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Abstract: The present study deals with microstructure, electrical properties, water absorption and firing
shrinkage of V O  doped ZnO in the range of 0.1 - 1mol% V O , which fired at temperatures range of 800-12202 5 2 5

 C for different soaking times. Densification of the suggested mixes is deduced from physical properties of0

water absorption and firing shrinkage. A decrease in water absorption was recorded with rise in maturing
temperature and increase in time of soaking but the results of firing shrinkage showed an increase with rise in
temperature and soaking time. The samples are examined by using X-ray diffraction patterns (XRD), scanning
electron microscope (SEM) and DC electrical measurements. XRD data indicate that no secondary phases are
formed, supporting the SEM results.
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INTRODUCTION temperatures (1000°C). This was also observed by

Ceramics based on zinc oxide doped with metal heating rate on the densification of ZnO to powder
oxides are the common materials for varistors. High compacts using samples with the same initial relative
temperature firing is the most important stage in their density (50%). The heating rates used were 0.5, 2.5,10 and
manufacturing. This produces the phases and the 15°C/min. They carried out the tests using a dilatometer
granular structure required which give rise at the grain by heating the sample to 500°C at 160C/min then using
boundaries to potential Marries that are responsible for one of the above heating rates up to 1000°C. They found
the nonlinear electrical behavior. During firing that the higher the heating rate the higher the temperature
densification takes place and the density of the fired at which densification starts. They also noted that the
compact could reach the solid density depending on final densities obtained independent of the heating rate.
several parameters, one of which is the metal oxide Huckabee and Palmour III [4] studied the rate controlled
additives can be one or several of oxides of  Bi, Co Mn, sintering of A1 O  containing 0.1% MgO. They reported
Sb, Ti or Li. Trontelj and Kojar [1]  studied  the  sintering that the conventional standard firing curves does not
of ZnO-based ceramics. They found that the addition of represent an optimum for A1 O  because its earlier
0.5% Li O to ZnO shifts the onset of sintering towards densification rates are excessive which create trapped2

600°C, where the shrinkage starts; and the addition of pores. Non-ohmic behavior of zinc oxide ceramics is
Sb O  to ZnO shifts the onset of sintering to higher achieved by merely doping with either Bi O , or BaO [5-9].2 3

Marshall et al. [2]. Chu et al, [3] studied the effect of

2 3

2 3

2 3
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These dopants will segregate at the grain boundary tuning, the appearance of vibrational modes induced by
during sintering and form an electronic barrier in the grain
boundary region. Thus, the nonlinear current-voltage
characteristics  of  ZnO-based varistors are fundamentally
attributed to the nature of the grain  boundary barrier
layer  between   the  relatively  conductive  ZnO  grains
[10-12].

Recently, it was revealed that  zinc  oxide  having
V O  as the only additive also exhibits non-ohmic2 5

behavior  with  a  varistor  property  similar  to that of
ZnO-Bi O , ceramics. Moreover,  there  is  an  additional2 3

advantage for the ZnO-V O  system in that the ceramics2 5

can be sintered at relatively low temperature, i.e. about
900°C [l3]. The origin  of  their  non-ohmic  behavior lies
in their microstructure, where ZnO grains are three-
dimensionally separated from each other by grain
boundary layers formed by the reactions  of additives
with each other and with ZnO [14]. The  current  voltage
(I -V) characteristics are dependent on the detailed
microstructure of ZnO ceramics [15]. It is generally
accepted that the secondary  phases  are predominantly

-Bi O , Zn Sb O  (spinel) and Zn Bi Sb O  (pyrochlore)2 3 7 2 12 2 3 3 14

although the role of individual additives and  their
reaction products in determining the nonlinear electrical
properties is not  fully  understood [16-18]. In the ZnO-
Bi O  system, antimony oxide is usually added so as to2 3

react with ZnO and Bi O  forming a liquid phase during2 3

the sintering process and playing an important role in
improving the varistor characteristics [19]. Vanadium
oxide doped ZnO system exhibits multifunctional
properties, which makes it an interesting material   for
technological applications. Single phase ZnO-V O2 5

system has been considered as a diluted magnetic
semiconductor (DMS) material, as  ferromagnetism in
DMS is one of the interesting problems of  this  century
in condensed matter physics [20]. Ferromagnetism in
vanadium  doped  ZnO was predicted theoretically by
Sato and Yoshida [21] and very few experimental
researches on V: ZnO powders were reported [22]. 

