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The grain growth kinetics in the 1, 2, 3 and 4 wt.% SrO doped ZnO was studied using the simplified phenomenological grain

growth kinetics equation G" -

i =K, t exp(-Q/RT) together with microstructure properties and densification of the sintered

samples. The grain growth exponent values (n) were found to be 5 for 1, 2, 3 and 4 wt.% SrO doped ZnO. The apparent acti-
vation energies for 1, 2, 3 and 4 wt.% SrO doped ZnO were found 780 kJ/mol, 709 kJ/mol, 764 kJ/mol and 744 kJ/mol, respec-
tively. The apparent activation energy was increased with doping of SrO because of ZnSrO, phase at the grain boundaries.
This ZnSrO, phase inhibited the grain growth of ZnO. But the increasing SrO level had no effect on the grain growth. Also,
the increasing of SrO resulted in a slight reduction in densification at all temperatures.

INTRODUCTION

ZnO-based materials have been developed for va-
rious technological applications, such as varistors, gas
sensors, and optoelectronic devices, due to their electri-
cal and optical properties [1]. A typical ZnO based
varistor is a very complex chemical system and contains
several dopants, such as Bi, Sb, Mn, Cr, Co, Ti and Al
[2].

The electrical properties of ZnO varistors directly
dependent on the composition and microstructural char-
acteristics, such as grain size, density, morphology and
the distribution of second phases. Many studies have
been conducted on the sintering of several doped ZnO
systems, such as Bi,Os;-doped ZnO [3,4], Sb,O;-doped
ZnO [5], Al,O0s-doped ZnO [1], PbO-doped ZnO [6],
CuO-doped ZnO [7]. Among the numerous work pub-
lished on the subject, Senda and Bradt[3], presented the
most detailed study covering the grain growth kinetics
in ZnO ceramics containing up to 4 wt.% B1,0;. In their
work, Senda and Bradt [3] used simplified grain growth
kinetics equation

G'=ktexp(-Q/RT) )

where G is the average grain size at time ¢, n is the
kinetic grain growth exponent value, k is a constant, O
is the apparent activation energy, R is the gas constant
and T is the absolute temperature. Using this equation,
Senda and Bradt have calculated the grain growth expo-
nent value (n) as 3 and apparent activation energy (Q) as
224 16 kJ/mol in the sintering of the pure ZnO system.

The additions of MnO [8] and CoO [9] to the
Zn0-6 wt.% Bi,0; system, the addition of MnO [10] to

the ZnO-6 wt.% Sb,0; system and the addition of PbO
[6], CuO [7] and SiO, [11] to ZnO were studied by our
group and the present work is the continuation of the
previous works in the grain growth kinetics of ZnO
varistors. The aim of the present work is also to study
the effect of SrO addition on microstructure and the sin-
tering behaviour of ZnO.

EXPERIMENTAL

High purity ZnO (99.7 % Metal Bilesikleri A.S.,
Gebze, Turkey) and SrCO; powders (pure grade) were
used in preparation of four basic compositions; ZnO
containing 1, 2, 3 and 4 wt.% SrO. ZnO powders
revealed a needle like fine crystal c. 0.5 pum in width
and c. 0.5-2 um in length. The calculated amounts of
oxides for the indicated compositions were ball milled
in ashless rubber lined ceramic jars for 6 h using zirco-
nia balls and distilled water as the milling media. After
drying, the mixture were granulated in moist conditions
and then semi-dry pressed at 100 MPa to prepared spec-
imens at 10 mm diameter and 8 mm thick. The speci-
mens were sintered at 1000, 1100, 1200 and 1300°C for
1, 3, 5 and 10 h using a heating rate of 5 PC/min. and
were naturally cooled in a PID controlled furnace.

