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Abstract
Zinc oxide is a well-known material, used especially as varistors. The electrical properties of the zinc oxide varistor are strongly correlated to the nal microstructure. The breakdown voltage is particularly grains size dependent. In this paper, a wet chemical route was
used to get nano-sized ZnO based powder, with a very narrow granulometric distribution centred at roughly 20 nm. The used synthesis
method is based on the direct precipitation of the zinc oxalate solution. The conventional sintering of this nano-sized powder leads to a slight
decrease of the grain size (around 2 m), compared to the grain size observed in a material originated from the powder conventionally
synthesized and sintered (> 4 m). Despite this slight grain size modication, a strong increase of the breakdown voltage is evidenced in
the samples obtained through the liquid route. When the microwave sintering process is used to sinter nano-sized ZnO powder, nano-sized
grains bulk ceramics are obtained owing to the very short thermal cycle (less than 5 minutes). It is undoubtedly clear that the microwave
sintering allows both maintaining the grain size at the nanometric scale and achieving very high density. In that case, a high resistivity increasing below the breakdown voltage is observed and the breakdown voltage is becoming too high (> value) to be measured. Otherwise,
it is clearly indicated that the very short time of the heating process induces a modication of the secondary phases composition, which
are mainly localized at the grain boundaries.
Keywords: ZnO, Microwave sintering, Varistors, Nanoceramics

WKAD SPIEKANIA MIKROFALOWEGO W OTRZYMYWANIE NANOMETRYCZNEJ CERAMIKI ZnO
Z PRZEZNACZENIEM NA WARYSTORY
Tlenek cynku jest dobrze znanym materiaem, wykorzystywanym szczególnie do wytwarzania warystorów. Waciwoci elektryczne
warystora z tlenku cynku zwizane s mocno z kocow mikrostruktur tworzywa. Napicie przebicia jest w sposób szczególny zale ne od wielkoci ziarna. W niniejszym artykule, wykorzystano mokr metod chemiczn do uzyskania nanometrycznego proszku opartego na ZnO, majcego bardzo wski skad granulometryczny z centrum umiejscowionym mniej wicej przy 20 nm. Wykorzystana metoda
syntezy opiera si na wytrcaniu szczawianu cynku bezporednio z roztworu. Konwencjonalne spiekanie tego nanoproszku prowadzi do
nieznacznego zmniejszenia rozmiaru ziarna (okoo 2 m), w porównaniu z rozmiarem ziarna w materiale otrzymanym z proszku syntezowanego i spiekanego konwencjonalnie (> 4 m). Pomimo tej maej modykacji rozmiaru ziarna, udokumentowano mocny wzrost napicia
przebicia w próbkach otrzymanych metod mokr. Wtedy gdy wykorzystuje si proces spiekania mikrofalowego do spieczenia nanometrycznego proszku ZnO uzyskuje si masywn ceramik o nanometrycznym ziarnie, dziki bardzo krótkiemu cyklowi termicznemu (poniej 5 min). Jest niewtpliwie oczywiste, e spiekanie mikrofalowe umo liwia zarówno utrzymanie rozmiaru ziarna w skali nanometrycznej,
jak i osignicie bardzo du ej gstoci. W takim przypadku, obserwuje si wysokie zwikszenie rezystywnoci poni ej napicia przebicia,
a napicie przebicia staje si zbyt du e, aby mogo by zmierzone. Poza tym jasno wykazano, e bardzo krótki czas procesu ogrzewania
wywouje modykacj skadu faz drugorzdnych, które zlokalizowane s gównie w granicach midzyziarnowych.
Sowa kluczowe: ZnO, spiekanie mikrofalowe, warystory, nanoceramika

