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e Good sintered densities can be ob-
tained up to 4wt% Er,Os in UO,—
Er,03 mixed fuel.

e The sintering behavior of the
UO,—Er,03 fuel is similar to the
U0,—Gd,0s.

e The homogeneity degree is manda-
tary in sintering UO,—Er,03 mixed
fuel.

e A third phase was experimentally
detected in the UO,—Er,03 system.
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The incorporation of burnable neutron absorbers into nuclear fuel pellets is important regarding reac-
tivity compensation, which enables longer fuel cycles. The dry mechanical blending route is the most
attractive process to accomplish absorbers incorporation because of its simplicity. By using this route, the
present work has investigated the sintering behavior of UO,—Er,03 mixed fuel. A comparison with
UO,—Gd;03 sintering behavior was presented. The behavior of UO,—Er,03 fuel sintering was similar to
that reported for UO,—Gd,0s fuel, e.g. two-stage sintering with two peaks in the shrinkage rate curves.
The effect showed to be less pronounced for Er,0s3. This was attributed to the characteristics of the Er,03
powder particles used as raw-material, whose agglomerates can be more easily broken and thus better
homogenized during the blending with UO, powder. These results confirmed that sinterability depends
directly on the quality of the homogenization of the powders, as seen previously. A second phase was
experimentally detected in the UO,—Er,03 system, but its impact on the sintering behavior of this mixed
fuel has not yet been clarified.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The need to improve reactor performance through longer cycle
lengths and improved fuel use has become apparent since the
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beginning of commercial nuclear power generation. Among several
modifications introduced therefore, the initial fuel enrichment has
been increased. Hence, the reactivity gain of the fuel at the begin-
ning of core life must be compensated by the introduction of
additional neutron-absorber material, which also helps to shape
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the core power distributions. This is obtained through the use of a
burnable neutron absorber homogeneously distributed within the
fuel [1].

The distribution of the burnable absorber in the fuel pellets al-
lows the control of the neutron population with the insertion of the
control rods at a smaller distance. Besides, it is possible to place the
fuel with burnable absorber in strategic positions, evenly distrib-
uting the reactivity and avoiding power peaks.

Furthermore, the traditional PWR (pressurized water reactor)
fuel management scheme (without burnable absorber) is to load
fresh fuel assemblies at the core periphery and move them toward
the center of the core after the first cycle (out-in management). To
minimize irradiation damage to the vessel, loading fresh fuel as-
semblies in outer positions must be avoided. An alternative fuel
management scheme is now usually adopted consisting of fresh
fuel assemblies loaded in the center of the core, which are then
shifted to the core periphery for their last cycle (in-out manage-
ment). This type of fuel management scheme is called “low leakage
loading pattern” (LLLP) and requires that the power of the fresh fuel
assemblies be depressed [2]. To accomplish that, burnable ab-
sorbers must be introduced in those fuel assemblies. This is an
additional incentive for the use of burnable absorbers.

The progressive development of gadolinium as an integrated
burnable absorber from 1 wt% - in the early utilizations in BWRs
(boiling water reactors) - to the present level - 6 to 10 wt% in PWRs
- has provided a large data base. This fact, along with the good
performance of gadolinium fuel rods, has spread its utilization by
most fuel suppliers [2].

However, by increasing gadolinium content, the thermal con-
ductivity and melting point of the mixed fuel are affected to a
significant extent, resulting in more complex nuclear design. These
difficulties with high gadolinium content fuel have raised the
search for alternative burnable absorbers, like ZrB, and erbium,
both of which applied commercially [2].

The use of ZrB, as a burnable absorber was developed by
Westinghouse under the designation IFBA (integral fuel burnable
absorber). This IFBA fuel consists of a thin layer of ZrB, (0.02 mm)
sputtered on the surface of the UO, pellets [3]. Among several
advantages ZrB; IFBA provide a lower residual absorption penalty
than the other discrete burnable absorber fuels, since it can be
designed for complete depletion of the B-10 at the end of the first
irradiation cycle.