The bulk densities of the samples were calculated
from their weights and dimensions. Characterizations of
the phases in the sintered specimens were carried out by
X-ray diffraction using CuK,, radiation. For the micro-
structural observations, both scanning electron micro-
scopy (SEM) of the fracture surfaces and optical micro-
scopy of polished and HCI etched surfaces were used.
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Grain size measurements were carried out on the micro-
graphs of the etched samples using the following equa-
tion,

G=1561L )

where G is the average grain size, L is the average grain
boundary intercept length of four random lines on two
different micrographs of each sample[12].
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Figure 1. The backscattered electron images and EDS of the

4 wt.% SrO-doping ZnO sample sintered at 1300°C for 5 hours;
a) ZnO phase, b) ZnSrO, phase.

RESULTS AND DISCUSSION

Physical properties of the sintered samples

It is determined the presence of ZnO (ASTM Card
No: 5-0664) and SrCO; (ASTM Card No: 5-418) pha-
ses by using the X-ray powder diffraction of SrO-added
all samples sintered only at 1000°C for different periods
of time. According to equation (3), SrCO; decomposed
at about 1000°C. SrCO; phase is determined by X-ray
diffraction in all compositions sintered at 1000°C due to
uncompleted decomposition reaction of SrCO;.

SrO; — StO + CO, T (3)

At the higher sintering temperatures, the X-ray
powder diffraction study in the samples showed the
presence of ZnO and ZnSrO, (ASTM Card No: 74-0134
or 72-0533). The backscattered electron images and
energy dispersive x-ray spectrometer (EDS) of the
4 wt.% SrO-added ZnO samples sintered at 1300°C for
5 h are given in figure 1. The micrograph clearly shows
the ZnSrO, phase as bright region between the ZnO
grains. Watari and Bradt [13], have reported such a
study in alkali oxide added ZnO system. It may be
expected that the ions such as Li" (0.078 nm) and
Na' (0.098 nm), which are very similar in size to Zn*
(0.071 nm), may experience significant solid solubility
on the Zn* lattice site within the ZnO wurtzite struc-
ture. However, the ions larger than Zn*" ion like K*
(0,133 nm) and Sr** (0.110 nm), will be considerably
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Figure 2. The effects of SrO on densification of the samples at
different sintering temperatures for 1 hour.
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Figure 3. SEM micrographs of the fracture surfaces of the samples with 1, 2, 3 and 4 wt.% SrO doping sintered at 1000°C/1 h
(a, c, e, g) and 1300°C/1 h (b, d, f, h).

Ceramics — Silikaty 50 (4) 225-231 (2006) 227



Giintiirkiin K., Toplan H. 0.

SR N e : Q

TUBITAK SEI 20.0kV  X1,500 10um WD 14.9mm

Figure 3. continue.

30

25 1
send and Bradt (3)

20 1
1300°C-1h

15 1

1200°C-1h

—» grain size (um)

0 T T T T
0 1 2 3 4 5

—>  SrO (wt.%)

Figure 4. The relationship between the average grain size and
the level of SrO-doping for the samples sintered at 1200°C and
1300°C for 1 hour.

Table 1. Calculated grain growth exponent (n), apparent acti-
vation energy (Q) and preexponential constant (K,) values
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less soluble within ZnO wurtzite structure and may be
preferably segregated to the ZnO grain boundaries.
Therefore, SrO formed ZnSrO, phase with ZnO and
segregated to the ZnO grain boundaries.

The effects of SrO on densification of the samples
is given in figure 2. Similarly, the SEM micrographs of
the fracture surfaced of samples with 1, 2, 3 and 4 wt.%
SrO content sintered at 1000°C and 1300°C for 1 h
were compared in figure 3a-h. The sintering at 1000°C
for 1 h did not show any significant effect on the densi-
fication. The sinterings at this temperature resulted in a
porous and fine (< 1 um) crystalline microstructure. The
highest densifications are obtained at high sintering
temperatures and high sintering times. The addition of
SrO results in a slight reduction in the bulk densities of
the samples at all temperatures. The reduction mainly
arises from the differences between the densities of ZnO
(5.68 g/cm’) and SrO (5.1 g/em’).