ZnO-V O  system is interesting  not  only  in  terms2 5

of its room temperature ferromagnetism but also as a
transparent ferromagnetic material [23]. On the other hand,
multi-phase ZnO-V O  exhibits varistors behavior which2 5

is also quite interesting because in all metal oxide doped
ZnO systems, varistor behavior appear due to greater
metal ion but in ZnO-V O  smaller vanadium ion is2 5

responsible [24-28]. For proper understanding of different
features of ZnO-V O  system like the formation of2 5

different phases, arise of ferromagnetic behavior, change
in structure due to vanadium  doping,  optical  band  gap

vanadium doping, etc. a detailed study is required to
cover these aspects. Although magnetic properties of a
vanadium doped ZnO system are recently of interest but
structural, compositional and vibrational characterization
of this material has rarely been reported. With 3d  4s3 2

electron configuration, Vanadium doping is expected to
modify the defective structure and optical properties of
ZnO.

MATERIALS AND METHODS

Reagent grade raw materials were used in
compositions suggested, thus ZnO and V O  chemical2 5

grade oxides were used. Five mixes were suggested to
study the effect of vanadium oxide alone in a binary
system ZnO plus V O  are given in Table 1. Prepared ZnO2 5

was wet ground in a ball for a period of 3 hours to pass
200 mesh sieves. The slurry was dried overnight and used
to fulfill the above-mentioned mixes. The mixes were
weighed in the suggested proportions, wet milled to
ensure through mixing of the different compositions then
dried at 110°C. 

Two discs were used, the first one has 1.2 cm
diameter and 0.2 cm thickness and the  second  disc  has
5 cm diameter and 0.2 cm thickness. These two discs were
processed by a semi-dry press method under 70 KN. Small
specimens were subjected to thermal treatment to select
the proper maturing temperature for each mix. Three discs
were always fired in muffle kiln with a rate of heating of 5
°C /min in the temperature range between 800 -1220° C and
for 2 hours. The sinter- ability of the different samples was
determined in terms of physical properties. The optimum
firing temperature for each mix was deduced from the
determination of the following parameters; firing
shrinkage, apparent porosity, bulk density and water
absorption. The method given is according to the ASTM
standard (C71, C72) [29]. 

The  phase purity of the samples is examined using
X-ray diffract meter with Cu-Ka radiation. Microstructural
characterization of the samples is performed with a
scanning electron microscope) SEM). The DC electrical
measurements at room temperature are performed with an
electrometer (model 6517, Keithley), 5 kV DC power
supply and digital multimeter. High-quality silver paint is
used for electrical contacts. The PM 6304 programmable
automatic RCL meter was used for precise measurements
of resistance, capacitance and inductance. From the
measured values of capacitance, the dielectric constant at
all frequency from 1 to 20 kHz was calculated at constant
temperature.
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Table 1: The mixes chosen for the study

Mix oxides V0 V1 V2 V3 V4 V5

ZnO(mol%) 100 99.9 99.7 99.5 99.3 99
V O (mol%) - 0.1 0.3 0.5 0.7 12 5

RESULTS AND DISCUSSTION

Results of water absorption are shown in Table 2 and
Figure 1. A decrease in water absorption was recorded
with rise in maturing temperature. Minimum water
absorption was displayed in specimens fired at 1220 °C for
2 hours. The content of pores both and open governs the
degree of densification reached at maturity. Minimum
water absorption in sample (V2) equal to 1.029 % which
containing ZnO and 0.668 mol% V O , fired at 1220°C for2 5