Erbium has most of the advantages of the ZrB,, such as a cross
section similar to boron. The effective capture cross sections of
erbium are well known and the double resonance peak at 0.5 eV
plays a key role in managing the moderator temperature coefficient
(MTC). This is the major advantage of erbium over ZrB,. Typical
difficulties of gadolinium, i.e. neutron spectrum hardening and
wide neutron flux variations with gadolinium depletion are
thereby avoided [4]. The potential interest of this burnable absorber
compared to gadolinium is that the 167Er presents a relatively low
absorption cross section in the thermal range and a non-negligible
resonance integral that leads to a relatively slow consumption ki-
netic rather adapted to long or even very long cycles [4,5]. Erbium
depletes relatively slower than gadolinium and boron. Therefore,
erbium can be a rather effective burnable absorber for a reactor
with a very long cycle [6]. Asou and Porta [7] suggest that gado-
linium is more suitable for application as an integrated burnable
absorber for cycles up to 18 months, while erbium, also as an in-
tegrated burnable absorber, is indicated for use in cycles of 24
months or longer.

Erbium is present in lower concentrations than gadolinium and
distributed in a larger number of fuel rods. Gd;Os3 is used
commercially in a proportion up to 10 wt% homogeneously mixed
with UO; and distributed in 3—6% of the fuel rods. Er,03 is mixed

with UO; in a proportion of 1-2.5 wt% and distributed in 20—30% of
the fuel rods [2]. However, there are studies for integrated
UO,—Er,03 fuels using concentrations up to 12 wt% Er,03 enriched
with the 167Er isotope.

Ranier and Grossbeck [8] studied the neutron performance of
several burnable poisons, such as ZrB,, gadolinium, samarium,
erbium, dysprosium, europium and hafnium. In their work, addi-
tions of Er,03 in the proportions from 2 to 12 wt% to the UO;
powder (enrichment of 4.5 wt% 235U) were studied. The results
indicate that there is a clear advantage in the use of erbium
enriched in 167Er isotope regarding the initial reactivity and the
end-of-cycle penalty as well.

Franceschini and Petrovi¢ [9] evaluated the performance of
erbium as a burnable poison added to UO, fuel with 235U enrich-
ment of 4.95 wt%. Er,03 concentrations varied from 0.40 to 1.95 wt
%. Four erbium isotopic compositions were studied. The authors
concluded that when all 166Er is removed, the gain in cycle length
is as high as 6.7%, justifying the economic viability of the isotopic
modification of natural erbium.

Barchevtsev et al. [10] proposed a new concept of erbium doped
uranium oxide fuel cycle for Light Water Reactors. The authors
identified advantages in using a sequence of two irradiation cycles
in different reactor types, i.e., a pressure water reactor (PWR) and a
pressure tube graphite reactor (PTGR). The synergism can extend
the fuel burnup from 100GWd/tHM in the PWR to 140GWd/tHM of
the PTGR. The initial fuel uses 9.8 mol% isotopically modified
erbium (5.8% of 166Er and 4.0% of 167Er) added to 19.8% enriched
U0, fuel.

Concerning the fabrication of burnable absorber doped fuels, a
number of studies related to the effects of a burnable poison
addition, such as Gd;Os3, on UO, sintering behavior have been
published [11—15]. The UO,—Gd;053 fuel shows a quite different
behavior on sintering when compared to the traditional pure UO,
fuel. The incorporation of Gd,03 has a harmful effect on UO; sin-
tering behavior. Above 1200 °C, sintering rate decreases, and the
final sintered density is significantly lower. Even small additions of
Gd,03 (2 wt%) causes this undesirable behavior.