Grain growth kinetics

The relationship between the average grain size and
the level of SrO-doping for samples sintered at 1200
and 1300°C for 1 h is given in figure 4. As seen from
this figure, the average grain size of undoped ZnO is
about 17.5 um at 1200°C for 1 h sintering and about
20 um at 1300°C for 1 h [3]. The average grain size of
ZnO decreases sharply with the SrO additions at the
both sintering temperatures. The grain growth of ZnO is
occurred with the solid-state diffusion of Zn*" cations.
The solid-state diffusion of Zn*" cations is strongly
inhibited by the formation of ZnSrO, phase in the grain
boundaries at the both sintering temperatures. However
the increased SrO additions have no any significant
effect on the grain growth of ZnO, as it is seen from the
micrographs given in figure 3a-h.

SrO content n values used log K, 0
(wt.%) in Arrhenius plots (kJ/mol)
1 =5 30.26 780
2 =5 29.68 709
3 =5 31.85 764
4 =5 31.35 744
228
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The grain growth kinetics can be determined using
the simplified phenomenological kinetics (equation
(1)). The grain growth exponent value (#) in the equa-
tion can be found at isothermal conditions where the
kinetic equation is expressed in the form of

nlog G = log t + [log K, - 0.434 (O/R T)] )
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The n value can be calculated from the slope of the
log (grain size) versus log (time) line plot which is
equal to (1/n). Such plots were made for isothermal con-
ditions employed at the sintering temperatures and the
(n) values were calculated from the slopes of the plots
constructed by the linear regression method. Figure
5a-d depicts the log G vs log ¢ plots for different SrO
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Figure 5. Isothermal grain growth of ZnO with doping (a) 1 (b) 2 (¢) 3 and (d) 4 wt.% SrO at different sintered temperatures.
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contents at the 1100, 1200 and 1300°C temperatures and
the calculated (n) values are listed in table 1. Similar
plots could not be constructed for isothermal sintering
at 1000°C, since the samples had a fine crystalline size
(£ 1 um) and a very porous microstructure, which gave
rise to a large amount of grain pull-outs in the sample
polishing process for optical microscopy.

Some researchers [3-5] have reported the n values
for ZnO and Zn0O-2.38 wt.% Sb,0; system as 3 and 6,
respectively. They also pointed out that n value in a sys-
tem indicated a grain growth inhibition mechanism. The
n values for grain growth of the ZnO- 1, 2, 3 and 4 wt.%
SrO system studied in this work were found to be 5.
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Figure 6. Arrhenius plots for the grain growth of ZnO with doping (a) 1 (b) 2 (c) 3 and (d) 4 wt.% SrO.
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Densification and grain growth of SrO-doped ZnO

If equation (1) is expressed in the form of
log(G"/t) = [log K, - 0.434 (QO/R T)] 5)

the apparent activation energy Q of a grain growth
process can be calculated from the gradient of the
Arrhenius plot of log(G"/f) vs 1/T (K"). Such plots for
the studied system are given in figure 6a-d. Table 1 also
listed the n values accepted in the construction of these
plots along with the calculated values of the logarithm
of rate constants and the apparent activation energies.
The numerous studies out on the grain growth kinetics
of ZnO have revealed that the rate controlling mecha-
nism is the solid-state diffusion of Zn** cations. The
apparent activation energy for this process is about
225 kJ/mol. As indicated in table 1, an increasing
sharply in the apparent activation energy to values of
780, 709, 764 and 744 kJ/mol was found for 1, 2, 3 and
4 wt.% SrO added system, respectively.