1. Introduction
Zinc oxide is a well-known functional material due to its
numerous applications in various elds [1]. In the eld of
electrical engineering, ZnO is also widely used as varistors,
thanks to its highly nonlinear current-voltage characteristic.
Its main role is to protect equipments connected to it as surge
absorbers. Nowadays, due to the considerable development
of PC equipment and telecommunication networks, there is
a need to develop highly nonlinear current-voltage characteristic varistors whose production can be implemented at
a large scale. A typical composition of a varistor consists
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of minor additions of several metal oxides, such as Bi2O3,
Pr6O11, CoO and Cr2O3, to the ZnO powder in order to generate a non-ohmic behavior [2]. Some dopants react with the
matrix while others stay in the vicinity of the grain boundaries,
forming inter-granular phases. The non linearity of the I(V)
response comes from the grain boundaries which act at low
voltage as barriers for the current ow.
A lot of processing parameters have been tailored in
order to achieve the most appropriate ZnO microstructure
from the point of view of the electrical response. Among
them, one can mention the in uence of vibratory milling [3],
sintering temperature [4, 5] and annealing temperature [6].
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Different synthesis methods have been also investigated,
such as precipitation [7-8], solution-coating [9], sol-gel [10],
combustion [11] and self-propagating high-temperature
[12] methods. However, the critical point is that during conventional sintering, the grain growth occurs and it is a real
challenge to keep the nano-sized grains on the sintered
specimen. Nahm indeed studied the ZnO-based varistors
sintering doped with various oxides (such as Pr6O11, CoO,
Cr2O3 and La2O3). He reported that the electrical properties
are strongly dependent of the microstructure, in particular,
he showed that the non-linearity coefcient is as high as the
grain size low [2]. Experimentally, Nahm have synthesized
ZnO by a conventional route which is based on the solid state
reaction between the precursors. It is expected that a liquid
route could allow a ner microstructure to be obtained and
hence an improvement of the electrical properties. In our
study, we propose to investigate the in uence of the grains
size on ZnO properties as varistors, starting from Nahm’s
composition. ZnO based powders were elaborated by the
direct precipitation method which was already reported by
Takehana [13] in order to obtain nano-sized powder. Microwave sintering is well-known as a very fast sintering method
to avoid grain growth and therefore this method has been
selected for the sintering stage. The electric response of samples sintered by the conventional process and microwaves
was measured and the results discussed and compared as
a function of the microstructure.

1.0 mol% CoO, 0.5 mol% Cr2O3, and 1.0 mol% La2O3. After
mixing for one hour at 70°C the dihydrate oxalic acid was
poured into the solution provoking the precipitation of zinc
oxalate. After ltration and drying under infrared lamps, the
zinc oxalate based powder was calcined in air at 400°C for
one hour to get the ZnO based powder. The oxalate decomposition was studied by a thermo gravimetric measurement
(Setaram TGA92).

2. Experimental

2.3. Microwave sintering

2.1. Liquid route synthesis

The microwave furnace consists of a microwave generator (2.45 GHz Sairem GMP20KSM) which delivers a variable
power up to 2000 W. Rectangular waveguide (WR340) allows
the transport of microwaves from the source to the TE10p
cavity. This cavity was excited in TE102 mode by tuning the

Fig. 1 shows a ow sheet describing the precipitation
method. Zinc acetate (Chempur 99.5 %) was dissolved in
absolute ethanol. Oxide dopant powders were then added to
the solution in proportion of 97.0 mol% ZnO, 0.5 mol% Pr6O11,

2.2. Powder characterization, shaping and
conventional sintering
The crystalline phases were identied by XRD using the
CuKĮ radiation (Philips X’Pert diffractometer). The microstructures were observed by SEM (Zeiss Supra 55), whereas
the nano-sized powder was characterized by TEM. The specic surface area was determined by the BET method based
on the nitrogen adsorption. For the shaping, an organic binder
(Rhodoviol 4 %, Prolabo) was manually added to the powder
and disks (6.4 mm in diameter, 1.3 mm in thickness) were
shaped using a 30.6 kN uniaxial load. A thermo mechanical
analysis (TMA Setaram) was performed in air in order to study
the behaviour of this powder when it is subjected to a thermal
cycle and to determine the optimal sintering temperature.
A dwelling time of 30 minutes at 1450°C was applied with
a heating/cooling ramp of 150°C/h. The sample density was
measured by He-pycnometer (Micromeritics AccuPyc 1330).

a)

b)
Fig. 1. Flowsheet of the synthesis of ZnO based powder by the
liquid route.