Since there are few reports on the sintering behavior of Er;O3
doped UO,, pellets, the purpose of this work is to study it. Published
neutronic analyzes [8,10] have shown that the Er,03 content to be
incorporated into the standard UO, fuel can reach values above
2.5 wt%, which has been used commercially [2]. Therefore, in this
work Er,O3 concentrations ranged from 1 to 10 wt%. The erbium
distribution in the pellet after sintering is evaluated, as well as the
possible formation of other phases than fluorite. Discussion is
carried out by comparing the present results with those obtained
for UO,—Gd;03 fuel.

2. Experimental

All the UO,—Er,03 samples used in this work were dry blended
as previously described for UO,—Gd03 [11,16,17]. UO, and Er,03
powders were blended in a Turbula T2C shaker mixer for 1 h. In-
terlaced wires were used inside the homogenization vessel to
promote breaking of agglomerates. The sample size for each
composition was 20 g, being the powders homogenized in a single
step. Er,03 contents chosen in this work were 1, 2.5, 4 and 10 (wt%).
Aluminum distearate (ADS) was added to the mixtures as a solid
lubricant (0.2 wt% - constant).

UO, and ADS powders were supplied by INB (Inddstrias
Nucleares do Brasil) [18] and are routinely used in the current
manufacturing of UO, pellets. The UO, powder was obtained from
uranium hexafluoride via AUC (ammonium uranyl carbonate)
conversion [16,19]. The Er 03 powder was supplied by Alfa-Aesar
(reference 11309) with purity 99.99%. Tables 1 and 2 present
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Table 1
- Main physicochemical data for the UO, powder.

actual Specification®
o/u 2.0818 2.08-2.30
Utotar (%) 87.574 >86.8
enrichment 235U (%) 4137 4.10—-4.15
moisture (wt%) 0.15 <04
surface area (m?/g) 5.0 2.5-6.0
bulk density (g/cm?) 22 2.0-2.6
flowability (s/50 g) 4.6 <10
mean particle size (um) 30.04 <200°
Impurities (ng/guU)
F 5.312 <100
Al 1.777 <250
Ca 4.212 <25
B <0.2 <0.5
Fe 15.24 <100
Ni 0.421 <50
Si 6.916 <100
Gd 0.2 <1

2 Specification for the UO, powder manufactured by INB for the Brazilian PWR-
type ANGRA-1 and ANGRA-2 reactors.
b Maximum of 2 wt% between 100 um and 200 pm.

physicochemical data for U0, and Er,03 powders, respectively.
Scanning electron microscopy (SEM) images of UO, and Er,03
powders were obtained with a Jeol JSM 60102A with secondary
electrons and are shown in Fig. 1. UO, particles shape (Fig. 1a) is
typical for AUC-derived powders, as expected. Fig. 2 presents the
particle size distribution of both powders, which were determined
by a CILAS laser diffraction particle size analyzer model 1064,
operating with 820 nm laser and using water as liquid medium and
sodium tetra pyrophosphate as dispersing agent.

Mixed oxide powders with 0.2 wt% of ADS were compacted in
cylindrical steel die (10 mm internal diameter) with pressures
ranging from 295 to 353 MPa. For apparent density calculation
green pellets were individually weighed in a semi-analytical bal-
ance (0.0001 g) and its volume was determined assuming cylin-
drical shape. Height and diameter of the pellets were measured
with a 0.01 mm precision caliper. Theoretical density (TD) of the
mixtures were calculated considering component densities of
10.96 g/cm® (for UO,) [20], 8.65 g/cm? (for Er,03) [21] and 1.009 g/
cm? (for ADS) [22,23]. Apparent densities of the green pellets
ranged from 51 to 52% of TD with mean diameter and height of
10.3 mm and 11.2 mm, respectively (Table 3).

Samples were sintered in a Setaram Setsys 1700 dilatometer at
1700 °C for 240 min under pure hydrogen atmosphere. The heating
rate was 5 C/min, the same used previously with U0O,—Gd,03 [15],
to allow a comparison with the sintering behavior of UO,—Er,0s.
Sintered densities were determined by measuring the weight of the
samples immersed in water according to the Archimedes' principle
[24].

