
High-density nanoparticle ceramic bodies

A study of heating rates in the sinterization of Gadolinium-doped Ceria

Mario J. Godinho • Caue Ribeiro •
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Abstract An investigation on the sinterization of Gd:

CeO2 (Ce0.85Gd0.15O1.9-d ceramic system) 3–10 nm nano-

particles in pressed bodies was done. The heating rate was

taken as a key parameter and two competing sinterization

processes were identified, associated with different diffu-

sional mechanisms. Using heating rates of 113 �C min-1, a

high-final density (98 % of the theoretical) was obtained by

superposing the two aforementioned mechanisms, resulting

in a homogeneous microstructure at lower temperatures.

Keywords Sintering � Nanocrystalline materials �
Powder consolidation � Sol–gel � Fuel cell materials

Introduction

Ceria compounds have been widely used as solid electrolyte

[1–3] and catalysts [4]. In the fabrication of electrolytes

(i.e., O2- permeable electrolytes in solid oxide fuel cells),

high-final densities of the sintered bodies are particularly

desirable to improve the efficiency of energy conversion by

preventing the permeation of other gases [5, 6].

Nanoparticles from soft-chemical synthesis are good

candidates to obtain highly homogeneous stoichiome-

trically-controlled compounds. Several methods of syn-

thesization, such as OPM [7], microemulsion [8],

polymeric precursors [9], precipitation [10–13], partial

oxalates [14], controlled hydrolysis [15], etc., are efficient

to obtain such doped materials. In principle, the high-sur-

face area of nanoparticles should favor the sinterization

process through the high-boundary mobility associated

with those areas [16]. In fact, nanoparticles with an average

size of about 10 nm have a surface area of about 100 m2/g,

indicating high-accumulated energy at the grain boundaries

[6]. Moreover, smaller grain sizes should result in

improved mechanical properties and superplastic net-shape

forming behavior. The consolidation of loosely agglomer-

ated nanoparticles (smaller than 10 nm) of ceramic mate-

rials is expected to result in significant payoffs.

However, nanoparticles generally have near-monodis-

perse distributions and the poor packing associated with

these cases implies low green densities and a large fraction

of voids, which hamper the densification process [16]. In

addition, the frequent occurrence of agglomerations can

lead to abnormal grain growth, impairing the properties of

the final body [17]. Several factors such as Van der Waals

forces, capillarity, rugosity, particle shape, etc. interfere in

a powder’s dispersion [18, 19]. In fact, controlling

agglomeration is still difficult, particularly in the synthes-

ization of large amounts of nanometric powders. Therefore,

an alternative is to investigate the behavior of green bodies

obtained from agglomerated powders (powders with

uncontrolled dispersion sizes) during their synthesis to
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control the processing parameters as a way to obtain high-

density ceramics. In the final process of an agglomerated

NaNbO3 powder, Leite et al. [20] achieved good densifi-

cation values by controlling the heating rates in pressed

bodies; however, to the best of our knowledge, this alter-

native has been little investigated in other systems.

The main goal of this study is to demonstrate a sintering

process in which the densification of agglomerates can be

controlled, favoring mass transport between individual

Gd:CeO2 nanoparticles. The results of this study may lead

to a deeper understanding of nanoparticle densification and

to new methodologies for the production of nanostructured

highly densified ceramics.

Experimental

The detailed experimental routine for the synthesis is

described elsewhere [10]. Solutions were prepared of 0.1 M

of hexahydrate cerium(III) nitrate—Ce(NO3)3�6H2O

99.9 % (Aldrich) dissolved in different solvents. Gadolin-

ium(III) oxide—Gd2O3 99.9 % (Aldrich), dissolved in a

minimum amount of nitric acid, was then added to the

solution. Ammonium hydroxide was added to this mixture

a drop at a time (under stirring) to complete the precipi-

tation under controlled pH = 10, resulting in the formation

of a white gel. This gel was then collected by vacuum

filtration and washed to completely remove all the

ammonium nitrate formed. X-ray diffraction showed a

single-phase Ce0.85Gd0.15O1.9-d powder. Particle charac-

terization by surface area measurements using the Bru-

nauer–Emmett–Teller method revealed surface areas of

about 114 m2 g-1, indicating a highly reactive powder.

TEM measurements confirmed the average particle size

was 5.5 nm, as reported in [10].

Samples were formed into pellets (Ø = 9 mm, h = 4

mm) and pressed isostatically at 100 MPa, resulting in

green densities close to 54 % of the theoretical density.

Sintering was carried out in a dilatometer at temperatures of

up to 1,550 �C (Netzsch 402, Germany), using several

constant heating rates (2–40 �C min-1), and in a homemade

microwave furnace at a heating rate of 113 �C min-1, in a

similar experimental setup as described by Harabi et al.

[21]. The morphology and fired density of the final samples

were analyzed by scanning electron microscopy (SEM–

FEG, ZEISS model-SUPRA 35).

Results and discussion

Figure 1 depicts the dilatometric profile of the samples

sintered at 10 �C/min. The dilatometric curves showed two

sintering stages at 850 �C (P1) and 1,450 �C (P2), indicated

by the derivative curve. Based on similar studies of NaN-

bO3 processing, Leite et al. [20] and Nobre et al. [22]

proposed that the first stage is related to the agglomerate’s

sinterization and the second to dispersed particles, attrib-

uting them to advanced sintering mechanisms [23, 24]. The

unambiguous determination of a sintering mechanism is

complicated by the possible effects of combined mecha-

nisms and, in the case of diffusion, by the similarity of the

time dependence of surface and volume diffusion [25].

