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Abstract

In the present study the effect of preparation @@ on microstructure and electrical
properties of MgTi@ ceramics was investigated. Mixture of MgO and Jpowders was subjected
to mechanical activation for different time periodsvo types of sintering (two-step and HIP
sintering) were performed on green bodies prepémsedold isostatic pressing. AC impedance
spectroscopy in the low-frequency range (from 20tdz 1 MHz), at room and elevated
temperatures, were performed in order to sepa@t&ibution of grains and grain boundaries to
capacitance, resistance and conductivity of magnesitanate ceramics. The special attention was
directed to explanation of the influence of mechahactivation on electrical and morphological
changes in sintered samples. The significant deereé partial oxygen pressure in HP sintering
atmosphere caused the change from insulating bathavMgTiO; samples after two-step sintering
to semiconducting one.

Keywords. mechanical activation, AC impedance analysis, Stishate-based ceramics.
1. Introduction

In the MgO-TiQ binary system, a few compounds could be foundediéimg mainly on the
molar ratio of starting oxides. Two of them, Mgti@nd MgTiO,4, are stable and formed by a
solid-state reactiofl]. Beside these two compounds, metastable M@Tphase is often present
during MgTiG; formation by many synthesis methd@s.

In last few decades, the improvement in microwatedtric materials is very important
due to rapid development of modern communicationces, such as cellular telephones, antennas,
and global positioning systeni8, 4. MgTiOs is a material often used in fabrication of difiere
type of resonators and capacitors, so enhancerhémsanaterial is still in focus of many research
groups.

It is well known that preparation conditions infliee significantly the final structure and
electrical properties of ceramic materials. Impattachievement is to obtain ceramic with nearly
full density and fine grains with homogenous dition [5]. The mechanical activation, as
pretreatment for shaping and sintering processyisry convenient way of powder preparation with
uniform particle size distribution. Processes saglincrease in the number of contacts and massive
necks formation occur during early stage of singeriThe neck growth is controlled by numerous
diffusion mechanisms with rates determined by tbltflux of atoms coming to the neck,
suggesting that dominant processes occurs at dgpaumdaries[6]. Similarly, many functional
properties of ceramics also reflect the importasicgrain boundaries. From that point of view, the
electrical properties must be measured using A@nigaes, so that the effects of grains and grain
boundaries can be assessed separately. Furtheriisr&nown that sintering conditions, such as
temperature and atmosphere, could drastically ahasegctrical properties, including transition

from insulating to semiconducting behavior forrgite based materidlg].
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In this paper, the influence of mechanical actwatalong with sintering conditions on
electrical properties of sintered MgT@lectroceramic was reported. The impedance asalyas
used to determine contribution of grains and gragundaries to capacitance, resistance and
conductivity of magnesium titanate based ceranti@s/ing in mind that there are no attempts of
this kind of investigation for two-step and HIPteired mechanically activated magnesium titanate
ceramic, the obtained results are of wide intesgséntific and practical, as well.

2. Experimental procedure

In these experiments, commercial MgO and ;Tpgowders (Sigma—Aldrich, purity 99 %)
were used, as initial reagents. Magnesium oxidéciwhsually contains Mg(OH)was calcined at
700°C for 2 h to remove hydroxide component, in ordeathieve as accurate stoichiometry. The
powder mixtures, in molar ratio 1:1, were ball mallin Fritsch Pulverisette 5 equipment, with ZrO
balls and vessels. The performed mass ratio oftbgdbwder was 40:1 and duration of mechanical
treatment was varied from 0 to 160 min. Obtainedqers mixtures were pressed in cylindrical
specimens with applied isostatic pressure of 30@.MP

Pressed samples were subjected to sintering protlesdirst set of specimens was two-step
sintered with the following regime: heating up t800°C with heating rate 18C/min, dwell for
30 minutes and cooling down with applied rat¥C#min, and then re-sintered up to 12@with
heating rate 20C/min, dwell for 20 h and cooling rate 30/min. The two-step sintered samples
were denoted as MT0-MT160, according to activatiome.

