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Abstract The sintering process of compacts of nanostruc-

tured gadolinia-doped ceria was investigated by dilatometry

and by construction of the master sintering curve. Correc-

tions for the thermal expansion of the experimental setup

and mass loss were proposed. The aim of this work was to

investigate the sintering evolution of compacts constituted

by a powder material with very high specific surface area

and to verify the effectiveness of the proposed corrections

for generating reliable density data. Validation of the

obtained results was accomplished by comparison of cor-

rected data with density values obtained for conventionally

sintered compacts. Dilatometry experiments were carried

out for 3, 6, 10 and 12 �C min-1 heating rates. Good con-

vergence of relative density curves calculated from cor-

rected shrinkage data was obtained. The determined value of

the activation energy for sintering of nanostructured gado-

linia-doped ceria compacts is 576 kJ mol-1.
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Introduction

Sintering is one of the most relevant steps in the processing of

ceramic powders. It is a thermodynamic process that yields

changes in the microstructure and properties of ceramic

compacts and accounts for their mechanical strength, final

microstructure, and macroscopic properties [1, 2]. Improve-

ments in the microstructure control along with other techno-

logical issues have been the focus of recent studies [3].

Several experimental techniques have been used to char-

acterize the sintering process, especially the thermodilatom-

etry, or simply dilatometry. This technique allows for

studying the kinetics of sintering by measuring dimensional

changes in ceramic compacts subjected to a preset heating–

cooling cycle [4–7]. Sometimes, results obtained by

dilatometry are utilized for constructing sintering maps and

the so-called master sintering curve MSC [7] allowing for

predicting the sintering behavior of the investigated material.

It is common practice to manipulate dilatometry data

according to the ASTM EE228-11 that standardizes proce-

dures for thermal expansion determination of materials using a

push-rod dilatometer [8]. In the study of shrinkage of powder

compacts, some corrections are worth to be introduced to

avoid systematic errors. Some corrections of dilatometry data

may be found in the literature [4, 9–13], the most usual being

for thermal expansion of the sample material.

The formalism of MSC has been applied to study the

sintering kinetics of 10 mol % Gd2O3-doped CeO2 (GDC)

solid electrolyte, for powders with specific surface areas up

to *50 m2 g-1 [4, 14–16].

In this work, we investigated the sintering process of

GDC with very high specific surface area ([200 m2 g-1)

by the construction of the MSC. Special attention was paid

to corrections applied to dilatometry data, specifically for

the thermal expansion of the specimen and the assembly,

and mass loss. The validation of the proposed corrections

on the MSC was performed by comparison of the calcu-

lated results with density values obtained in conventionally

sintered specimens.
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Linear shrinkage and density

In a typical dilatometer experiment, the changes in sample

dimension in a single direction are continuously recorded

during a heating–cooling cycle. To monitor these changes,

a displacement sensor is coupled to the experimental setup.

Both the sample holder and the probe are constituted by the

same material and exhibit the same thermal expansion.

Then, the displacement measured, DLm, at each tempera-

ture by a linear variable differential transducer (LVDT)

consists of two contributions: the dimensional change in

the sample, DLs, and the thermal expansion of the assem-

bly, DLa, (sample holder plus probe). This may be repre-

sented by Eq. (1):

DLm ¼ DLs � DLa ð1Þ

Several phenomena may induce dimensional changes in

a ceramic material such as its thermal expansion, the linear

shrinkage that occurs during heating, the mass loss due to

adsorbed organic species or thermal decomposition of the

material and phase transitions [17, 18]. The mass loss

becomes relevant whenever the powder has a high specific

surface area. This effect is particularly significant in

chemically synthesized ceramic powders if the decompo-

sition reaction of the precursor material is somehow

incomplete, as for example, for a too low calcination

temperature, and then, the sintering is accompanied by

mass loss due to the decomposition reaction.

Assuming that there are no phase transitions or

decomposition reactions, and the mass loss is negligible

during the thermal cycle, Eq. (1) may be rewritten as:

DLm ¼ DLsinter þ DLTE � DLa ð2Þ

where DLsinter is the total displacement produced by sin-

tering the powder compact, and DLTE the displacement

induced by the thermal expansion of the powder material.

