© 101 g
S Ly =
5
-2
0 1 1 1 1 1 1 1 1 0

Time (min)

Figure 4: FS current and voltage profiles of samples 1-3 of Table 1. It is noted that sample 4, not shown here, has the same
FS profile as sample 1.

Low magnification SEM images of samples 1-4 taken from cross-sections of their longitudinal axis, are
shown in Figure 5. As expected, based on the immersion densities of Table 1, sample 1 (Figure 5(a))
features the microstructure with the least amount of internal cracking. Nonetheless, small scale cracking
and significant porosity are still observed. In Figure 5(b), the microstructure of sample 2 is shown and, as
expected based on the prolonged dwell time of 10 minutes, internal cracking is identified. However, the
cracking is mostly located in the center of the pellet, while the outer regions feature high density areas. The
sample that was sintered under nominally traditional FS conditions (Figure 5(c)) features significant internal
cracking throughout the length of the pellet, with cracking extending from the inner to the outer areas of
the sample. The microstructure of sample 3 is significantly worse than those of samples 1 and 2 indicating
that the current increase rate, effectively the heating rate of the sample, is a significant parameter to control.
It follows that a slow current increase rate, likely even slower than that applied for sample 1, would be
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beneficial to achieve a well-controlled microstructure. Nonetheless, this proves that the use of the current
control method in FS is a significant advantage over the traditional method where the current increases
instantaneously to the pre-defined maximum current density. Finally, the increased Cr content of sample 4
(Figure 5(d)) seems to be negatively impacting the microstructure, thus, resulting in extensive cracking
along the length of the pellet.

Figure 5: Low magnification SEM images obtained across the longitudinal cross section of (a) sample 1, (b) sample 2, (c)
sample 3, and (d) sample 4. Samples 1-3 are doped with 750 ppm Cr,Os while sample 4 is doped with 1500 ppm Cr,0:;.

Figure 6: High magnification, backscatter, SEM images of sample 4, 1500 ppm Cr-doped UQO;, showing the presence of
Cr;03 secondary phases.
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High magnification, backscatter SEM images of sample 4 are shown in Figure 6, confirming the presence
of undissolved Cr,O3 secondary particles. The determination that these particles are Cr.O3; was performed
via both backscatter microscopy and via energy dispersive spectroscopy (EDS) analysis, shown in Figure
7 and Table 2. The darker color of these phases indicates that they have low Z number and the EDS confirms
the presence of Cr and O in these regions. It is noted that secondary phases were only identified for sample
4. Samples 1-3 did not show any indication that Cr,O3 formed secondary particles.

e

Figure 7: SEM image of sample 4 used for EDS spot analysis

Table 2: Results of EDS spot analysis for sample corresponding to the regions shown in Figure 7.