The second experiment was obtained by applying cogn&intering technique. In the first
step, mechanically activated and pressed specimens heated up to 140C with heating rate
10 °C/min, hold for 30 min and after that, cooled dotwrroom temperature. Only samples which
achieved closed porosity were post-sintered byspresassisted technique Hot Isostatic Pressing
(HIP) at 1200C for 2 h in an argon atmosphere with pressure @ MPa (ABRA Shirp,
Switzerland). The HIP sintered samples were denate#i|P10-HIP160, according to activation
time.

Electrical characteristics were measured using ehgil4284A precision LCR meter in
frequency range from 20 Hz to 1 MHz. The variatiohglectrical properties with temperature were
measured in temperature interval from 20 to 480The samples were heated in temperature
chamber Heraeus HEP2, which is fully automatedorRo electrical measurements, silver paste
was applied on flat surfaces of specimens.

3. Results and discussion

Fig. 1 presents the influence of mechanical adgbmabn morphological changes of MT
samples. Sintered process was performed in an taiosphere, as it was described in the
experimental part. For non-activated samples, tam rcharacteristic is high level of open porosity,
initially formation of contact necks, which is ardication of early sintering stage.

Fig. 1. Scanning electron micrographs of MT samples: apMj) MT10,
c) MT40, d) MT80, and e) MT160.

The exposure to high mechanical energy during mgjljprocess leads to irreversible plastic
deformation of the initial material and attritiori powder particles. A change in the size and
structure of the particles during mechanical atiivacauses instability of treated powders, which
is reflected in the changed sinterability of samplathin the applied sintering regime, and finally
in changes of their final structuf8]. Therefore, samples MT10 and MT40 exhibit sigmifitty
lower level of open porosity, more compact strugtubut with grains which retained their
individuality ( Fig.1b and c). This is a characséid of intermediate sintering stage. Prolonged
milling process, as sintering pretreatment, lead$otmation of more uniform microstructure of
starting powders, as described eafir This induced uniform grain distribution, spheipation
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of some pores and also strengthened grain bousdanel fractures through grains. All mentioned
changes in morphology are characteristic of thesiteon between the intermediate stage and the
final sintering stage. Furthermore, the abnormaihggeowth was avoided, the main goal of two-
step sintering method, indicating an appropriatecsien of sintering conditions.
Fig. 2. Scanning electron micrographs of HIP samples:IR}LB, b) HIP40,
c¢) HIP80, and d) HIP160.

Hot Isostatic Pressing is a useful method to predcempact and dense materials with
densities near to theoretical values. Usually @pipdiintering temperature is significantly lowerrtha
in the case of pressure-less sintering technif@jedt is very important to emphasize that in case of
capsule-free HIP the pre-sintering step is needeshsure closed porosity within samples. In case
of samples with pores that are not all closed, $ifffering will not be effectivgl(]. It is the reason
why non-activated sample not HIPed because it basachieved closed porosity in pressure-less
sintering regime. Micrographs of samples HIP10 Hi4O0, presented in fig. 2a and b, indicate the
presence of spiral-like growth features. For thgetof crystal growth, each grain or column grows
by molecules accumulation to a spirally expandengp on the grain surface in the classical curved
growth mechanism. Such obtained screw dislocatraticreate steps in the surface, avoiding the
inevitability for 2D nucleatiorj11]. Possible mechanism for forming screw dislocatimas/ refer
to incoherent meeting of two growth fronts, cor@sging to MgO and Ti@ components, which
develop sufficiently and meet each other over atieeagrown structure. Higher level of lattice
disorder and concentration of defects was notigeddeful investigation of Raman spectra for HIP
samples, especially HIP10 and HIP40 samples, ghddigreviously8]. For samples HIP80 and
HIP160, fig. 2c and d, the main characteristic rigirg growth along with fractures through grains
and negligible content of spherical pores. Redupadicle size before HIP sintering significantly
increased densification raf@]. More uniform particle distribution with smallerajns observed in
the powders activated for 80 and 160 nprgduced much higher densities and much compact
structure than those of the powders activatedtorter timed8].

The complex impedance technique is a very convemegthod for detail study of the
electrical response of sintered ceramics in widgudency range. This method could be successfully
applied to separate the contribution of electrigadperties due to the bulk and grain boundary
response. So, the effects of mechanical activatsowell as sintering regime on electrical propsrtie
of magnesium titanate at different temperaturesfeagiencies are considered.