Table 2

Some physicochemical data for Er,O3; powder.
Impurities (ng/g)
Dy,03 5
Ho,03 5
TIl'le3 44
Yb,03 5
Y503 5
F6203 5
Siz03 20
Ca0 40
loss on ignition (wt%) 0.10
moisture (Wt%) 0.25
mean particle size (um) 11.04

& o
s 2 e

SEl 20kV WD21mm SS26
uo2

WD19mm SS28 x500 50pm

SEl 5kV
Er203

Fig. 1. SEM images (secondary electrons) showing particles size and morphology: (a)
Uoy; (b) Er,0s.

After sintering, microstructural characterization was accom-
plished by scanning electron microscopy (SEM) and X-ray diffrac-
tion (XRD) analyzes on polished sections of the pellets. Samples
were sanded sequentially in 400—1200 grid sandpapers and pol-
ished with 3 pum and 1 pm diamond. A SEM-FEG (Jeol - JSM-6701F)
was used with secondary and backscattered electrons. EDS map-
ping of erbium and uranium was performed with 120 min of
counting time at 15KV. DRX analyses were performed on
powdered sintered pellets using Cu-Ka radiation in a Bruker's D8
Advance diffractometer. Diffraction patterns were obtained at room
temperature with both, anti-scattering and divergent slits of
1.0 mm and a 0.4 mm receiving slit. The measuring step was 0.02°,
with counting time at each step of 10s.

3. Results and discussion

Fig. 3a shows the linear shrinkage curves from the sintering of
UO,—Er,03 pellets. The first region of the curves (300—450 °C)
shows an expansion that can be explained by UO, formation from
the reduction of U4Og, initially present in the UO, powder (O/
U=2.08). Like Gd,0s3, the presence of Er,Os; causes significant
changes in the traditional sintering behavior of typical pure UO,
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Fig. 2. Particle size distribution of (a) UO; and (b) Er,03 powders.

fuel, but the effect is quite different. For small addition, such as 1 wt
%, ErpO3 improves sintering, resulting in 2% higher shrinkage than
for pure UO,. Moderate additions of Er,03 (between 2.5 and 4 wt%)
cause total shrinkage comparable to the sintering of pure UO,.
Higher addition of Er;Os, such as 10 wt%, causes a decrease in
shrinkage of about 1%. As for shrinkage rate during sintering
(Fig. 3b) the maximum value occurred at 1290 °C whatever the
Er,03 content. Shrinkage rates however was lower the greater the
Er,O3 content. The shrinkage rate recovers from 1535 °C and rea-
ches a new maximum at 1620 °C for 10 wt% Er,03. The recovery is
greater the higher the Er,03 content. The lower the Er,03 content,
the higher is the temperature for the recovery of the shrinkage rate.

Table 3
Green pellet apparent densities.
Er,03 content Green density TDmixture Green density
(wt%) (g/em?) (g/em?) (%TD)
pure UO, 5.55 10.75 51.64
1.0 5.50 10.72 51.31
25 5.47 10.68 51.23
4.0 5.50 10.64 51.71
10 5.39 10.48 51.44

(TD = Theoretical Density).
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Fig. 3. Effect of Er,03 content on the sintering behavior of UO,—Er,03 fuel pellets
(heating rate =5 C/min): (a) Linear shrinkage; (b) Shrinkage rate.

This two-stage sintering behavior, here denoted by two peaks in
the shrinkage rate curves, is also typically observed in the
UO0,—Gd,03 system [11—15]. Dilatometric analyses of UO,—Gd,03
samples showed that around 1200 °C the shrinkage was delayed,
the sintering rate was decreased and densification was shifted to
higher temperatures. The shrinkage rate recovered from 1350°C
and reached a new maximum at temperatures that depend on the
Gd;03 content (about 1500 °C for 2 wt% Gd;03). This phenomenon,
denominated “sintering blockage”, was discussed in previous
works [14,15] and was seen when Gd;03 powder was added to
AUC-derived UO, powder by the dry mechanical blending route.