Atomic % (%) (0] U Cr

EDS Spot 1 82 18
EDS Spot 2 12.5 3 84.5

EDS Spot 3 29 971

Despite the fact that no evidence of secondary phases was found for samples doped with 750 ppm Cer,
minimal enhancement in grain growth was seen in these samples. In particular, the average grain size of
sample 1 was measured at 6.75 um, while for sample 4 at 5.95 um. The grain size distributions for both
examined samples were non-uniform and grains of up to 25 um as well as grains as small as 2 um were
identified in sample 1. Similarly, for sample 4 grains of up to 17 um as well as grains as small as 1 ym were
observed. SEM pictures of representative microstructures for sample 1 and 4 are shown in Figure 8(a) and
8(b), respectively. The key parameters affecting grain growth are temperature and partial pressure of
oxygen. In this work, atmospheres of <107 ppm O, were selected for the FS of samples 1-4 and the furnace
temperature was kept constant at 600 “C. However, the actual sample temperature during FS is not known.
During FS the thermocouple recording the temperature of the sample, located ~ 2 mm away from the
sample, recorded a maximum of 800 °C. According to previous work [26] , the temperature during FS likely
does not exceed 1000 °C. Therefore, as mentioned earlier, grain size enhancement due to liquid phase
sintering was not expected. Instead, Cr going into solution into the UO, lattice was expected to be the
mechanism by which grain enlargement was achieved. In the case of sample 4, the additions of Cr oxide
above the solubility limit were predicted to result in no enhancing effect on the grain growth of the sample.
However, sample 1 for which the Cr oxide content was under the solubility limit was expected to produce
enlarged grains in line with the findings of Bourgeois [2]. Surprisingly, this was not the case and virtually
no grain enhanced was observed either. Temperature could have played a crucial role here as the ~ 700 ppm
solubility limit for Cr into UO; was established at a temperature of 1700 °C. During FS, it is unlikely that
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the temperature will increase to 1700 °C and, therefore, it is possible that Cr,Os3 did not dissolve into the
lattice explaining the minimal grain enhancement. The fact that no secondary phases were identified in
sample 1 could be due to volatilization of Cr,O; in-situ. Inductive coupled plasma mass spectrometry
(ICPMS) of the initial feedstock as well as of samples after FS should be conducted to investigate whether
the Cr content changes during processing. Finally, the short timescales associated with FS would also inhibit
grain growth as compared to conventional sintering. For reference, a comparison of the resulting
microstructures fabricated via FS (a) and via conventional sintering (b) is shown in Figure 9 for 750 ppm
Cr-doped UO; samples. From Figure 9 it is evident that conventional sintering produces significantly more
uniform microstructures with larger grains. However, it is noted that a large grain size distribution was also
observed in conventional sintering as well as extensive porosity.

Figure 9: SEM images of (a) sample 1, sintered via FS and (b) a 750 ppm Cr-doped UO; sample sintered conventionally at
1600 °C for 4 hours.

4. CONCLUSIONS AND PATH FORWARD

FS for Cr-doped UO; has been assessed to identify whether this technique can be used to produce large
grains. The results of this work indicate that FS is not a suitable technique for grain enlargement of doped
UOs,. This finding is linked to the low temperatures exhibited during FS and the short timescales that are
utilized; minutes versus hours for conventional sintering. In particular, the low temperatures during FS



Assessment of preferred field assisting sintering techniques for ATF composites
12 08/10/17

likely inhibited Cr,O3 from going into solution into the UO, lattice and, therefore, impeded grain growth
for the 750 ppm Cr-doped UO, sample. Additionally, liquid phase sintering could not have taken place
during these FS conditions and, therefore, the samples with high Cr content, 1500 ppm, did not show any
grain growth either. Instead, they formed second phase particles that impacted densification and grain
growth, as expected. Evidence of Cr,Os secondary particles was identified both via backscatter SEM and
EDS analysis.

FS was not deemed suitable for grain enlargement, under the conditions tested in this study, due to the low
temperatures and short timescales utilized in this fabrication technique. Interestingly, these are also the
reasons for which this technique is of interest for UO, as well as other advanced fuel forms since it can
provide significant cost improvements. Moreover, further evidence of relatively low sintering temperatures
during FS indicate that the field and current do play a significant role in the densification of materials. The
mechanism by which field and current enable rapid densification in UO; remains to be explained.

The proposed path forward to fully assess whether FS could be used as a way to sinter large grained, doped
UO, would be to source feedstocks with dopants already in solution, like the sol-gel UO, feedstocks and
the UO, feedstocks via a modified direct denitration (MDD) process [28], currently produced at ORNL.
Especially for the case of feedstocks produced via MDD, the dopant additions would be integrated into the
UO:; lattice on the atomic scale. Therefore, using these feedstocks would clarify the effects of dopant content
and whether going into solution provides a real benefit in grain enhancement or not. If the sol-gel and MDD
feedstocks produce similar results as the ones shown in this work, then it would mean that the timescales
in FS are too short to allow meaningful grain growth.
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