Fig. 2. a) Photograph of the ZnO crucible susceptor for microwave
heating; b) The susceptor in the microwave cavity.
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length between the coupling iris and the short circuit piston
(iris and piston delimit the cavity). A zinc oxide susceptor, with
a cylindrical crucible shape, was positioned in the centre of
the cavity with its axis parallel to the electric eld (Figs. 2a and
2b). Using this conguration, one fraction of the microwaves
radiation is absorbed by the sample while the other fraction is
absorbed by the crucible. Owing to the susceptor, the sample
is located in a warm environment (warm wall phenomena)
which allows the thermal radiation from the sample surface
to be signicantly reduced. Therefore, the temperature eld
inside the sample is quite homogeneously distributed. ZnO
was chosen as a material for the crucible in order to avoid
any contamination of the sample by the susceptor. Before
microwave sintering, the rst heating treatment was implemented in a conventional furnace at 400°C for one hour to
remove the organic binder.

2.4. Electrical measurements
Silver paste was coated on both faces of samples and
ohmic contacts were formed by heating at 900°C for one hour.
Electric eld-current density (E-J) response was measured at
room temperature using an I-V source/measure unit (Keithley 237). Different parameters of the varistors were calculated
from the E-J curves when these curves enabled us to do it.
Thus, the breakdown voltage, Eb, was measured at a current
density of 1 mA/cm2. The non-linearity coefcient, Į, was
estimated for the current density range from 0.1 mA/cm2 to
1 mA/cm2 and the leakage current density, JL, was dened as
the current density at 0.5 Eb.

3. Results and discussion
3.1. Liquid route
XRD pattern of the powder obtained by the oxalate
method shows that zinc oxide has been synthesized (Fig. 3).
Pr6O11 phase is also evidenced. Furthermore, the XRD peaks
width is broad which suggests a small grain size.
This assumption was conrmed by the specic surface
area, whose value is 48.9 m²/g. From this value, the particle
diameter is estimated at roughly 20 nm. This calculation is
based on the following relation, suitable for the spherical and
mono-dispersed powder:
6000
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Fig. 3. XRD pattern of the zinc oxide based powder synthesized
by liquid route.
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where d is the grain size (nm), r is the theoretical density
(g/cm3) and S, the specic surface area. This calculated
diameter of 20 nm is in good agreement with the high resolution TEM image (Fig. 4a), which shows nearly spherical
grains with a very narrow granulometric distribution. On the
HRTEM image, the characteristic contrasts of a well crystallized phase are also evidenced. For comparison, the SEM
micrograph of the powder synthesized by the solid state
reaction was also plotted (Fig. 4b). The grains size is much
higher and its distribution as well.

3.2. Conventional and microwaves sintering
In order to get a reference, conventional sintering of
samples synthesized by solid state reaction has been
implemented. The sintering temperature was 1250°C with
a dwelling time of one hour (heating ramp +/- 150°C/hour).
After sintering, the sample density was measured at 5.71 g/cm3.
One can see in Fig. 5a that the grain size is around 4 m,
a value comparable to that obtained by Nahm [2]. The spatial
distribution of the dopants is shown in Fig. 5b . One can see
in it that inter-granular phases are not well dispersed in the
matrix and are more or less agglomerated.
The samples obtained by the liquid way were sintered
in the same conditions. A higher density (5.89 g/cm3) was
measured on it and a lower grain size was observed as
shown on the SEM micrograph (Fig. 5c). A better dispersion of the dopants, localized at grain boundaries, is also
evidenced (Fig. 5d).
Microwave sintering of the samples synthesized by
liquid way was implemented. The appropriate incident
power cycle shown in Fig. 6 was determined by a trial/error
method. The total time cycle was 180 seconds with 3 steps
of 60 seconds each at 100, 150 and 175 W respectively.
The density achieves 5.57 g/cm3. One can see on the SEM
micrographs (Fig. 5e and Fig. 5f) that the grain size was
drastically decreased as compared to the one observed after
the conventional heating treatment. The average grain size is
about 200 nm, thanks to the short time of the heating process.
All the sintered samples were crushed in an agate mortar
and XRD patterns were recorded on it (Fig. 7). First of all, ZnO
is well crystallized whatever the processing route. In the same
manner, LaCrO3 and La2O3 are found as secondary phases in
each sample. Praseodymium oxides, with different oxidation
states, were found in the samples being synthesized by the
liquid route, whereas these phases are not observed on the
conventional synthesized sample. Nevertheless, the most
notable difference among those three XRD patterns is that
the peaks intensities of the secondary phases are lower for
the samples sintered by the microwaves compared to the
others. The very short sintering cycle (less than 5 minutes)
in microwave heating does not allow a complete reaction
between the dopants. In any case, the different behaviors
which have been stressed must be kept in mind when electrical characterizations will be performed.