The mechanism proposed to explain the abnormal sintering
behavior of UO,—Gd,03 fuel is based on pore formation due to the
Kirkendall effect [15]. Other authors have proposed a mechanism
based on the formation of low diffusivity Gd-rich (U,Gd)O, phases
that could actuate as a diffusion barrier during the sintering process
[11,25,26]. Manzel and Dorr [11] attributed the low densities of
sintered UO,—Gd,03 pellets to the formation of a solid solution
together with densification. Since these two processes resulted
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from interdiffusion, there is a decrease in the sintering rate which
shifts densification to higher temperatures. Assmann et al. [25]
complemented this subject by proposing that the diffusion co-
efficients in the UO,—Gd;03 system show a complex dependence
on the U:Gd:O ratio of the oxide phases formed. Peehs et al. [26]
detected the presence of the (UgsGdps)O, phase in sintered
UO,—Gd,03 pellets; however, their report did not discuss the
possible participation of that phase on the sintering mechanism.

The sintering curves shown in Fig. 3a are similar in shape to the
curves obtained for the UO,—Gd,03 system [11—15], indicating that
the same sintering blockage mechanism is acting for both systems.
However, in the case of UO,—Er,03 the phenomenon is much less
pronounced. The decrease in linear shrinkage is smaller and occurs
at much higher temperatures than those observed for the
UO,—Gd,03 system. For concentrations up to 4 wt% Er;Os, the
sintering blockage is difficult to visualize in the curves of Fig. 3a, but
are perceptible in the curves of Fig. 3b, which shows the shrinkage
rates. For the concentration of 10 wt% Er,03, the phenomenon is
more clearly observed.

The density variation of the sintered pellets with the content of
Er,0O3 and Gd,03 [17] is compared in Fig. 4. In both cases, the mixed
powders were prepared by the dry blending technique. The spec-
ified limits for the density of UO,—Gd;0O3 sintered pellets are
indicated in the figure, which should be in the range of 93.5-96 %
TD [27]. These limits were assumed to be valid for the UO,—Er;03
fuel.

The value for the TD of mixed oxides is a controversial issue. For
the UO,—Gd,03 fuel some publications take the values calculated
from the lattice parameter of the fluorite structure, assuming the
formation of a perfect solid solution [28—30]. Since the samples
used were prepared by the co-precipitation method, this assump-
tion is valid and was confirmed experimentally in previous works
[17,31]. On the other hand, some UO,—Gd,03 fuel specifications
assume that no solid solution is formed in the calculation of the
theoretical density [2,27]. In fact, experience shows that when the
dry mechanical mixing route is adopted in the UO,—Gd;03 pellet
manufacture what occurs is a combination of these two extremes.
Gd,03 dissolves in the fluorite lattice of UO; (starting from 1200 °C)
but the gadolinium is not perfectly homogenized in the UO, matrix
during sintering, remaining a concentration gradient around the
original Gd,0s3 sites [15].

In the case of the UO,—Er;03 fuel most of the Er,03 dissolves in
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Fig. 4. Effect of Er,03 content on the density of UO,—Er,03 pellets after sintering at
1700 °C for 4 h. The effect of Gd,O0s5 is also shown for comparison (1650 °C, 3 h).

the fluorite structure of UO,, as will be discussed in due course.
Thus, TDs for the UO,—Er,03 system, which were used for plotting
the data shown in Fig. 4, were calculated using the following
expression, developed by Fedotov et al. [30] for the (U,Er)O; solid
solution:

TDwro2 = 10.9616—0.0175 wt%Er,03 (1)

