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A B S T R A C T   

Gadolinium oxide ceramic powders were mixed to cerium oxide ceramic powders, pressed to pellets, and sintered 
either at 1450 ◦C or applying 200 V cm− 1 electric field at 800 ◦C, 900 ◦C and 1000 ◦C. The structural phases and 
the microstructure of the sintered pellets were analyzed by X-ray diffraction and scanning electron microscopy, 
respectively. The formation of substitutional solid solution was followed by monitoring the increase of the 
electrical conductivity by impedance spectroscopy and X-ray diffraction. The main results show that Joule 
heating due to the flow through the pellets of the electric current, which was produced by the application of the 
electric field, allows for promoting partial solid solution as well as partial sintering the ceria-gadolinia pellets. 
Moreover, grain growth that occurred in the high temperature sintered pellets was inhibited in the electric field- 
assisted synthesized/sintered pellets, being an alternative technique for producing cerium oxide-gadolinium 
oxide solid solutions.   

1. Introduction 

Gadolinium oxide has been mixed to nuclear fuels to act as burnable 
(neutron) absorber for enhancing burn out cycles and during recharging 
nuclear reactors, due to the high neutron cross section of Gd [1]. The 
preparation process of the neutron absorber consists in mixing 1–10 wt. 
% Gd2O3 to UO2 ceramic powders, pressing to pellets, and sintering at 
fairly high temperatures (e.g., 1650 ◦C–1750 ◦C) for 2–6 hours to ach
ieve the desired properties. Sintering is performed under controlled 
reduced atmosphere to obtain ceramic pieces with suitable UO2 stoi
chiometry [2–4]. 

As with the electric field-assisted sintering technique, proposed in 
2010 [5], dense ceramic pieces can be produced without grain growth, 
we decided to perform preliminary experimental work in ceria-gadolinia 
compounds before applying the technique to uranium 
dioxide-gadolinium oxide compounds. Ceria was reported to be an 
appropriate surrogate for uranium dioxide [6]. Moreover, uranium di
oxide requires special atmospheres to achieve stoichiometry and 
handling precautions due to its radioactive behavior. 

In conventional sintering, a green pellet is heat treated at a tem
perature high enough to sinter by solid state reaction of the particles or 
by a reaction involving liquid phase formation [7–9]. The main 

parameters to be considered are temperature, dwelling time, heating 
and cooling rates, and atmosphere. In electric field-assisted sintering 
(flash sintering when it occurs in short times), on the other hand, the 
main parameters are electric field amplitude, electric current limit, time 
the field is applied, and temperature [10–14]. Providing heating by 
forcing an electric current to flow through a mixture of two or more 
oxides has already been reported, the authors nominating it flash syn
thesis when it gives rise to a new compound [15–19]. 

Many techniques were proposed to synthesize ceria-based electro
lytes, for example, combustion [20,21], hydrothermal [22,23], homo
geneous precipitation [24], glycine-nitrate process [25], and cation 
complexation [26]. 

Flash sintering at temperatures lower than conventional were re
ported for many oxides [10–14], including two oxides used in the nu
clear industry, thorium oxide [27] and uranium oxide [28]. Flash 
sintering ceria-gadolinia solid solutions were reported using the 
current-rate method when a dog-bone shaped sample was heated up to 
680 ◦C, achieving full density with 200 mA mm− 2 [29]. Nanocrystalline 
ceria-gadolinia powders were synthesized and submitted to experiments 
leading to submicron grain size with flash sintering at 600 ◦C [30]. 

We report here results on sintering a mixture of gadolinium oxide to 
cerium oxide, either simply by heating to 1450 ◦C for 4 h (conventional 
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sintering) or by applying 200 V cm− 1 AC electric field at 800 ◦C, 900 ◦C 
and 1000 ◦C for 10 min (electric field-assisted pressureless sintering). 
The main idea was to show that the latter method is cost-effective 
comparing to the former, and that an extension of the method to a 
mixture of gadolinium oxide (a neutron absorber) to uranium oxide (a 
nuclear fuel) may be possible. Noteworthy is that uranium oxide with 
5–10 wt.% gadolinium oxide addition has been already used in boiling 
water reactors for extending burnup. In this case, UO2-Gd2O3 fuel pellets 
were obtained by high temperature sintering [31]. 

