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Abstract

Alumina-based compounds have many technological applications and attract great
attention even after decades of investigation, due to their good chemical, electrical, and mechanical
properties. A mixture of several alumina modifications (a-, k-, y- Al,O3) doped with 1 wt. % of
Mn,O3 was used for this experiment. The powder was mechanically activated for 60 minutes in an
ethanol medium. After compaction, green bodies were sintered in the temperature range from 1200
to 1400 °C. Microstructures of the obtained specimens were investigated by scanning electron
microscopy (SEM) and Energy-dispersive X-ray spectroscopy (EDS). The influence of
morphological changes on electrical and mechanical properties was examined in detail. We have
developed a test fixture and corresponding software for measurement of the relative dielectric
permittivity and the loss tangent of ceramic specimens. This new method overcomes the problems
of dimensions and shape of samples, as well as the problem of applying silver paste. The accuracy

is around 2% for ¢, and 0.003 fortan5 We demonstrate that the mechanical activation (MA) has

the dominant influence on lowering the characteristic temperatures and microstructure
development, which further leads to increased permittivity and tensile strength.
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1. Introduction

Alumina is one of the most commonly used ceramic materials for various applications
owing to its specific physical, chemical, optical, electrical, and mechanical properties. a-alumina
possesses high chemical stability and hardness owing to its strong ionic bonds [1, 2]. Due to its
good characteristics, alumina has a wide range of applications. As a dense ceramic material,
alumina is used in electronics for production of high-temperature electrical insulators [1], for armor
system [3], etc. Also, porous alumina ceramic has a wide range of applications in catalysis and as a
filter for water purification [4, 5].

Doping of alumina has been extensively studied. It was shown that even a small amount of
dopants, such as MgO, accelerates the sintering process and densification of alumina [6-8]. This
was explained by changes in grain surface, which lead to increase in surface and grain boundaries
diffusion. It was established that Mn*? lowers the reaction temperature. Particularly, addition of
manganese oxide shifts the temperature of transition from y- to a- alumina [9, 10]. It was
demonstrated earlier that addition of manganese oxide accelerate densification for numerous
ceramics, such as ceria, zirconia, yttria-stabilized zirconia, etc. [11-13]. The increased densification
was explained by the grain boundary mobility caused by changes in the valence state of manganese
and oxygen vacancies formation.

The transformation of transition alumina phases into the most stable a-alumina occurs
through several steps during heating [14]. The phase transformation into a-alumina goes through
the formation of nuclei. The low-density nucleation structure creates dendrite-like grains
surrounded by continuous pore channels, demanding high temperatures (> 1600 °C) for obtaining
dense ceramics. Preparation conditions play a significant role in decreasing the sintering
temperature and elimination of pores. Therefore, the investigation of adequate preparation
conditions is still a hot research topic [15, 16]. The MA has a significant influence on modification
of the active surface of the powder through a large number of plastic deformations, introducing a
large number of defects into the crystal lattice of powder particles, which is mostly reflected
through changes in diffractogram patterns of the activated powders. The level of structural
disordering is mainly determined by the duration of the mechanical treatment, used ball-to-powder
ratio, speed of rotation of the vessel, etc. [17-19]. The increase in the active surface and the number
of particles in the mechanically activated powders favors the formation of intergranular contacts.
The mass transport is the main process that enables sintering and densification, through different
transport mechanisms, such as grain boundary diffusion, surface diffusion, etc. The enlarged

number of formed contact necks in activated powders facilitates sintering and densification through
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an increased flux of atoms coming to the necks, leading to the decrease of the sintering temperature
along with the decrease of temperatures of formation of intermedial and/or final products [20].

The major disadvantage of the mechanical activation, as a way for obtaining sub-micrometer
and/or nanoscaled materials, is the formation of agglomerates. The agglomerates suppress the
sinterability and densification by lowering the number of contacts among particles and impeding the
mass transport, which is a driving force for the sintering process. For that purpose, the soft
mechanochemistry, i.e., milling in wet media, is frequently used [21].

The microstructure has the dominant influence on the ceramic properties after sintering.
The evolution of the microstructure and its impact on the mechanical and electrical properties is of a
great interest for fundamental and applied sciences. It was shown that the density and grain size has
the major influence on the relative permittivity, while impurities dominantly affect the loss tangent
[22-24].