3.3. Electrical measurements
Fig. 8 shows the J(E) characteristics of different varistors.
For the varistors elaborated by the solid state reaction and
sintered by the conventional process, all the usual param-
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Fig. 4. a) HREM image of the powder synthesized by liquid route; b) SEM micrograph of the powder synthesized by conventional route.

Fig. 5. SEM micrographs of the samples a) and b) synthesized by solid route, c) and d) synthesized by liquid route and sintered in conventional furnace, e) and f) synthesized by liquid route and sintered by microwaves.
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eters have been calculated (Table 1). The values of breakdown voltage (938 V/mm), non-linearity coefcient (12) and
leakage current density (84 A/cm2) for varistors are in good
agreement with those reported in the literature [2]. For the
samples synthesized by the liquid route and sintered either
conventionally or by microwave, it was not possible to reach
a current density of 1 mA/cm², and consequently no varistor
parameters were determined in these cases.

Fig. 6. Incident power versus time cycle for microwave sintering.
Table 1. Microstructure and electrical parameters of the varistors
Synthesis and sintering
U
d
Eb
conditions
[g/cm3] [ m] [V/mm]

D

JL
[ A/cm2]

Solid statesynthesis –
conventional sintering

5.71

5

938

12

84.5

Liquid synthesis –
conventional sintering

5.89

2

>1380

-

-

Liquid synthesis –
microwave sintering

5.57

0.2

>1470

-

-

Nevertheless, it is clearly shown that the breakdown
voltage strongly increases for the samples made of powder
synthesized by the liquid route (Fig. 8). Its value is higher than
1380 V/mm and 1470 V/mm for, respectively, the nano-sized
powder conventionally and microwave sintered. One of the
reasons for this increase is that the grain size has strongly
decreased, especially for the sample sintered by microwave.
Otherwise, it is important to mention that the nature of the
secondary phases is different, depending on the sintering
method used (Fig. 7). As a consequence, the characteristics
of the Schottky barrier formed by these secondary phases
are undoubtedly modied and hence, that it also contributes
to the differences which are observed on the J(E) curves.

Fig. 7. XRD pattern of powder coming from: a) sample synthesized
by solid route, b) sample synthesized by liquid route and sintered
in conventional furnace, c) sample synthesized by liquid route and
sintered by microwaves.

4. Conclusion
A nano-sized zinc oxide based powder was synthesized
by a wet chemical method. A powder with grains having
a nearly spherical shape with a diameter around 20 nm
was obtained. The conventional sintering of this nano-sized
powder does not allow keeping the nano size, whereas microwave sintering enables a dense and very ne microstructure
to be obtained. In that latter case, the dense sample having
an average grains size around 200 nm, has been success-
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Fig. 8. E-J characteristics of the varistors synthesized by solid route
(U), synthesized by liquid route and sintered conventionally ()
and synthesized by liquid route and sintered by microwaves ( ).
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fully sintered. Otherwise, due to the very short thermal cycle
in microwave, the chemical composition of the secondary
phases is modied – the time being too short to complete
the reactions between the dopants. The changes in the
microstructure lead to a drastic modicatio of the electrical
response of the material; in particular, the breakdown voltage
highly increases. The next step of this work is to perform different annealings on microwave sintered materials in a view
of keeping ne microstructure while modifying the secondary
phases composition. The feasibility to tailor both the grains
size and the nature of the inter-granular phases would open
interesting routes for varistors.