2. Experimental 

Cerium oxide powders (99.9 % CeO2, Alfa Aesar) were used to pre
pare mixtures with 5.0 wt.% gadolinium oxide powders (99.98 % 
Gd2O3, Alfa Aesar) by thoroughly mixing in an agate crucible. The 
mixtures were uniaxially pressed (50 MPa) into disc-shaped pellets with 
5 mm diameter and approximately 3 mm thickness, followed by isostatic 
pressing (140 MPa); the pellets were sintered at 1450 ◦C/ 4 h in air (10 
◦C min− 1 heating and cooling rates) in a Lindberg-Blue M furnace 
(Watertown, USA) and in a dilatometer DIL 822 (TA Instruments, 
Hullhorst, Germany) without a dwelling time. The hydrostatic apparent 
density of the sintered pellets was determined by the Archimedes 
method in a Mettler Toledo AG-245 (Columbus, USA) analytical bal
ance. The theoretical density value used to determine the relative den
sity was 7.14 g cm− 3, obtained from stoichiometric calculations. 

Electric field-assisted sintering experiments were performed with the 
green pellet positioned in the sample holder of a Unitherm 1161V ver
tical dilatometer (Anter, Pittsburgh, USA), programmed to heat at 10 ◦C 
min− 1 up to 800 ◦C, 900 ◦C or 1000 ◦C for a 10 min dwelling time for 
application of an electric voltage, and up to 1450 ◦C for comparison 
purpose. Dilatometric experiments were performed up to 1000 ◦C and 
1450 ◦C with a 1 mm thickness fully sintered alumina disk for correction 
of the dilatometer rod. The dilatometer was modified to have platinum 
disk electrodes connecting the pellet parallel surfaces to a custom-made 
power supply (0–55 V, 0–6 A, 0.5–1.2 kHz) via platinum-iridium leads 
[32]. AC electric voltages of 1 kHz frequency were applied for avoiding 
electrochemical reduction of the pellets, known to occur when applying 
DC voltages [33,34]. 

X-ray diffraction analyses were performed at room temperature in a 
D8 Advance Bruker-AXS diffractometer (Karlsruhe, Germany) with a 
θ-2θ Bragg-Brentano configuration using Cu-kα radiation, 20◦-80◦ and 
20◦-50◦ 2θ ranges, 0.05◦ step size, 5 s per step. EVA® software was used 
for background correction, subtraction of kα2 contribution, and 
smoothing of X-ray diffraction patterns. X-ray diffraction analyzes were 
also performed in the 75◦-78◦ 2θ range, 0.02◦ step size, 10 s per step, 
step scan mode, for evaluation of the apparent average crystallite size L 
using the following equation [35]:  

L = 0.9 λ / [B(2θ).cos(θ)]                                                                       

where λ is the wavelength of the Cu-kα radiation (0.15418 nm), B(2θ) is 
the line broadening at half the maximum intensity in radians, and 2θ is 
the Bragg angle of the (311) reflection. 

Simultaneous thermogravimetric and differential thermal analyses 
were performed in a Netzsch STA 409E analyzer from room temperature 
to 1500 ◦C at 10 ◦C cm− 1 rate, under flowing 5 L min− 1 synthetic air. 

Scanning electron microscopy images of surfaces of sintered pellets 
were obtained in a FEG-SEM Inspect F50 (FEI, Brno, Czech Republic) 
scanning electron microscope with 10 kV accelerating voltage and 3.0 
spot size. The pellets, embedded in a polymeric resin, had one of their 
parallel surfaces successively polished with 15, 3 and 1 μm diamond 
paste and thermally etched by inserting the polished pellet into the 
furnace at 1350 ◦C during 5 min for revealing the grain structure. 

Impedance spectroscopy measurements were carried out for col
lecting [− Z"(ω) x Z’(ω)] data (Z’ and Z” are the real and the imaginary 
components of the impedance and f = ω/2π is the frequency of the input 

signal) with a Hewlett Packard 4192A impedance analyzer (Yokogawa- 
Hewlett Packard, Tokyo, Japan) with 200 mV input signal, 20 points per 
decade in the 5 Hz-13 MHz frequency range; the samples were spring- 
loaded between platinum disks inside a custom-made sample chamber 
made of inconel 600, alumina, and platinum terminal leads connected to 
the impedance analyzer with two 1 m coaxial cables. Silver paste was 
deposited on the parallel surfaces of the ceramic pellets and cured at 400 
◦C/15 min. For the collection of the impedance data, a model 360 
Hewlett Packard Controller was used; the collection, analysis, and 
deconvolution of the [− Z"(ω) x Z’(ω)] impedance diagrams were per
formed with a special software [36]. 

