ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Ceramics International 37 (2011) 943-949

CERAMICS

INTERNATIONAL

www.elsevier.com/locate/ceramint

Fabrication and properties of CaZrg¢lng103_s prepared
by an auto-ignition combustion process

Jingchao Zhang, Zhaoyin Wen *, Jinduo Han, Yu Liu, Shufeng Song, Ting-lian Wen

CAS Key Laboratory of Energy Conversion Materials, Shanghai Institute of Ceramics,
Chinese Academy of Sciences, 1295 DingXi Road, Shanghai 200050, PR China

Received 29 July 2010; received in revised form 6 September 2010; accepted 30 October 2010
Available online 1 December 2010

Abstract

One of the major challenges in developing proton conducting CaZr, 9Ing ;05 _5 is to achieve a high densification at low sintering temperature. In
this work, an auto-ignition combustion process was first used to synthesize CaZrgolng ;O3_s powders aiming to improve its sinterability. The
products were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and dilatometry measurement. The results indicate
that a calcination temperature of 1000 °C is sufficient to form the CaZr 9Iny ;05 _s phase. The as-obtained powders are fine, homogeneous and well
crystallized, which strongly improves the sintering properties. Dense CaZrg oIng ;O3_s ceramics with uniform grain size were obtained by sintering
at 1350 °C, which is much lower than that required for the conventional solid state reaction method. In addition, the electrical properties of
CaZryolny 03 _s ceramics were studied by electrochemical impedance spectroscopy.
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1. Introduction

Trivalent-doped CaZrO; (e.g. In**, Y>*, Gd**) conducts
protons in humid or hydrogen-containing atmospheres [1-3],
which, along with its excellent chemical and mechanical
stability, make it a prime candidate for hydrogen sensing
applications in liquid aluminum and copper. However, like
other zirconates, these materials need a high sintering
temperature and long holding time to achieve full density
because of their high refractory nature [4]. Not only are these
conditions energy consuming, they also bring about
detrimental effect such as abnormal grain growth [5] and
thereby lead to undesirable electrical and mechanical
performances.

Wet chemical routes like sol-gel [6] and co-precipitation
can improve ion homogeneity and reduce the temperatures
required for phase formation [7]. These methods also help to
produce high surface active powders that sinter better and thus
obtain higher density ceramics [8]. Therefore, co-precipitation
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for the synthesis of In-doped CaZrO; has been investigated [9].
It could improve the agglomerate size by addition of PEG and
ball milling for 2 days. However, no sintering properties were
presented. In addition, Zhou and Ahmad [3] synthesized In-
doped CaZrO; using a sol-gel method. The sintering
temperature could be lowered to 1500 °C, although high
porosity was still noticed.

The glycine—nitrate combustion has proved to be an
effective technique for the preparation of nanocrystalline
multi-component metal oxides [10]. It has the advantages of
applying inexpensive raw materials, maintaining a relatively
simple and fast preparation process, and achieving fine
powders with high homogeneity [11]. To the best of our
knowledge, this technique has not been reported for the
preparation of CaZrgolng;05;_s. Hence, this work was
initiated to synthesize the CaZryolng0O5_s applying the
glycine—nitrate combustion process, with the principal
objective of lowering its densification temperature. The
sintering behavior of the as-prepared powders was compared
with that by the conventional solid state reaction method.
Moreover, the electrical properties of CaZrgolng 03 s
ceramics were studied by the electrochemical impedance
spectroscopy.
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2. Experimental
2.1. Sample preparation

A possible combustion reaction between the nitrates and
glycine can be represented as [12,13]:

Ca(NOs)a(aq) + 0.9Zr(NO3)4(aq)
+0.1In(NO3)3(aq) + 3.28NH,CH,COOH(aq)
— CaZrolng 103-5(s) + 4.59N,(g)
+6.56C0,(g) + 8.2H,0(g)

Here, (aq), (s) and (g) means the liquid, solid and gas state,
respectively. According to Mokkelbost et al. [14], a more
violent reaction, where burning took place, was observed for
the near stoichiometric and the fuel excess samples compared
to the fuel deficiency sample. They also revealed that the near
stoichiometric glycine/nitrate ratio is the optimal synthesis
condition. Thus, for the present work a near stoichiometric
glycine/nitrate ions ratio of 0.61 was used.