In general, the main goal in sintering experiments is to

determine the linear shrinkage term due to the sintering

process. This term allows for applying the theoretical

models to experimental data and to preview the total linear

shrinkage of the sample.

To determine DLsinter, we define the variables: L00 and L0,

given by:

L
0

0 ¼ L0 þ DLsinter ð3Þ

and

L0 ¼ L00 þ DLTE ð4Þ

In these equations, L00 represents the length of the com-

pact if the dilatometry run is interrupted at any temperature

and the compact is conducted to the initial temperature, and

L0 is the instantaneous length of the compact at a time t.

The displacement term in Eq. (2) may be determined by

the analysis of a standard sample with well-known thermal

expansion. Then, a correction function Fc may be deter-

mined according to the procedure suggested in [8, 19].

After manipulation of previous equations, DLa is given by:

DLa ¼ Fc � L0 þ DLsinterð Þ ð5Þ

The displacement due to thermal expansion of the sample

is:

DLTE ¼ L0 � FE þ DLsinter � FEð Þ ð6Þ

where FE is a function that quantifies the thermal expansion

of the sample at each temperature. This function may be

experimentally determined by the analysis of the linear

shrinkage curve during cooling down to room temperature

the studied sample or by measuring an already sintered

sample.

It is worth noting that both terms related to the thermal

expansion, DLs and DLa, depend on the shrinkage. Substi-

tuting (2), (5) and (6) in (1) and rearranging results:

DLsinter

L0

¼ DLm

L0

þ Fc � FE

� �
� 1

1 þ FE � Fc

� �
ð7Þ

This equation was used for calculating the linear

shrinkage of the powder compacts.

The density, q, of the compact may be determined from

the linear shrinkage data. Assuming isotropic shrinkage

and negligible mass loss, the density is usually calculated

from [2]:

q ¼ q0

1 þ DLsinter

L0

� �3
ð8Þ

where q0 is the green density.

Whenever the mass loss may not be neglected, a cor-

rection function f(t,T) should be determined from ther-

mogravimetry results. This function establishes the ratio of

the initial mass to that at any temperature. In this case,

Eq. (8) is modified to:

q ¼
q0�f t;Tð Þ

1 þ DLsinter

L0

� �3
ð9Þ

These corrections, Eqs. (7) and (9), are proposed to

increase the overall precision in the analysis of dilatometry

data.

Experimental

Specimen preparation

Nanostructured Ce0.9Gd0.1O2-d, GDC (99.5 %, Fuel Cell

Materials, USA), with specific surface area of 210 m2 g-1
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was used as starting material. No additives were employed

during processing, and the powder was carefully handled to

avoid contamination.

Disk-shaped specimens with 5 mm diameter and

12–16 mm thickness for dilatometry and with 10 mm

diameter and 2–3 mm thickness for conventional sintering

experiments were prepared by uniaxial pressing with

50 MPa followed by cold isostatic pressing (National Forge

Co) at 70 MPa. Sintering of the green compacts in powder

bed was carried out by the conventional method in a resis-

tive furnace (Lindberg BlueM) with 10 �C min-1 heating

rate at dwell temperatures from 600 to 1400 �C and holding

times of 0–15 h (Note: 0 stands for no holding time meaning

that the specimen was cooled down to room temperature as

soon as the sintering temperature was attained).

Dilatometry and data analysis

Dilatometry experiments were conducted in a push-rod

vertical dilatometer (Anter, UnithermTM 1161) for moni-

toring the in situ shrinkage of the sample in air up to 1400 �C
with heating rates of 3, 6, 10 and 12 �C min-1 and cooling

rate of 10 �C min-1. In these measurements, the specimens

were first heated to 600 �C remaining for 10 min for elimi-

nation of adsorbed species and then heated up to the maxi-

mum temperature. The temperature near the compact was

measured by an S-type thermocouple. Displacement mea-

surements were performed by a LVDT sensor with nominal

precision of 0.001 mm. The thermal expansion of the setup

was evaluated by measuring a translucent alumina Crys-

talox� as reference material. The thermal expansion of GDC

specimen was corrected from the observed shrinkage using

the values corresponding to the thermal expansion coeffi-

cient determined from the slope of the shrinkage–straight

line recorded in the cooling process.