Fig. 1. Thermogravimetric and differential thermal analysis curves of CeO2 + 5 
wt.% Gd2O3 ceramic powder. 

Fig. 2. (a): Dilatometric curves of CeO2 + 5 wt.% Gd2O3 with application for 
10 min of 200 V cm− 1 at 800 ◦C, 900 ◦C and 1000 ◦C and heating up to 1450 ◦C 
without application of electric field. The frequency of the applied field and the 
limiting current were 1 kHz and 1 A, respectively; (b): Typical electric field and 
current curves during electric field-assisted sintering CeO2 + 5 wt.% Gd2O3. 
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3. Results and discussion 

Fig. 1 shows the simultaneous thermogravimetric and the differential 
thermal analyses of the CeO2 + 5 wt.% Gd2O3 ceramic powder mixture 
in the room temperature-1500 ◦C range. There was no apparent mass 
gain or loss under flowing synthetic air. The temperature difference 
between the sample thermocouple and the reference (α-Al2O3) ther
mocouple presents three endothermic peaks at 110 ◦C, 250 ◦C, 550 ◦C, 
ascribed to losses of impregnated water, structural water, and other 
ambient-impregnated chemical species (e.g., CO2) upon handling, 
respectively [30]. The broad endothermic occurrence with its maximum 
at 1200 ◦C might be due to solid solution formation. This is an indication 
that the thermal energy (Joule heating) provided by electric current 
derived from the application of the electric voltage in electric 
field-assisted sintering, must complement the furnace temperature to 
reach 1200 ◦C in the sample. 

Fig. 2a shows dilatometric curves of cold-pressed pellets of the CeO2 
+ 5 wt.% Gd2O3 mixture, submitted to pressureless isothermal electric 
field-assisted sintering: the pellets, positioned in the sample holder of 
the dilatometer, were heated at 10 ◦C min− 1 to 800 ◦C, 900 ◦C and 1000 

◦C. Those temperatures were chosen because there are reports of 
maximum shrinkage temperature of ceria-gadolinia compounds from 
700 ◦C to 1000 ◦C, depending on their average particle size [26,37]. 
Consequently, at those temperatures, a 200 V cm− 1 electric field was 
applied during 10 min, resulting in 15.5 %, 33.0 % and 39.4 % thickness 
reduction, respectively. At the first two temperatures, no detectable 
effect of the electric field was noticed. However, at 1000 ◦C, an electric 
current of approximately 1 A (preset value at the power supply) flowed 
through the pellet after few seconds, the electric field then decreasing 
instantaneously to approximately 100 V cm− 1 to keep the electric cur
rent constant at 1 A (see Fig. 2b). Sharp thickness contraction occurred 
up to 39.4 %, when then the electric voltage was turned off, typical in 
flash sintering experiments [5,14,38]. The short time elapsed during 
that thickness reduction was not sufficient for pore elimination (Cf. 
Fig. 5). The same figure shows also the dilatometric curve up to 1450 ◦C 
of a similar pellet, with a final shrinkage level of 31.4 %. Expansion 
\shrinkage of the dilatometer rod was less than 3% and not taken into 
account. Flash sintering at 1000 ◦C promoted larger shrinkage (39.4 %) 
than sintering to 1450 ◦C (31.4 %) due to different mechanisms acting in 
both experiments. Here, we do not deal with sintering ceria-gadolinia 

Fig. 3. X-ray diffraction patterns of (a) CeO2, Gd2O3, and CeO2 + 5 wt.% Gd2O3 ceramic powders after heating to 1450 ◦C/4 h; (b) detail of the [111] reflection of 
ceria-gadolinia in the 27◦-30◦ 2θ range; CeO2 + 5 wt.% Gd2O3 pellets electric field-assisted sintered at (c) 800 ◦C/10 min, 900 ◦C/10 min and 1000 ◦C/10 min. Miller 
indices are shown for the reflections of the cubic fluorite structure (ICDD reference pattern n. 75-161). 

T.C. Porfirio et al.                                                                                                                                                                                                                              



Journal of the European Ceramic Society 41 (2021) 7105–7110

7108

solid solution, but a mixture of ceria and gadolinia powders, with three 
main competing mechanisms taking part upon heating: (i) sintering of 
ceria and gadolinia; (ii) solubility of gadolinium ions to the ceria pow
der, promoting an oxygen vacancy every two gadolinium ions; and (iii) 
sintering of ceria-5 wt.% gadolinia produced in (ii). One should also 
consider that in the flash sintering experiment two are the heating 
sources: Joule heating in the bulk of the pellets and furnace heating at 
the pellet surfaces. Only the latter applies to conventional sintering. 
There are several reports that the exposure of cerium oxide to high 
temperatures leads to Ce4+ reduction to Ce3+ [39]. That redox reaction 
is accompanied by the formation of an oxygen vacancy for each pair of 
Ce4+ ions, releasing O2 and decreasing the density of ceria compounds 
[39]. 