Aqueous solution containing ions of Ca, Zr and In
were prepared by dissolving stoichiometric amount of
Ca(NO3),-4H,0, Zr(NO;)4-5H,0, and In(NOs)3-4.5H,0 pow-
ders (A.R.) in distilled water. Then the solution was slowly
dropped into a glycine solution. The resulting mixture was
stirred and heated at 70 °C until a transparent sol was obtained.
The precursor formed by drying the transparent sol in an
electric oven was then heated on a hot plate at about 147 °C in
air, where ignition took place. Fig. 1 shows the flames produced
during the combustion reaction. The spontaneous combustion
went on vigorously for about 12 s, resulting in a porous, foamy
and fragile material. The as-burnt powders were further
calcined between 800 and 1100 °C for 5 h in air to remove the
carbonaceous residues and to form a well crystalline structure.
The products were denoted as GCP samples. To study the
sintering behavior of the nanoparticles made by the combustion
process, pellets were obtained by isostatically pressing the as-
synthesized powders at 250 MPa and then sintering in air in the
temperature range of 1350-1550 °C for 10 h.

Fig. 1. Flames produced during the combustion reaction.

For comparison, CaZrg olng ;O5_5 was also prepared by the
conventional solid state reaction method [15]. Stoichiometric
amounts of CaCO5; (A.R.), ZrO, (A.R.) and In,O3 (99.99%)
were ball milled using ethanol as the medium for 10 h. The
slurry yielded was dried and then calcined at 1000-1300 °C for
10 h. The products were marked SSR samples.

2.2. Characterization techniques

The phase evolution of powders was examined by X-ray
diffraction analysis (Rigku RAD-C, 12 KW) at room tempera-
ture using Cu Ko radiation in the 260 range from 5° to 80°. The
average crystallite size D was estimated according to the
Scherrer equation:

D— 0.91
Bcoso

2)

where A is the X-ray wavelength (0.154056 nm), 6 is the
diffraction angle of the (12 1) peak, and g is the full width
at half maximum (FWHM) of the (1 2 1) peak (in radian).The
morphological features of powders were obtained on a field-
emission scanning electron microscope (JEOL, JSM-6700F).
Dilatometry (Netzsch, DIL 402C) on green body cylinders was
performed in air with a heating rate of 5°Cmin~' up to
1350 °C. And the green body cylinders with size of
®5 mm x 16 mm were made under 2 MPa pressure using
the GCP powders and the SSR powders [16], respectively.
Microstructures of the sintered ceramics and the Pt electrode
were observed by the electron microscope (JEOL, JXA-8100).

The bulk density of the sintered ceramics was measured by
the Archimedes method in ethanol. The theoretical density of
the sinters was calculated based on crystal structure, mass and
lattice parameter [17]. The relative density was derived from a
ratio of bulk density to theoretical.

2.3. Electrical measurements

The sintered pellets were polished and then cleaned with
ethanol in an ultrasonic cleaner. Pt electrodes were formed by
painting the planar faces of the pellets with platinum paste and
then firing at 800 °C for 1 h. Micrographs of the surface and
cross section of the Pt electrode are shown in Fig. 2. It can be
observed that the Pt electrode is porous and exhibits good
adhesion to CaZr¢Ingy ;03_s ceramics.

Conductivity was measured from 400 to 800 °C in air by an
AC method using a Solartron 1260 frequency response analyzer
coupled with a 1287 electrochemical interface controlled by the
electrochemical impedance software Zplot over the frequency
range 1072 to 3 x 10° Hz.