Fig. 4 shows that Er,03 impairs the sintering of UO,. The higher
the Er,O3 concentration, the lower the final density reached by
UO,—Er,03 sintered pellet. Although the experimental conditions
were not exactly the same (different UO, powders, green densities
and sintering conditions), which makes comparison difficult, the
effect of Er,O3; is not as pronounced as in the case of the
UO0,—Gd,03 fuel, which exhibits a density sharp drop at usual low
Gd,03 contents [17]. For UO,—Er,03 the decrease in the sintered
density is smoother and almost linear. Based on the specification
requirements of the UO,—Gd,03 fuel (93.5—96 %TD [27]), 4 wt%
Er,03 or less could be properly incorporated.

Results published for samples prepared in order to obtain per-
fect (U,Er)O; solid solutions [32,33] were also plotted in Fig. 4. Kim
et al. [32] used co-milling for 6h to prepare the samples for
measuring lattice parameters. High sintered densities were
observed at concentrations up to 15 wt% Er,0s. Similarly to the case
of Gd,03 [17,31], the incorporation of the erbium through the co-
milling of UO;, and Er,03 powders promotes the sintering of the
system, according to the mechanism proposed by Ho and Radford
[34] for the UO,—Gd»03 system. Possibly the same mechanism may
be acting, where U™ jons are formed when Er'*3 ions substitute the
U**ions originally present in the UO; lattice structure. The smaller
size of the U™ ion formed causes the diffusivity to be greatly
enhanced and the sintered density is higher. This would explain the
higher densities obtained by Kim et al. [32]. The results obtained by
Yamanaka et al. [33] showed divergent results probably due to the
method for sample preparation, which used multiple heat treat-
ments. This makes it difficult to compare the results and the un-
derstanding of the cause for the divergent results.

Fig. 5 shows a comparison between the sintering behavior of the
UO,—Er,03 fuel and UO,—Gd,0s3 fuel (data from reference [15]).
The technique for the preparation of the mixed powders was the
same (dry blending), which allows the comparison, although with
some caution due to the differences in the experimental conditions.
For the comparison, the shrinkage rates obtained from Ref. [15]
were normalized based on the maximum shrinkage rate of the pure
UO-, pellet of the present work. A decrease of 26% in the maximum
shrinkage rate in the first peak was observed for the concentration
of 2 wt% Gd,03, while a decrease of only 7% was seen in the case of
2.5 wt% Er,03. For 5 wt% Gd,0s, the decrease was 32%, against 15%
for 4 wt% Er03. For 10 wt% Gd03, the decrease was 48%, against
26% for 10 wt% Er,0s. These results show that the densification
recovery after the sintering blockage is more difficult for the
UO,—Gd,03 system than for the UO,—Er,03 system. Therefore, the
sintering blockage is much more severe for UO,—Gd,03 than for
UO,—Er,03, thus leading to a larger decrease in the shrinkage rate
at the first peak, which turns the densification recovery more
difficult in subsequent sintering. This could explain the higher
sintered densities of the UO,—Er,03 pellets compared to those of
U0,—Gd,03, as shown in Fig. 4.

Fig. 6a and d shows SEM images (secondary electrons) of the
pore structure of the sintered pellets. Er,03 added to UO, causes
the formation of “islands” of small clustered pores around large
ones. These islands are not present in the sintered pellets of pure
UO, and became larger and more frequent the higher the Er,O3
content.

Secondary and backscattered electron images from sample with
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Fig. 5. Comparison between the sintering behavior of the UO,—Er,03 and UO,—Gd;05 fuels. (a) Er,03/2.5 wt%,Gd,03/2 wt%, (b) Er,03/4 wt%,Gd,03/5 wt, (¢) Er,03/10 wt’%,Gd,03/

10 wt%.