2  hours.  Minimum  water absorption was achieved at
1220°C for 2 hours and at sintering temperature above
1250 °C the water absorption of all samples increased.
This increase has been attributed to the increased
intergranular porosity resulting from discontinuous grain
growth [30]. Results of firing shrinkage as a function of
temperature of different mixes are given in Table 3 and
also graphically plotted in Figure 2 showed an increase
with rise in temperature. Maximum values of firing
shrinkage were attained in specimens fired at 1220 °C for
2 hours. X-ray diffraction analysis of sintered sample
reveals to the lattice constants of phase was change after
sintering. Lattice constant of each sample were changed
in different extents depending on the varistor
composition. The XRD patterns of different mix namely
V°, V1, V2, V3, V4 and V5 Present in Figure 3. It is evident
that the main peaks present correspond to the
contributing oxides namely ZnO and V O . Also, in these2 5

patterns, ZnO can be detected by the diffraction peak at
about 2 = 31.859 (d = 2.47°A), 2  = 34.529 (d = 2.5954
°A), 2  =36.343 (d = 2.47 °A), 2  = 47.66 (d = 1.9056 °A),
2  = 56.687 (d = 1.62253 °A), 2  = 62.984 (d = 1.4746 °A),
2  = 68.049 (d = 1.3766 °A), 2  = 66.482 (d = 1.40525 °A),
2  = 77.05 (d = 1.2367 °A).

The addition of V O  decreases the crystal size of2 5

ZnO and exerted no significant trend on the change of
degree of crystal. There is a shift in the values of 2  and
as a result in the calculated values for lattice spacing of
ZnO with addition of V O  maximum shift of (0.02-05 °A)2 5

was  recorded   in   mix   containing   0.3   Wt%     V O .2 5

The Zn (VO )  is formed when ZnO- V O  system is3 4 2 2 5

sintered at high temperature and that acts as liquid phase
sintering aid. The revealed phases are identical to those
in the binary ZnO-V O  system. The SEM of standard V°2 5

present  in  Figure  4  shows  ZnO  grains of  various   size

Fig. 1: Water absorption of different mixes

Fig. 2:  Firing shrinkage % of different mixes

Fig. 3: XRD patterns of different mixes.

2 and 5  µm. Submicron process occur at triple points at
grain corners, which ZnO-ZnO grain junctions are devoid
of them, Figure 5. ZnO and V O , showed a homogeneous2 5

primary particle size of 2-5 µm, ZnO grains dissolution of
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Table 2: Water absorption of different mixes
Temperature°C
/Sample 800 900 1000 1100 1220
V0 4.033 3.044 2.261 1.5341 1.232
V1 3.0072 2.1231 1.9341 1.6291 1.423
V2 2.29 2.0729 1.8381 1.5931 1.029
V3 4.697 3.9804 3.352 2.393 1.5601
V4 4.803 3.964 3.556 2.556 2.197
V5 4.229 3.702 3.0522 2.4072 2.035

Table 3: Firing shrinkage of different mixes
Sample /
Temperature °C V V V V V V0 1 2 3 4 5

800 21.0526 23.6842 21.0526 23.6842 26.3158 28.9473
900 21.0526 23.6842 23.6842 26.3158 28.9473 28.9473
1000 23.6842 26.3158 23.6842 26.3158 28.9473 31.5789
1100 23.6842 28.9473 26.3158 28.9473 31.5789 31.5789
1220 23.6842 28.9473 26.3158 28.9473 31.5789 31.5789

Fig. 4: SEM of mix V , thermally etched surface X=30000

Fig. 5: SEM of V , thermally etched, fired at 1000 °C1

showed two phase grains agglomerates of various
size X=3000.

Fig. 6: SEM of V2, thermally etched showed two phase
ZnO grain and intergranular phase X=3000

Fig. 7: SEM of V3, thermally etched, general view X=3000

Fig. 8. I-V Characteristics of different mixes.