The apparent density of CeO2 + 5 wt.% Gd2O3 pellets sintered at 
1450 ◦C for 4 h was evaluated as 98 % T.D. The density of the compact 
submitted to electric field-assisted sintering was lower, 6.21 g cm− 3 (~ 
70 % T.D.) because the heat produced by the electric current flow in the 
sample during 10 min was not sufficient to eliminate porosity. However, 
the grains are welded together due to Joule heating [38,40], providing 
high skeletal density with improved mechanical stiffness. 

Fig. 3 shows the results of the X-ray diffraction measurements of 

CeO2 and Gd2O3 powders, and of the mixture of these powders (95.0–5.0 
wt.%) after pressing and sintering at 1450 ◦C/4 h (Fig. 3a). The X-ray 
reflections of the sintered pellet belong to those of the cubic fluorite 
structure of cerium oxide, with a slight deviation to lower diffraction 
angle (Fig. 3b), meaning that solid solution was accomplished with Gd3+

substituting for Ce4+ [41]. Fig. 3c shows the X-ray diffraction patterns of 
similar pressed pellets after electric field-sintering at 800 ◦C, 900 ◦C and 
1000 ◦C. Further evidence of increased solid solution formation for 
increasing temperature the electric field is applied was found by eval
uating the unit cell parameter and volume (Table 1): the lattice 
parameter increases for increasing sintering temperature: 

All XRD peaks of the sintered pellet surfaces can be ascribed to the 
fluorite cubic phase. The sample sintered by the conventional method 
has reflections with lower half-width than the electric field-assisted 
pellets, indicating higher crystallite size. The flash-sintered pellets, on 
the other hand, show opposite behavior (higher, lower) probably due to 
their short sintering time (10 min), compared to the dwelling time in the 
high temperature sintering (4 h). Moreover, no peaks related to Gd2O3 
are detected. 

Fig. 4 shows, for comparison purposes, the (331) reflection of all 
CeO2 + 5 wt.% Gd2O3 sintered samples, to evaluate the apparent 
average crystallite sizes following the procedure described by Warren 
[35]. These values increase for increasing temperature the electric field 
is applied. The crystallite sizes were 54 nm, 56 nm, 73 nm and 79 nm for 
samples electric field-assisted sintered at 800 ◦C, 900 ◦C, 1000 ◦C and 
sintered at 1450 ◦C without applying the electric field, respectively. As 
explained before, the sample electric field-assisted sintered at 1000 ◦C 
might achieve a temperature T close to 1450 ◦C to reach similar 
apparent average crystallite size. The sample temperature T was esti
mated with the black-body radiation model, which states that T = [T0 +

W/(S.σ)]1/4; T0, W, S and σ being the furnace temperature (K), the 
electric power (voltage times current) dissipated into the sample, the 
exposed surface area of the sample (m2), and the Stefan-Boltzmann 
constant (5.67 × 10− 8 W m− 2 K− 4), respectively [5,42,43]. The appli
cation of 30 V in a sample with 0.3 cm thickness (100 V cm− 1, see 
Fig. 2b) at 1000 ◦C in 0.94 × 10− 4 m2 results in 1695 K (1422 ◦C), in 
good agreement with the furnace temperature in the conventional sin
tering (1450 ◦C). 

Fig. 5 shows scanning electron microscopy images of polished and 
thermally etched surfaces of CeO2 + 5 wt.% Gd2O3 pellets electric field- 
assisted sintered at 800 ◦C, 900 ◦C and 1000 ◦C (Fig. 5a to c, respec
tively), and conventionally sintered at 1450 ◦C for 4 h (Fig. 5d). There is 
a striking difference between the images of the electric field-assisted 
sintered pellets and that of the conventionally sintered one: the sam
ple sintered at high temperature, 1450 ◦C, (Fig. 4d) is dense with close- 
packed grains with a bimodal pattern with large and relatively small 
average grain sizes; the samples sintered with the application of electric 
field at lower temperatures show neck formation, fine grains (submicron 
size average grain sizes) with slight increase in grain size for increasing 
temperature the electric field is applied, besides some porosity, in 
agreement with the evaluated density values. 