10 wt% Er,03 were compared in Fig. 6e and f, respectively. A darker
shade of gray area (Fig. 6f) can be observed surrounding the clus-
tered pores, which indicates the presence of a lighter element than
uranium in these regions. These darker regions are also observed in
samples from the other compositions but are more clearly seen as
the Er,03 content is increased. Besides, the pore shape is similar to

the shape of the original Er,O3 particles shown in Fig. 1b, with
sharp corners and angled edges. This is best visualized in the image
obtained with secondary electrons, shown in Fig. Ge.

Fig. 7 shows EDS mapping for erbium and uranium. A direct
qualitative comparison between all the erbium mappings is
possible, since they were performed under the same conditions. It
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Fig. 6. Secondary (a to e) and backscattered (f) electrons images from the microstructure of the sintered UO,—Er,03 pellets (Er,O3 contents are indicated).

can be noticed that there is a higher concentration of erbium sur-
rounding the clustered pores (compared to the matrix), denoted by
the light areas in erbium mapping, corresponding to the darker
areas in the backscattered electron image shown in Fig. 6f. These
concentrated erbium regions increases in extension with the in-
crease of the Er,O3 content and are always associated with the
clustered pore regions. An erbium concentration gradient is formed
when the erbium particles solubilize in the UO, structure as well. A
“cloud” forms around the clusters of pores which decreases in in-
tensity as the distance from the center of the pore region increases,
indicating the decrease of the erbium concentration.

These results suggest that the clusters of pores are formed by
original agglomerates of Er,03 particles that were not completely
broken during the powders blending step. These particle agglom-
erates are absorbed by the UO, matrix giving rise to observed
clustered pores. The primary Er,03 particles diffuse into the UO,

matrix leaving behind the pores as a result of the Kirkendall effect.
This behavior is similar to that found in the UO,—Gd,03 fuel [15].
However, images from Fig. 1b suggests that Er,03 agglomerates are
less cohesive than Gd,03 agglomerates (see Fig. 2 on [15]) and are
more easily broken during the blending step, thus splitting into
small agglomerates or even into individual particles. This me-
chanical deagglomeration is more efficient as the Er,0O3 content is
lower, as revealed by the images form Figs. 6 and 7 In the Er,O3
case, the pores formed are smaller and more spaced, which could
explain the better sinterability of the UO,—Er,03 pellets when
compared to those of UO,—Gd;0s3.

Although gadolinium-rich phases have been indirectly detected
in previous work [14], experimental results have shown that their
presence is not responsible for the sintering blockage in the
UO,—Gd,0s fuel [35]. However, the formation of phases different of
the fluorite in the UO,—Er,03 fuel could explain the high
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Fig. 7. EDS Mapping from Er and U elements (Er,0; content is indicated).

temperature at which the erbium solubilization occurs in the UO;
fluorite lattice (above 1500 °C), substantially higher than the tem-
perature associated with gadolinium solubilization (around
1350°C).

Fig. 8 shows X-ray diffraction patterns obtained from UO,—
Er;0s3 sintered pellets grounded to powder. No Er,O3 peaks were
observed in the diffraction patterns, which indicate that erbium
was dissolved in the UO; fluorite structure. However, instead of

forming a single phase solid solution, second phase peaks can be
observed. This second phase has the same set of reflections as the
first one, but shifted to the right (as seen clearer with 10 wt% Er,03),
i.e. it has also a fluorite-type structure, but with a smaller lattice
parameter. The presence of a second phase is more evident for
pellets with higher amounts of Er,03, since the intensities of the
emerging phase's reflections increase along with the Er,03 content
in the pellet, which means the second phase's fraction increases as
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Fig. 8. Diffraction patterns of the pellets analyzed. At the bottom, the reflections for the structures of the UO, and Er,03 powders used to make the pellets.

a function of Er,0O3 content.