V O   between  ZnO grains as shown in Figures 6 & 7. The2 5

binary system (ZnO-V O ) showed exaggerated ZnO grain2 5

growth,  which  previously  studies have also reported
[31-33]. The microstructural observations are consistent
with the reported liquid-phase sintering mechanism for
ZnO varistors containing V O  [31, 32,]. ZnO has an2 5

eutectic reaction with Zn (VO ) at ~890°C  [30]  and  for3 4 2

sintering at > 900 °C it has been suggested that liquid
phase of Zn (VO )  will  enhance  densification by3 4 2

solution   and re-precipitation of ZnO. In all our
specimens, the microstructure  consisted  of ZnO grain
surrounded by a V-rich phase of Zn (VO )  indicative of3 4 2

liquid-phase sintering Zn (VO )  grains are usually3 4 2

embedded in ZnO grain or occurring at triple and multiple
grain junctions and the observation is consistent with
previous studies [32, 33]. A liquid phase sintering process
might occur when the sintering temperature was higher
than eutectic temperature, leading to the densification of
the sintered body and the ZnO grains growth.
Consequently, the samples were all composed of compact
ZnO grains and the average grain size of ZnO -V O2 5

increased up to 5µm. 
The  (I-V)  characteristics  were  measured  between

0 - 5 KV and current between 0 -10 mA. The effect of V O2 5

is demonstrated in different mixes in Figure 8. All mixes
exhibit non-ohomic relation. The curves show the
conduction  characteristics  divide  into  two regions: an
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Fig. 9: AC Dielectric constant as function frequency at
room temperature of different mixes.

Fig. 10: Resistivity as a function of frequency for
different mixes.

ohmic region before breakdown and a non-ohmic region
after breakdown. The sharper the knee of the curves
between the two regions, the better the nonohmic
properties. In the binary system, samples V0, V1, V3, as
shown in Figure 9, increasing the concentration of V O2 5

leads to a gradual decrease of capacitance and
consequently in dielectric constant as a function of
frequency.

Low and high additions of mol % V O  showed more2 5

or less a constant dielectric value in the range of
experimental frequency. The results of resistivity as a
function of frequency of different, namely V0, V1, V2, V3,
V4 and V5, containing ZnO and 0.223, 0.668, 1.11, 1.55 and
2.207 mol% V O , respectively are also graphically2 5

represented  as   a  function  of  frequency  in  Fig.  10.
The results show that the resistivity decreases with
increasing frequency for all specimens. It can be deduced
that the addition of V O  alone render ZnO conducting.2 5

Mix V0 showed a resistivity of 1.1192 at 20 kHz  while
other mixes, the values are ranged between 2.09 to 2.447.
The relation between conductivity and frequency for
different mixes of different groups increased with
increasing frequency at room temperature. This may be
attributed  to  the  increase  in  the  number  of    dipoles.

The increase  of  frequency  raised  the  conductivity
because it  increases  ionic response to the field again this
is related to intergranular material at the field again this is
related to intergranular material at any particular
temperature. This effect is associated to polarization
currents arising from trapping states of various kinds and
densities. The increase in frequency raised the
conductivity as a result of the increase in ionic response
to the field again this is related to inter-granular material.
Pure ZnO is an insulating semiconductor while sintered
ZnO is reasonably conducting. This conductivity
probably drives from shallow donor levels in the ZnO
associated with oxygen vacancies created in the ~ 1200 °C
sintering process. 

CONCLUSION

Minimum water absorption was displayed in
specimens fired at 1200 °C for 2 hours. The content of
pores both and open governs the degree of densification
reached at maturity. Minimum water absorption does not
mean maximum densification. Also the content of closed
pores affect to a greater extent the sinter ability of the
varistor body produced. The (I-V) characteristics of
different mixes show clearly non-linear behavior. The
characteristic curves of different groups are greatly
divided into two regions, that is pre breakdown at low
voltage region and an off-state and non-linear properties
as an on-state high voltage region, the sharper the knee
of the curves between the two regions, the better the non-
linearity. In the binary system, the increase of
concentration of V O  leads to a gradual decrease of2 5

capacitance and consequently in dielectric constant as a
function of frequency. Low and high additions of mol %
V O  showed more or less a constant dielectric value in2 5

the range of experimental frequency. The addition of V O2 5

alone render ZnO conducting. The SEM of standard ZnO
shows ZnO grains of various size 2 and 5 µm. Submicron
pores occur at triple points at grain corners, which ZnO-
ZnO grain junctions are devoid of them. The binary
system (ZnO-V O ) showed exaggerated ZnO grain2 5

growth. A liquid phase sintering process might occur
when the sintering temperature was higher than eutectic
temperature, leading to the densification of the sintered
body and the ZnO grains growth.
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