From diagrams in the Z* (fig. 3a) and Y* (fig. 3bpmplex planes (Z* and Y* denote

electrical impedance and admittance respectivelgpmplex form, whereY™ = (Z*)_l), it could be

concluded that HIP samples have significantly lowesistance than the two-step sintered MT
samples. It has been observed at both room tenuperand higher temperatures. Namely, the
response of MT and HIP samples for any selecteg¢esmture cannot be seen on the same diagram,
due to the large differences in the size rank$efresistance of these samples. Therefore, only the
curve corresponding to one or other sample group @VHIP) could be seen (figs. 3a and b). For
example, the MT sample response is clearly vigibilae Z* plane, while semicircles derived from
HIP samples are well-defined in the Y* plane. Besgaaf these significant differences between MT
and HIP samples, they will be considered separatelye majority of the following diagrams.

At room temperature it was impossible to estimb&edverall resistance of the MT samples
and the individual contribution of the grain aneé tjrain boundaries, from the Z* and Y* complex
planes in the frequency range from 0.2 kHz to 1 Mstzthe main observation will be directed to
highest applied temperature.

Figure 3. Plots in. a) Z* plane (Nyquist plots) and b) Y*apk, for all sintered samples.

In Z* plane in fig. 3a, only the vertical lines thaorrespond to the beginning of the
semicircles associated to grain response for @iffeMT patterns was noticed. In accordance with
this is the fact that in the diagram @f'= f (v) there are no peaks detected for MT samples (fig.

4a). So, in the applied frequency range, neithertthal resistance for this set of samples nor the
contribution of the grain and the grain boundatm®shis resistance can be accurately estimated.
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From diagramsr'= f(v) it can only be assessed that the total resistainiteese samples are of the

order of 10 ®, even at 186C, as seen in fig. 4b. This is in a good agreemetit results
published for magnesium titanate ceramics by o#tughors[12, 13. The estimation was done in
accordance with the basic impedance formalism, nasgu that the electrical properties of the
sample may be represented by a corresponding eeuiveircuit composed of two circuits that
simulate the impedance contribution of grains aodtribution of grain boundaries, respectively
[14].

Figure 4. Frequency dependence of: a) imaginary part ofctreplex impedance, b) real
part of the complex admittance, at 185 for two step sintered samples (MTO-MT160).

The analysis of data in M* complex plane (fig. Where M* is complex electric modulus,
has shown that the MT capacitance values are nmetties order of magnitude than for the HIP
samples. Although the figure shows the both spextidlP and MT samples, the former can not be
seen because of the large differences in the dapaei order of magnitude for these groups of
samples. Total capacitance of the MT samples has bstimated from the M* plane, not just at
highest temperature, but also at room temperature.

Figureb5. Plots in M* plane for MT and HIP samples at: ap 8 and b) 36C

From data presented in figs. 6a and b, a pronoudeerkase of capacitance with increasing
temperature can be noticed for the activated MTpdasn particularly for the activation time of
40 min. For longer activated samples, the menticeféett is less pronounced. It is also detected
that a capacitance decreases for the first 40 factovation, than follows further increase uplte t
activation time of 100 min and finally manifestsctieing tendency again.

Figure 6. a) Plots in M* plane for MT samples at 18D and 30°C, and b) the capacitance
of MT samples at 38C and 180C vs. activation time.

Considering that the resistance of HIP patternsiush smaller than for MT samples, the
value of the former could be assessed on the basspedance formalism in applied temperature
and frequency range. It can be concluded from ithe7a that the observed HIP semicircles in Z*
plane arise from the superposition of grains araingboundaries resistance contribution. This can
be inferred primarily from the asymmetry of senul@s assigned to samples HIP10 and HIP40.
The asymmetry originates from the contribution loé tgrain resistance in the range of higher
frequencies. Within increase of activation timenird0 to 40 min, diameter of the semicircle in Z*
plane decreases, while with prolonged activationaves towards higher values (fig. 7a), implying
the analogue change of total resistance. All seoles in the Z* plane are lowered, which is caused
by non-Debye type of relaxation, which is commorpatycrystalline samples due to the presence
of porosity, defects on the grain boundaries, t&sible presence of different phases, occurrence of
a liquid phase, different types of grain boundaaed various types of pores, ¢iel].