[4]
[5]
[6]
[7]
[8]

[9]

Acknowledgements
[10]

The authors would like to thank Mr. Julien Pansiot and Dr.
Renaud Metz for their fruitful discussion, Mr. François-Xavier
Lefèvre for the SEM micrographs and Mr. Jacques Quillard,
Jérôme Lecourt, Stéphane Lejuez and Ms. Alexandra Kennard for the technical support. E. Savary is grateful to the
French Minister of Education and Research for his Ph.D.
fellowship.

[11]
[12]
[13]

References
[14]
[1]
[2]
[3]

Park K., Ko K.Y.: „Effect of TiO2 on high-temperature thermoelectric properties of ZnO”, J. Alloys Comp., 430, (2007),
200–204.
Sahay P.P., Nath R.K.: „Al-doped zinc oxide thin lms for
liquid petroleum gas (LPG) sensors”, Sensors and Actuators
B: Chemical, 133, (2008), 222-227.
Jingxia Z., Lanju X., Tao Z., Guogang R., Zhuo Y.: „In uences
of nanoparticle zinc oxide on acutely isolated rat hippocampal
CA3 pyramidal neurons”, NeuroToxicology, 30, (2009), 220230.

[15]

Nahm C.W.: „Effect of sintering temperature on microstructure
and electrical properties of Zn·Pr·Co·Cr·La oxide-based varistors”, Mater. Lett., 60, (2006), 3394-3397.
Kelleher M.C., Hashmi M.S.J.: „The effect of vibratory milling
on the powder properties of zinc oxide varistors”, J. Mater.
Process. Tech., 201, (2008), 645-650.
Nahm C.W.: „The effect of sintering temperature on varistor
properties of (Pr, Co, Cr, Y, Al)-doped ZnO ceramics”, Mater.
Lett., 62, (2008), 4440-4442.
Ronfard-Haret J.C.: „In uence of the sintering temperature on
the electrical and luminescent properties of Mn-doped ZnO”,
Solid State Ionics, 167, (2004), 355-366.
Yang J., Liu X., Yang L., Wang Y., Zhang Y., Lang J., Gao M.,
Feng, B.: „Effect of annealing temperature on the structure and
optical properties of ZnO nanoparticles”, J. Alloys Comp., 447,
(2009), 632-635.
Chen C.C., Liu P., Lu C.H.: „Synthesis and characterization
of nano-sized ZnO powders by direct precipitation method”,
Chem. Eng. J., 144, (2008), 509-513.
Anas S., Mangalaraja R.V., Poothayal M., Shukla S.K., Ananthakumar S.: „Direct synthesis of varistor-grade doped nanocrystalline ZnO and its densication through a step-sintering
technique”, Acta Mater., 55, (2007), 5792-5801.
Wang Q., Qin Y., Xu G.J., Chen L., Li Y., Duan L., Li Z.X.,
Li Y.L., Cui, P.: „Low-voltage ZnO varistor fabricated by the
solution-coating method”, Ceram. Int., 34, (2008), 1697-1701.
Chu S.Y., Yan T.M., Chen, S.L.: „Analysis of ZnO varistors
prepared by the sol-gel method”, Ceram. Int., 26, (2000),
733-737.
De Sousa V.C., Morelli M.R., Kiminami, R.H.G. : “Combustion
process in the synthesis of ZnO-Bi2O3”, Ceram. Int., 26, (2000),
561-564.
Hwang C.C., Lin C.S., Wang G.P., Peng C.H., Chung S.L.:
„A self-propagating high-temperature synthesis method for
synthesis of zinc oxide powder”, J. Alloys Comp., 467, (2009),
514-523.
Takehana M., Nishino T., Sugawara K., Sugawara T.: „Preparation of zinc oxide varistor by a wet chemical method”, Mater.
Sci. Eng. B, 41, (1996), 186-189.

i
Received 30 March 2010; accepted 5 May 2010

MATERIA£Y CERAMICZNE /CERAMIC MATERIALS/, 62, 3, (2010)

381