The peaks of this second phase can be resolved visually for the
pellets with 4.0 and 10 wt% Er0s. For the 1.0 and 2.5 wt% Er,03
pellets, even though the second phase's maxima do not appear
separated from the maxima of the first phase, they still can be seen
as “tails” to the right of each peak. For the pellet with 1.0 wt% Er,03,
these tails are less evident, but their effects on the peak profiles can
be perceived, especially at higher angles, when comparing the
diffraction patterns for the doped and undoped pellets.

This effect of Er,O3 on the diffraction pattern was not observed
by Yamanaka et al. [33] and Kim et al. [32] probably because these
authors prepared samples to obtain solid solutions, so erbium was
perfectly dissolved in the UO; fluorite structure. In the present
work, the case is different, since the samples do not show homo-
geneity at the atomic level, having a gradient of erbium concen-
tration around the original particles of Er,0s, as shown in Figs. 6f
and 7.

The formation of a second phase around the originally present
Er,03 particles may possibly hinder the diffusion of erbium into the
fluorite lattice of UO,, which may have displaced the solubilization
of the erbium to higher temperatures when compared to the
temperature at which the solubilization occurs in the case of gad-
olinium. Further work needs to be performed to study the presence
of this phase in the UO,—Er,03 system and its role in the sintering
blockage mechanism observed for this mixed fuel.

The results from the present work confirm the observations and
conclusions of previous works for the UO;—Gd;03 system. The
impact of the homogeneity of Gd,0s3 distribution greatly influences
the sintering of the system and the final reached density [17,31].
Very high densities (~99% TD) can be achieved after sintering if the
homogeneity degree of the gadolinium distribution in the mixed
fuel is at the atomic level (or even at the microscope level). In this
case the sintering curves do not show the two shrinkage steps that
characterize the sintering blockage [17]. These same conclusions
seem to be valid for the UO,—Er,03 system.

Manufacturing the UO,—Er,03 fuel by the co-precipitation or
co-milling routes would likely result in sintered pellets with high
densities that could easily meet any specifications. However, these

routes are not industrially attractive because they deeply modify
the manufacturing technology of the traditional UO; fuel. The co-
milling route has the important disadvantage of destroying the
morphological characteristic of the UO, powder derived from the
AUC, whose high flowability is important for compaction step.

Therefore, the results indicate that the sintering blockage
problem can be solved after the development of an improved
procedure to ensure a high degree of homogenization in the dry
mechanical blending of the powders. This is valid for both inte-
grated burnable poison fuels, UO,—Er,03 and UO,—Gd;03. Devel-
opment of this procedure is in progress.

4. Conclusions

The sintering behavior of UO,—Er,03 fuel was similar to that
reported for UO,—Gd,0s3 fuel, occurring in two stages with two
peaks in the shrinkage rate curves. However, the effect is less
pronounced for Er,03.

For small contents, such as 1wt%, the presence of Er,O3 im-
proves sintering, resulting in high shrinkage, up to 2% higher than
for pure UO,. Moderate Er,03 additions (between 2.5 and 4 wt%)
cause total shrinkage comparable to the sintering of pure UO,. High
Er,O3 additions, such as 10 wt%, cause a decrease in shrinkage of
about 1%. Based on the specification requirement for the
UO0,—Gd,03 fuel (93.5-96 %TD), sintering with Er,O3 contents up
to 4wt% can be accomplished concerning the dry mechanical
method for UO; ex-AUC and Er,O3 powders dry mechanical
blending.

The better sinterability of the UO,—Er;03 fuel when compared
to the UO,—Gd,03 fuel is attributed to the own characteristics of
the Er,O3 powder particles used here, which forms agglomerates
that are more easily broken during blending with the UO; powder.
These results confirm that sinterability depends directly on the
quality of the homogenization of the powders as seen previously.
Therefore, it is mandatory to develop an improved procedure for
dry mechanical blending of the powders with a high degree of
homogeneity.

A second phase was experimentally detected in the UO,—Er,03
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system, but its impact on the sintering behavior of this mixed fuel
has not yet been clarified. Further work on this subject is in
progress.
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