3. Results and discussion
3.1. Powder characteristics

Fig. 3 shows the X-ray diffraction patterns of the as-burnt
powders and the powders derived from GCP and SSR method,
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Fig. 2. Micrographs of the Pt electrode: (a) surface and (b) cross section.

respectively. According to Fig. 3, the as-burnt powders mainly
consist of the CaZryolng 03_s5 phase. Small diffraction line
corresponding to an impurity phase can be assigned to
Cag.15Z108501 85, although stoichiometric solution was used.
Upon further thermal treatment at 1000 °C, the
Cag.15Zrg850; g5 diffraction line decreases remarkably and
only weak traces of it remain. The result is in good agreement
with the XRD pattern of the doped CaZrO5 reported in the
literature [18]. Although an impurity phase is present, their very
low content should not affect the transport properties obviously,
as has been demonstrated in the literature [19]. While the
powders calcined at 1000 °C by SSR method display lines due
to the ZrO, phase.
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Fig. 3. XRD patterns of the as-burnt powders and CaZr,9Ing105_s powders

calcined at 1000 °C by the glycine—nitrate combustion process and solid state
reaction method.

The morphology of the as-synthesized powders made by
SSR and GCP method is presented by SEM micrographs in
Fig. 4. As seen, the particles synthesized by GCP method are
smaller and more homogeneous than the SSR powders. In fact,
the crystallite size of GCP powders calculated from XRD data
by the Scherrer equation for the representative diffraction line
(12 1) was 39 nm. The small particle size synthesized through
the glycine—nitrate combustion process can be accounted for
bearing in mind the gases evolved during the combustion. The
gas evolution spreads out of the reaction mass separating the
particles, and also can help to dissipate the heat developed
during the burning and hence, inhibiting the sintering of the
particles. On the contrary, the particle size distribution of the
SSR powders appears not uniform with some large particles.

3.2. Densification and microstructure

Fig. 5 compares the thermal shrinkage curve of
CaZrgolng 103_5 prepared by the glycine—nitrate combustion
process with that prepared by the conventional solid state
reaction method. The onset of sintering occurs at ~1010 °C for
the glycine—nitrate combustion process, approximately 100 °C
lower than the SSR sample. Furthermore, as the temperature
reaches 1350 °C, the total shrinkage is about 14.4% for the
glycine—nitrate combustion powders, which is more than seven
times than the solid state reaction method (2.1%). The above
results also indicate that CaZrjlng05_5 from the glycine—
nitrate combustion process shows much higher density than
SSR samples.

A relative density of 97.9% of the theoretical density was
obtained for the CaZr(olny0;_5 ceramics by the glycine—
nitrate combustion process when the pellets were sintered at
1350 °C, which is about 250 °C lower than the earlier report by
Kurita et al. [20]. Furthermore, in the study of Le et al. [21],
92% of the theoretical was obtained in CaZrgolng105_s
ceramics after sintering at 1550 °C using a co-precipitation
technique. This difference in the densification behavior
probably results from powder specificities like grain size,
grain size distribution, grain morphology and grain agglom-
eration state.

Micrographs of the fractured surfaces of CaZrgolng 03 _s
ceramics sintered at 1350 and 1400 °C, respectively, verified
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Fig. 4. SEM micrographs of CaZr,¢Ing 05_s powders calcined at 1000 °C: (a and b) solid state reaction and (c and d) glycine—nitrate combustion process.

the results of density measurement, as shown in Fig. 6. It can be
seen that the sample sintered at 1350 °C exhibits small and
uniform grain size with few closed pores. As the sintering
temperature increases, the grain size increases and the porosity
decreases. However, the grains still remain relatively small
(<3 pwm) and in homogeneous distribution.
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Fig. 5. Thermal shrinkage behaviors of CaZr,oIny;0;_s made by solid state
reaction and the glycine—nitrate combustion process.