In this context, Fig. 2a shows dilatometric curves

obtained at different heating rates. The sintering mecha-

nisms are clearly dependent on the heating rate, showing a

shift to higher temperatures in the first mechanism and to

lower temperatures in the second, as indicated in Fig. 2b.

Correlating the first peak to the sintering of agglomerates,

it can be stated that this phenomenon is related to diffusion-

activated sintering, in this case due to the fact that the

particle growth may occur mainly by boundary diffusion of

the contact particles. This process involves a low activation

energy, which is confirmed by the low-activation temper-

atures observed; however, the process is essentially slow,

since it depends on the movement of ions / atoms in the

already formed lattices.

According to the temperatures observed, the second

peak may be correlated with diffusion into the pre-sintered

grains, re-shaping the structure, and then implying in

densification. In fact, this mechanism is presumably the

only path for growth in these conditions since no formation

of liquid phase was observed. Although this supposition

may be true, this second peak is still under investigation

and its origin remains unclear. The high-heating rates may

have favored the process through a kinetic effect, i.e., rapid

diffusion of minor particles. In fact, variations in the

transition temperatures of nanoparticles were investigated

in detail, revealing, for instance, significant decreases in

the melting point of Na and CdS [26, 27].
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Fig. 1 Dilatometric profile of the samples sintered at 10 �C min-1
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The coexistence of two sintering mechanisms associated

with the state of nanoparticle agglomeration led us to

assume the existence of a single heating rate at which these

mechanisms were fully superposed. This hypothetical rate

was estimated by extrapolating the temperature of the

maximum linear shrinkage rate ðT�Þ as a function of

the heating rate for both peaks, P1 and P2 curve, as

depicted in Fig. 3. This hypothetical rate was found to be

113 �C min-1, implying an expected sintering temperature

of 1,250 �C, which is significantly lower than the reported

sintering temperatures of CeO2 (1,450–1,650 �C [23, 28,

29]). This is not a practical heating rate for conventional

furnaces, but is attainable in a microwave-assisted heating

device such as a SiC plate. This option is interesting, since

the sample is also heated by thermal conduction from the

heated SiC plate, as described in the ‘‘Experimental’’ sec-

tion. To the best of our knowledge, the direct heating of

Ce0.85Gd0.15O2-d is negligible compared with the heating of

a SiC susceptor [30]. In CeO2 synthesis, microwaves are

known to affect the formation of the material, albeit only in a

precursor solution. In as-formed material, the expected

interaction is vibrational heating, also known as dielectric

heating, in which electric dipoles in these materials respond

to the applied electric field [31]. In addition, doping with

rare-earth ions such as Gd3? and Sm3? reportedly increases

the heating efficiency [32].
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Fig. 2 a Dilatometric curves obtained at different heating rates and b
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Fig. 4 a Image of SEM-FEG green body isostatic pressed and

b sinterized of 1,450 �C/3 h with 10 �C min-1
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Both the method of synthesization and the conformation

of the particles led to areas of agglomerated powder, as

illustrated in the SEM image of Fig. 4a. These nanometric

powder agglomerates (indicated by white arrows) dis-

played a strong tendency for rapid sinterization at lower

temperatures than nonagglomerated particles due to their

more numerous contact points, leading to a solid diffusion

process. This assumption is illustrated clearly in Fig. 4b,

which shows the material treated 1,450 �C/3 h in electric

furnace, indicating a grain distribution very similar to that

observed in a green sample. This observation is directly

correlated to the existence of the two aforementioned sin-

tering mechanisms.

The coexistence of these mechanisms is deleterious to

the final properties of the material, leading to the formation

of pores and defects, as indicated in Fig. 4b (black arrows).

However, as previously postulated, very high-heating rates

can favor the simultaneous occurrence of these sintering

mechanisms, thereby preventing the occurrence of defects.

In fact, as Fig. 5a shows, sintering the samples in micro-

wave oven (heating rate of 113 �C min-1, 1,250 �C during

1 h) resulted in a homogeneous grain distribution ranging

from 30 to 150 nm, illustrated in Fig. 5b. Surprisingly, the

final densities of the sintered bodies were very high, i.e.,

98 %, despite the low density of the green bodies (54 %).

This outcome is also a good indication of the effectiveness

of this study, specially when comparing the resultant den-

sity to obtained by sintering the samples in electric furnace

(heating rate of 20 �C min-1, 1,450 �C during 3 h), that

results in maximum density of 91 % of the theoretical.

Conclusions

In summary, the very high-heating rates applied here pro-

vided an effective way to obtain highly dense, well sintered

bodies, despite the presence of agglomerated and nonag-

glomerated particles in the precursor powders. The simul-

taneous occurrence of sintering mechanisms also implied a

reduction of the sintering temperature. This study is

expected to contribute to the ongoing efforts to obtain

highly dense ceramic products from nanometric particles,

opening up new possibilities for the application of nano-

structured materials produced by synthesization in con-

ventional ceramic processes.
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