Figure 7. a) Plots in Z* plane (Nyquist plots) and b) fregay dependence of imaginary
part of electrical impedance, for HIP sintered saspt 180C.

Mechanical activation has influenced the shift tbé frequency corresponding to the
maximum of the observed semicircles, towards lowalues. This effect could be perceived
through the displacement of the maximum of funcddrs f (v ), in fig. 7b.

From extrapolation of the semicircles in the compidanes of electrical impedance and
admittance, to their intersection with the abscifiggs. 7a and 8a), total resistance of HIP samples
has been calculated, as well as partial contributograin and grain boundaries resistance, at the
highest applied temperature of 180 Assessment of the total resistance is alsoechaiit at room
temperature, based on the cross section of thapotated semi-circular to the abscissa at the
lowest frequencies range in Y* plane (fig. 8b).

Figure 8. Plots in Y* plane for HIP sinteresamples at: a) 188C and b) 30C. Insets
represent enlarged view of the results in the lagdiency range.

The influence of mechanical activation on the to&sistance of HIP samples is shown in
fig. 9a. It is observed that with the increase diivation time up to 40 min the total resistance
decreases, while for the longer activation time tinend is changed. The shifts of semicircles at
diagrams in Z* plane have already indicated thémdr of change in resistance. As it can be seen
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from fig. 9a, total resistance of HIP sintered skwps a few orders of magnitude smaller then
resistance of MT ones (estimated earlier to beratdl0 &2). Magnitudes of resistance for HIP
samples are indicating that this way prepared cerahow semiconducting properties, while MT
samples are insulating. This is obvious from fig, @here with increasing temperatures fron?G0

to 180°C the total resistance value decreases for one ofdaagnitude. Further, the color of MT
samples was white, while color of HIP ones was lplandicating totally different behavior. It is
known that the electrical property strongly depeadoxygen non-stoichiometry. The resistance is
heavily dependent on the degree of re-oxidatiohdheurs during preparation of ceramic materials
[7]. During HIP sintering, inert argon atmosphere induleek of oxygen, according to equation:

20())( - OZ(g) + 2\/(5. +4de (1)
AN+

Such formed electrons lead to reduction of*Tito Ti"" and produce dark-colored, n-type
semiconducting materials. Further, a higher comaéinh of defects occurred within this process
also produces a higher conductivity for this typenaterials[15]. Higher concentration of defects
such as vacancies, electrons, anf Tions, are confirmed by Raman spectroscopy invatitig,
published previousliA8].
Figure 9. a) Total resistance of HIP sintered samples fasi@ion of activation time; b) the grains
and grain boundaries resistance contribution ferHlP samples at 18C vs. activation time.
Contribution of grains and grain boundaries tostesiceof the HIP samples was estimated
from measurements obtained at £80and the influence of activation time for theseapaeters is
shown in fig. 9b. It was observed that the reststanf the grains (B is considerably lower than the
resistance of grain boundaries;RMechanical activation of the starting powderssaxiated with
the HIP treatment led to significantly differentlvas of electrical properties of components of
grains and grain boundaries, than it is shown ligag X. Kuang et gl16]. Due to these reasons,
consideration of our impedance spectra was perfdiméur complex plains: Z*, Y*, M*, and;*.
Generally, the appearance of "mutually merged Sectes”, derived from grains and grain
boundaries within the dielectric ceramic, is notusual and it depends on the ratio of the
characteristic time constants; andtgz. P. Gogoi et aJ17] got one asymmetric semicircle in Z*
plane, with the asymmetry in the range of high gty for MgTiQ ceramics, as is the case in our
spectra of prolonged activated samples. In thesiyations performed by P. Gogoi et al, partial
separation significantly smaller semicircle in fhequency area that corresponding to the grain was
observed, at one of the studied temperatures,atidg that in this case the grains resistance for
MgTiO3 ceramic was considerably lower than the resistariggrain boundaries. Considering the
semiconducting properties of HIP samples, one a#iten that the similar kind of behavior was
observed for BaTi@ceramic sintered in an argon atmospt&iewhere it was shown that both
grain and grain boundary responses were detectkth@h were semiconducting, as it was in our
HIP sintered samples. However, for the Ar-annegleliets, the grain boundaries became more
insulating than the grains, possibly because obnmbgeneity of the microstructure owing to a
limited re-oxidation along with the grain boundaggion during the cooling procedure after the
annealing process and in the electrode firing pnaeed air, as it was explained by H. Zhu at al

[15].