It can be concluded that CaZrg¢lng ;05_s ceramics with
enhanced densification and microstructure are obtained using
the powders derived from the glycine—nitrate combustion
process. The ultra fine nature of CaZr,¢Iny ;05_s nanopow-
der synthesized in the present study is responsible for the
higher sinterability and higher densification. The high
surface area of the particles provides a substantial driving
force for sintering, which would reduce the sintering
activation energy. Lowering sintering temperature will then
become feasible [22-24].

3.3. Impedance spectrum

The effect of the sintering temperature of the samples on the
electrical properties was determined with electrochemical
impedance spectroscopy. Representative impedance spectra
measured at 600, 700 and 800 °C in air are shown in Fig. 7 for
the CaZryolng O5_s ceramics sintered at different tempera-
tures. At 600, 700 and 800 °C, the first semicircle has
disappeared due to the low bulk capacity [25] and only the
second semicircle and the tail are present. According to the
commonly accepted “brick layer” model, the first (high
frequency) semicircle corresponds to the bulk response, and the
second semicircle is attributed to the grain-boundary resistance.
The tail is related to the processes occurring at the electrodes
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Fig. 6. Microstructure of fractured CaZry¢lng ;O;_s ceramics sintered at different temperatures: (a) 1350 °C and (b) 1400 °C.

[26]. The bulk and total resistances of the sample can be
determined from the left side intercept and the right side
intercept by fitting the second semicircle with the real axis. And
the grain-boundary resistance is equal to the difference between
the right side intercept and the left one on the real axis. As is
seen from Fig. 7, the arcs shift towards higher frequencies with
increasing testing temperature, which indicates that the
resistances decrease. It can also be deduced that both the
grain-boundary resistance and the total resistance of

CaZrgoIng 105 _s ceramics decrease with sintering temperature,
and reach their minimum at 1500 °C. Further increase of
sintering temperature might lead to the increase of resistance.
This can be explained by the relationship of sintering
temperature with grain size, density and phase homogeneity.
As is referred by Wang et al. [27], excessively high sintering
temperature and long duration will result in abnormal grain
growth, low density and inhomogeneity of CaZrgolng 103 5
ceramics and thereby lead to poor performances [28].
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Fig. 7. Impedance spectra of CaZroln,03_s ceramics measured at (a) 600 °C; (b) 700 °C; (c) 800 °C in air.
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Fig. 8. Grain-boundary resistances of CaZrgglny;O3_s ceramics sintered at
different temperatures.

Fig. 8 gives the grain-boundary resistances of
CaZrgolng 1O5_5 ceramics sintered between 1400 and
1550 °C. As can be seen, the increase of the testing temperature
results in a significant decline of the grain-boundary resistance.
Meanwhile, the ceramics sintered at 1500 °C always shows the
lowest grain-boundary resistance in the testing temperature
range of 600-800 °C. At 700 °C, the total resistance of
CaZr, oIng ;055 ceramics sintered at 1500 °C is 2.29 x 10° Q,
which is close to but lower than 2.90 x 10° Q reported in the
literature [3].

The conductivities can be calculated from the respective R-
values using the bulk dimensions of the sample (diameter d and
surface S) [29]:

3)

According to the above equation, it can be deduced that
CaZrgolng 105_5 ceramics sintered at the optimum sintering
temperature of 1500 °C possesses an optimal conductivity as a
result of achieving optimum values of density, grain size and
phase homogeneity.

4. Conclusions

The glycine—nitrate combustion process has been proved to
be effective for the synthesis of pure CaZr 9Ing ;O3_s powders
with fine and homogeneous crystal structure at the temperature
as low as 1000 °C. In comparison with the conventional solid
state reaction method, the glycine—nitrate combustion process
remarkably increases the sintering rate of CaZrgolng 103 5. A
relative density of 97.9% was obtained at 1350 °C, which is
about 250 °C lower than the earlier report. The conductivity of
CaZrg olng 105_5 ceramics presents an optimal value when the
sintering temperature is 1500 °C, which can be interpreted with
the relationship of sintering temperature with grain size, density
and phase homogeneity.
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