The grain growths of several doped ZnO systems
have been previously investigated. The same increase of
the apparent activation energy and retardation of ZnO
grain growth are observed in the Sb,0s;-doped ZnO (Q =
= =600 kJ/mol) [5], K,O-doped ZnO (Q = =560 kJ/mol)
[13], Na,0O-doped ZnO (Q = =310 kJ/mol) [13], ALO;-
-doped ZnO (Q = =400 kJ/mol) [1] and SiO,-doped ZnO
(Q = =900 kJ/mol) [11] systems. Watari and Bradt [13]
reported that metal oxide additions inhibit the grain
growth of ZnO by two different mechanisms; (1) the
reduction of Zn" diffusion in the ZnO wurtzite structure
by the reduction of the number of lattice cation vacancy
sites and the occupation of interstitial sites, and (2) the
reduction of the ZnO grain boundary mobility by segre-
gation of the second phases like Zn,Sb,0,,, ZnAl,O, and
Zn,Si10, to grain boundaries. It is suggested that SrO
dominates through the second mechanism. Since the
microstructural and phase analysis of SrO containing
ZnO ceramics indicates the presence of the ZnSrO,
phase as distinct crystals at the grain boundaries, inhibi-
tion of the ZnO grain growth must be considered to be
related to presence of those second phase grains. The
type of grain growth inhibition has been previously
reported for other ZnO systems such as ZnO-Sb,0O;
(Zn;Sb,01,) [5], ZnO-AlLO; (ZnALO,) [1], ZnO-SiO,
(Zn,Si0y) [11].

CONCLUSION

The effect of SrO additions of 1-4 wt.% on sinter-
ing behaviour and grain growth mechanism of ZnO
were studied. The highest densifications were obtained
at high sintering temperatures and high sintering times.
Also the increasing addition of SrO resulted in a slight
reduction in densification at all temperatures.

The apparent activation energy of 225 kJ/mol was
reported for the undoped ZnO in literature. A sharply
increasing in the apperant activation energy to a value
of 780 kJ/mol, 709 kJ/mol, 764 kJ/mol and 744 kJ/mol

was found for 1, 2, 3 and 4 wt.% SrO added system,
respectively. The addition of SrO inhibited strongly the
grain growth of ZnO. When SrO is added to ZnO,
ZnSrO, phase particles form at the grain boundaries. It
appears to be dominated by a grain boundary particles
drag mechanism that is related to the formation of sec-
ond phase ZnSrO, particles. But the increasing SrO le-
vels to ZnO have no effect on the grain growth of ZnO
and the apparent activation energies.
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ZHUTNOVANI A RUST ZRNA ZnO
LEGOVANEHO POMOCI SrO

KAAN GUNTURKUN, H. OZKAN TOPLAN

Sakarya University, Metallurgy and Materials Engineering,
Sakarya, Turkey

Byla studovana kinetika ristu zrna v 1, 2, 3 a 4 hmotnos-
tnich ZnO legovaného pomoci SrO pomoci zjednodusené feno-
menologické rovnice kinetiky rustu zrna G* - G§ = K, ¢ -exp
(-Q/R-T) spole¢né s mikrostrukturalnimi vlastnostmi a zhutio-
vanim slinovanych vzorki. Byly nalezeny hodnoty exponentu
rustu zrna (n) - hodnota 5 pro 1, 2, 3 a 4 % hmotnostnich ZnO
legovaného pomoci SrO,. Zdanliva energie aktivace pro 1, 2, 3
a 4 % hmotnostnich ZnO legovaného pomoci SrO byla zjiSténa
na hodnoté 780 kJ/mol, 709 kJ/mol, 764 kJ/mol a 744 kJ/mol.
Zdanliva energie aktivace byla zvySena legovanim pomoci SrO
v disledku faze ZnSrO, na hranicich zrna. Tato faze ZnSrO,
zabranovala ristu zrna ZnO. Zvyseni urovné SrO vSak nemélo
zadny ucinek na rist zrna. Zvyseni SrO vedlo k redukci zhut-
néni pfi vsech teplotach.
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