Dilatometry data were analyzed by software specially

designed for constructing the MSC. Details of the software

will be the subject of a future publication. In the MSC

model, the instantaneous density is plotted as a function of

the work of sintering, H(t,T(t)), given by [7]:

H t; T tð Þð Þ ¼ r
t

0

1

T
exp � Q

RT

� �
dt ð10Þ

where Q is the apparent activation energy for sintering,

T the absolute temperature, R the gas constant, and t the

time.

Integration of Eq. (10) is straightforward whenever the

value of Q is known. Nevertheless, in most cases that value

is unknown. Initially, the form of the density curve is

assumed to be represented by a polynomial or a sigmoid

function. Then, for numerical construction of MSC, the

density curves are converted to density versus H(t,T(t))

curves with pre-assumed value of Q. This procedure is

repeated a number of times, and the results are plotted as

mean residual squares versus Q. When the correct value of

Q is chosen, the diverse density curves converge to a single

one. The convergence of the data is quantified by the sum

of the residual squares of the points with respect to the

fitted line. Then, the best value of Q corresponds to that

minimizing the obtained mean residual square values. Full

description of this procedure may be found elsewhere [7].

In this case, the density curve was represented by a sigmoid

function.

Characterization methods

The primary particle size of GDC was estimated by

transmission electron microscopy, TEM (Jeol, JEM 2100),

images analyzed with the ImageJ software. The mean

crystallite size was determined by X-ray diffraction

experiment, XRD (Bruker-AXS, D8 Advance) with Cu Ka

radiation in the 23–73� 2h range, 0.04� step size and 5 s per

step counting time. The analysis of the XRD pattern was

performed by Rietveld method using GSAS [20]. The mass

loss was quantified by thermogravimetry, TG (Netzsch,

STA 409E), and the organic impurities were determined by

mass spectrometry (Thermostar, GSD320) coupled to the

thermal analysis setup. The thermal analyses were carried

out up to 1300 �C in alumina crucibles and atmosphere of

synthetic air or nitrogen (5 mL min-1) with heating rate of

10 �C min-1. The green and the sintered densities of GDC

specimens were calculated from the measurements of

sample mass (Mettler H315) and dimensions (micrometer

Tesa, CH-1020).

Results and discussion

Powder characterization

Figure 1 shows a representative TEM micrograph of GDC

powder consisting of polygonal-shaped nanostructured

particles, with narrow distribution in size and some degree

of agglomeration. The calculated mean primary particle

size is 3.3 nm.

Figure 2 shows the XRD pattern of GDC powder with

the Rietveld refinement. Small crosses in the bottom of this

figure are the Bragg angular position of the cubic phase

(Fm-3m, space group) reflections. The value of Chi-square

was 1.05. The experimental pattern corresponds to the

characteristic cubic fluorite-like phase of ceria, and the

mean crystallite size is 4.2 nm, in agreement with the mean

primary particle size obtained by TEM. Other parameters

calculated from the XRD pattern are the microstrain, which

is negligible (5 9 10-4 %), and the theoretical density

7.21 g cm-3.
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The mean particle size calculated from the specific

surface area assuming a spherical shape of the powder

particles is 5.3 nm. These results on primary particle,

crystallite and particle sizes reveal that the starting material

consists of single-crystalline nanoparticles, within the res-

olution limits and experimental precision of the diverse

techniques.

Figure 3a shows the TG curve of GDC powder up to

1300 �C. Most of the mass loss (*8 %) occurs up to

200 �C, although it is negligible only above 600 �C. The

total mass loss is 13 %.

It is generally known that physisorbed water may

account for the mass loss up to approximately 200 �C. The

origin of the mass loss occurring at higher temperatures

was investigated by mass spectrometry up to 400 �C.

Figure 3b shows mass spectrometry results obtained at

100, 290 and 400 �C.

Signals due to OH, O2, CO and CO2 along with water

are identified in these spectra. The signals corresponding to

N2 come from the flowing gas during this analysis. These

results evidence that organic impurities from the sur-

rounding atmosphere had been adsorbed onto particles

surface, probably during sample manipulation. This effect

is significant in this case, due to the very high specific

surface area of GDC powder.