Based on the data obtained from Z* and Y* planasHtP sintered samples at several
temperatures, the influence of the activation tonehe temperature dependence of resistance was
investigated. In figs. 10 a-d, the influence of pamature on the diagrams in Z* and Y* planes for
HIP10 and HIP40 samples are showed.

Figure 10. The influence of temperature on the diagrams iraedd Y* planes for samples
HIP10 and HIP40. Insets represent enlarged vietheofesults in the low frequency range.

The activation energy @ for the conduction process in HIP sintered samphas
determined from coefficient of direction in the ghicin R=f (1/T), applying the Arrhenius
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Ea
equationR=RekT . The resistance estimated from extrapolation & #emicircles to their
intersection with the abscissa at the lowest fraqigs in the Z* and Y* planes were used for this
purpose. The results are shown in fig. 11a, froniciwlit could be seen that for activation up to
40 min the activation energy of conducting procdssreases, while for the longer activation time
its value increases.
Figure 11. Dependencdn R= f (1/T) for activated and HIP sintered samples (a). Thguency
dependence of conductivity for HIP samples at A8(b).

The main reason for this trend of change in thevaibn energy probably lies in
heterogeneity of the microstructure, confirmed BMS(fig. 2), especially for sample HIP10 and
HIP40 where increase of number of dislocation wateated, as well as enhanced content of
oxygen vacancy, ¥ and weakly bonded electrons, which are observeRdpan spectroscopy
[8]. This increase in defect concentration enlargetiaotivity within samples activated up to 40
min, and consequently reduceghialues.

In fig. 11b, the frequency dependence of condugtifar HIP samples in the low range of
frequencies is shown. Fitting was performed usimg tlonscher’s universal power law

[18]: 0, =0, + Ad'. The impact of the activation time on the chanastie frequency parameter

and the DC value of conductivitgd) was estimated from that and presented in thedigtican be
seen that the influence of the activationagrvalue is in accordance with the previously disedss
impact of the activation time on the changes inttial resistance of the samples. According to K.
Funke, the valua > 1 indicates the thermally generated conductivitthe pattern$19].

For HIP sintered samples, the influence of thevattn time on the contribution of grain
boundary capacitance was estimated from data ircdh@lex modulus planeM* = (5*)_1), by
extrapolation of semicircle at the lower frequendjigy. 12a).

Figure 12. Plots in: a) M* plane and k& * plane, for HIP sintered samples at 1%D. Inset
represents enlarged view of the results in the fiighuency range; c) the contribution of grain
boundary capacitance for the HIP sintered sampl&8GfC vs. activation time.

The obtained values were verified based on arapalation of a semicircle in the complex
plane of relative permeability{, fig. 12b) and are shown in fig. 12c. Estimatedues for grain
boundary capacitance are of the order of severalvhleh is characteristic for this type of matesial
[16]. The presented trend &, = f(t,) function is further confirmed on the bases ofth&) data
for the resistance of grain boundaries and b) egéich frequencies values of the maximum of
curvesM "' = f (V) in the range of lower frequencies (fig. 13). Austpurpose we used the fact that
in the idealized case (on the approximation of [@etstaxation), frequency which corresponds to
the maximum of curvéM "= f (V) in the lower frequencies range is associated weisistance and
capacitance of the grain boundary component withe material (i.e. with the resistance and
capacitance of the grain boundary element in threesponding sub-circuit within the equivalent

1_1
=— [14].
~ 14

electrical circuit) via the relatioay,, = 2w, ==
T

Figure 13. Frequency dependence of imaginary part of complegtrec modulus for HIP10-
HIP160 samples, measured at 280

It is known that semicircles corresponding to igrand grain boundaries are not well
separated in Z* plane in materials with similarerdf magnitude for capacitance contribution of
grain and grain boundaries, as in the case of ampkes19]. Therefore, based on the data for HIP
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samples in Z* plane, it was possible to assumettietapacitance of grains and grain boundaries
are values of the similar order of magnitude, fbH#P sintered patterns.