Fig. 6 shows the results of impedance spectroscopy measurements 
carried out at 525 ◦C in the CeO2 + 5 wt.% Gd2O3 electric field-assisted 
sintered pellets for 10 min at 800 ◦C, 900 ◦C and 1000 ◦C, and in the 
pellet sintered at 1450 ◦C in a dilatometer, without application of 
electric field. The [− Z" x Z’] impedance diagrams of the pellets sintered 
with application of an electric field at 800 ◦C, 900 ◦C and 1000 ◦C consist 
of a broad semicircle due to the contribution to the electrical resistivity 
of bulk (grains) and interfaces (grain boundaries and pores) [44]. The 
impedance diagram of the pellet sintered at 1450 ◦C, on the other hand, 
shows a semicircle at high frequencies due to the electrical resistivity of 
the grains and a second semicircle due to the contribution of grain 
boundaries. These considerations agree with the observed scanning 
electron microscopy micrographs (Fig. 5). The total resistivity of the 
electric field-assisted sintered pellets decreases from approximately 22 
MOhm.cm of the 800 ◦C sample to 13 MOhm.cm (900 ◦C) and to 1.5 

Table 1 
Values of lattice parameter and unit cell volume of CeO2 + 5 wt.% Gd2O3 pellets 
flash-sintered for 10 min at 800 ◦C, 900 ◦C, 1000 ◦C, and sintered at 1450 ◦C.  

Sintering 
procedure 

lattice parameter 
(±0.00014 Å) 

cell volume 
(±0.0125 Å) 

Flash at 800 ◦C 5.40467 157.8729 
Flash at 900 ◦C 5.40974 158.3176 
Flash at 1000 ◦C 5.41308 158.6113 
1450 ◦C 5.41310 158.6202  

Fig. 4. X-ray diffraction patterns of CeO2 + 5 wt.% Gd2O3 pellets electric field- 
assisted sintered at (a) 800 ◦C/10 min, (b) 900 ◦C/10 min, (c) 1000 ◦C/10 min, 
and sintered at 1450 ◦C, showing the apparent average crystallite size values. 
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MOhm.cm (1000 ◦C) meaning that solid solution has been increasingly 
formed, enhancing the density of oxygen vacancies and, consequently, 
decreasing the oxide ion resistivity. The sample sintered at higher 
temperature without applying the electric field shows much lower ionic 
resistivity, 0.13 MOhm.cm (see inset in Fig. 6) due to the lower pore 
density and lower blocking of charge carriers at grain boundaries due to 
the higher average grain size, as shown in the SEM images of Fig. 5d. 

4. Conclusions 

Solid solution formation of CeO2 + 5 wt.% Gd2O3 powder mixture 
were partially accomplished in cold-pressed pellets by application of 
200 V cm− 1 electric field in the 800 ◦C–1000 ◦C range during only 10 
min. The substitution of Ce4+ for Gd3+ was ascertained by the evolution 
of both the X-ray diffraction patterns and the impedance spectroscopy 
diagrams. Joule heating produced by the electric current, consequence 
of the application of the electric field, promoted not only partial solid 
solution of the mixture with increasing temperature, but also sintering. 
The sintered pellets had exceedingly small grain sizes and higher pore 
content comparing to samples sintered at 1450 ◦C for 4 h, leading to 
relatively higher ionic resistivity values. Further experiments are 
scheduled for electric field-assisted pressureless sintering these com
pounds for longer times of applied voltages for improving their density. 
Moreover, mixtures of uranium dioxide and gadolinium oxide, a burn
able neutron absorber, are programmed for electric field-assisted syn
thesis/sintering under reducing conditions. 
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Fig. 5. Scanning electron microscopy images of CeO2: 5 wt.% Gd2O3 pellets electric field-assisted sintered at 800 ◦C/10 min (a), 900 ◦C/10 min (b), 1000 ◦C/10 min 
(c), and conventionally sintered at 1450 ◦C/4 h (d). Bar length: 1 μm. 

Fig. 6. Impedance spectroscopy diagrams measured at 525 ◦C in the 5 Hz-13 
MHz range of CeO2 + 5 wt.% Gd2O3 pellets electric field-assisted sintered 
with 200 V cm− 1 for 10 min at 800 ◦C, 900 ◦C and 1000 ◦C and of pellets 
sintered at 1450 ◦C without applying an electric field. Inset: impedance dia
grams at the high frequency region. 
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