Densification and MSC

The relative green density of powder compacts is low,

about 40 %, as expected for nanostructured powders.

Several compacts were sintered by the conventional

method to assure the isotropic character of the GDC

shrinkage. The results are shown in Fig. 4.

The linear shrinkage is approximately the same in axial

and radial directions and, therefore, the densification is

isotropic in GDC.

Figure 5 shows linear shrinkage curves of GDC com-

pacts obtained with 10 �C min-1 heating rate after

Fig. 1 Bright-field TEM micrograph of nanostructured GDC powder
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pattern) and angular position of the cubic fluorite-like reflections

(crosses at the bottom)
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correction of the experimental data for thermal expansion

according to ASTM E228-11 standard and Eq. (7).

The shrinkage finishes at approximately 1200 �C, and

the total shrinkage is about 30 %. The compact starts to

shrink at relatively low temperatures due to the combined

effects of small particle size and mass loss (Fig. 3a). The

onset temperature of linear shrinkage, however, may not be

precisely determined. The main difference between the use

of ASTM standard and Eq. (7) occurs at high temperatures

amounting 2 %.

The influence of corrections for thermal expansion and

mass loss on density curve of GDC is exemplified in Fig. 6

for data obtained with 10 �C min-1 heating rate.

Continuous lines represent the calculated data with and

without corrections. Relatively low density values are

generated when the thermal expansion contribution is not

taken into account. The influence of mass loss is even more

severe resulting in unreasonably higher density values.

This last effect is better seen at high temperatures.

The discrete points were obtained for GDC compacts

sintered by the conventional method, and that near the

origin is the green density. The excellent agreement

between the continuous line representing the corrected

experimental data and the discrete density values validates

the proposed methodology for data correction.

Figure 7 shows density curves of GDC compacts

obtained from corrected linear shrinkage data measured for

several heating rates. In this case, both Eqs. (7) and (10)

were applied to the experimental data.

It may be noted that the density values at any temper-

ature exhibit a slight but systematic dependence on the

heating rate, such that the lower is the heating rate, the

higher is the relative density. The same effect has been

observed in other ceramic materials, like ZnO [7] and

Al2O3 [21].

The density curves of Fig. 7 were used to calculate the

MSC of nanostructured GDC assuming a sigmoid function,

and the results are shown in Fig. 8.

The MSC was constructed for a wide range of logH
(Fig. 8a). The determined Q is 576 kJ mol-1. Deviation of

the MSC curve from the expected behavior at low and high

logH values may be a consequence of more than one

mechanism acting simultaneously in specific ranges of den-

sity. The discrete points obtained for conventionally sintered
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GDC compacts validate the MSC formalism with the pro-

posed corrections. The inset shows the dependence of mean

residual squares on activation energy values. The Q value

determined for nanostructured GDC is consistent, within the

experimental precision (±40 kJ mol-1) with those previously

obtained by dilatometry analysis (579 kJ mol-1 [14]) and by

electrical conductivity (610 kJ mol-1 [22]).

Good convergence of density curves (Fig. 8b) was

obtained for the determined apparent activation energy

value, which is a further evidence of the reliability of the

method.

The overall results support that the proposed corrections

for linear shrinkage are valuable for manipulating

dilatometry data obtained for nanostructured ceramics,

especially for sintering studies. Moreover, they reveal that

the activation energy for sintering of nanostructured GDC

is close to those of powders with moderate values (up to

50 m2 g-1) of specific surface area.

Conclusions

Nanostructured GDC powder shows a non-negligible mass

loss up to approximately 600 �C. Green compacts prepared

with this powder exhibit low green density. The linear

shrinkage of nanostructured GDC compacts was shown to

possess isotropic character. Corrections for linear shrink-

age data were proposed for thermal expansion of the

assembly and mass loss. From corrected linear shrinkage

data, the MSC was determined for nanostructured GDC.

The determined value of the activation energy is in fair

agreement with previous reports. The MSC curve of GDC

was validated by results obtained for conventionally sin-

tered specimens.
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