4. Conclusion

In this paper, the influence of mechanical actoratof powders along with sintering
conditions on morphological changes and electrmalperties of MgTi@ electroceramic was
investigated. SEM and impedance analysis were fasdHis investigation.

The micrographs of two-step sintered samples (Mdjcated the increase in transport mass
and more compact structure formation, with lesstemn of open porosity, with prolonged
mechanical treatment. For HIP sintered samplesmtiie@ characteristic was presence of spiral-like
growth features within samples HIP10 and HIP40, fanahation of screw dislocations.

Impedance analysis of MT samples showed that tta tesistance of these samples is of
the order of 10 @, confirming insulating behavior. The capacitan€E&d@ samples decreases for
the activation up to 40 min, while for prolongediaation time this trend is changed.

HIP sintered samples show totally different behavio the electrical properties. It is
detected that Ar atmosphere, applied during thidesng method, switch this ceramics from
insulating to semiconducting. The inert atmosphieduced lack of oxygen and such formed
electrons lead to reduction of i to Ti"" and produce dark-colored, n-type semiconducting
materials. The resistance of both grain and graitmdary component in HIP sintered samples was
estimated and both components have proved to beseducting. The samples obtained at shorter
activation time (up to 40 min) have shown lowerues of resistance and activation energy of
conducting process, than samples produced fromeloagtivated powders. Further, it is detected
that degree of disorder in crystal structure androsiructure influences strongly the process of
thermal conductivity, as well as changes in thevatibn energy.

From all presented correlations, it could be codetuthat mechanical activation as well as
sintering conditions strongly affect final electdicproperties of magnesium titanate ceramic.
Depending on the final application, appropriateparation conditions could be chosen.
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Figure. 1. Scanning electron micrographs of MT samples: @ MTO, b) MT10, c) MT40,
d) MT80, and €) MT160.

Figure. 2. Scanning electron micrographs of HIP samples: @) HIP10, b) HIP40, c) HIP80,
and d) HIP160.

Figure 3. Plotsin: @) Z* plane (Nyquist plots), and b) Y* plane, for al sintered samples.

Figure 4. Frequency dependence of: @) imaginary part of the complex impedance, b) real
part of the complex admittance, at 180 °C, for two step sintered samples (MTO-MT160).

Figure5. Plotsin M* plane for MT and HIP samples at: @) 180 °C, and b) 30 °C.

Figure 6. a) Plots in M* plane for MT samples a 180°C and 30°C, and b) the
capacitance of MT samples at 30 °C and 180 °C vs. activation time.

Figure 7. a) Plotsin Z* plane (Nyquist plots), and b) frequency dependence of imaginary
part of electrical impedance, for HIP sintered samples at 180 °C.

Figure 8. Plots in Y* plane for HIP sintered samples at: &) 180 °C and b) 30 °C. Insets
represent enlarged view of the results in the low frequency range.

Figure 9. a) Total resistance of HIP sintered samples as a function of activation time, b)
the grains and grain boundaries resistance contribution for the HIP samples at 180 °C vs.
activation time.

Figure 10. The influence of temperature on the diagrams in Z* and Y* planes for
samples HIP10 and HIP40. Insets represent enlarged view of the results in the low
frequency range.

Figure 11. a) Dependence INnR = f (1/T) for activated and HIP sintered samples, b) The
frequency dependence of conductivity for HIP samples at 180 °C (b).

Figure 12. Plotsin: @ M* plane, and b) & * plane, for HIP sintered samples at 180 °C.
Inset represents enlarged view of the results in the high frequency range, c) the
contribution of grain boundary capacitance for the HIP sintered samples at 180 °C vs.
activation time.

Figure 13. Frequency dependence of imaginary part of complex electric modulus for
HIP10-HIP160 samples, measured at 180 °C.
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The micrographs of two-step sintered samples indicated the increase in transport mass

Impedance analysis showed that the total resistance is of the order of 10 GQ
The capacitance of MT samples decreases for the activation up to 40 min
HIP sintered samples show totally different behavior in the electrical properties

Degree of disorder in crystal structure influences the process of therma conductivity