Various electrical parameters of insulating materials (dielectrics) are important in the
research and development in electrical engineering. Our major focus is on the relative permittivity
and the corresponding loss tangent, as well as their variation with frequency. We measured these
parameters using our improved method, suitable for small ceramic samples.

In this paper, the influence of MA in wet media on the microstructure development of the
doped and sintered alumina ceramic was investigated. The obtained dielectric permittivity and loss

tangent were related to the microstructure of the doped and sintered alumina ceramics.

2. Experimental procedures

Powders were prepared by doping of the initial alumina powder with 1wt% of Mn,O3 (all
99 % purity, Sigma—Aldrich) and MA in a planetary ball mill, as presented in our previous work
[25]. The milling process was performed in ZrO, vial with ZrO, balls in ethanol media. The first
charge was only homogenized, by milling for one minute, and the second charge was milled for 60
minutes. According to the preparation conditions, powders were labeled as AM1 (homogenized
powder) and AM60 (milled for 60 minutes). The initial alumina powder contains few phases (a-, K-,
v-, and AI(OH)3), which was confirmed by the X-ray powder diffraction (XRD) analysis.

The influence of the MA on the particle size distributions was investigated by the laser
diffraction on Mastersizer 2000 Malvern Instruments Ltd. (particle size analysis — PSA), where the
powders were dispersed in distilled water. The used instrument covers the particle size range of
0.02-2000 um. Changes in the powder morphology were investigated by SEM and EDS (on JEOL
JSM-6390 LV scanning electron microscope, coupled with EDS Oxford Instruments X-MaxN;
powders were covered with gold in order to perform these techniques).



Simultaneous differential thermal analysis (DTA) and thermogravimetric analysis (TGA)
were performed on the instrument Setsys (SETARAM Instrumentation, Caluire, France) in the
temperature range between the room temperature and 1400 °C, under the air flow of 20 ml min%, in
an Al,O5 pan. The heating rate was 10 °C min ™.

Milled samples were pressed under an uniaxial pressure of 98 MPa. Thus prepared green
bodies were subjected to the sintering process in the tube furnace Protherm (PTF 16/75/450) in the
temperature range 1200—1400 °C in an air atmosphere, at a heating rate of 10 °C min™* and dwell
time of 2 h on the maximal reached temperature. The obtained samples were labeled as AM1-1200,
AM1-1300, AM1-1400, AM60-1200, AM60-1300, and AM60-1400, according to the applied
sintering temperature. All sintered specimens were examined in detail.

XRD was performed in order to determine the phase composition. Measurements were
done on Philips PW-1050 diffractometer with ACu-Ka radiation in an air atmosphere and at the
room temperature. The diffractometer was used with Cu-Ko radiation and a step/time scan mode of
0.05 ° s in the 26 range 10-80 °. The scanning electron microscopy of the sintered samples was
performed on cracked samples covered by gold on the same instrument as the powders.

For measurement of the relative dielectric permittivity (dielectric constant) and the loss
tangent of the sintered specimens, we have designed and manufactured a test fixture and developed
dedicated software, as described in section 3.1.

The tensile strength of the prepared samples was determined by the Brazilian test [26].
This test is frequently used for the evaluation of the tensile strength of materials such as concrete,

rock, and ceramic materials, as it was explained in our previous paper [25].

3. Methods

3.1. Measurement of dielectric properties

Fig. 1 shows the cross-section of the test fixture that we have developed for measurement
of dielectric parameters of ceramic materials at frequencies in the MHz range. It is an improved
version of our fixture described previously [27]. Measurements up to several hundred megahertz are
predominantly based on the measurement of the capacitance of a parallel-plate capacitor, where the
sample is inserted between the electrodes of the capacitor. During preparation for the
measurements, there may form small air gaps and pockets between the sample and the electrodes,
which reduce the accuracy of the method for high-permittivity materials. A remedy may be to
metallize the bases of the sample, e.g., by silver painting, which is not always an easy task. Another

problem is that for such samples the electromagnetic fields in the sample and the measurement
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structure cannot be assumed to be quasistatic already at about 100 MHz, which imposes problems
on the extraction of the dielectric parameters. Further, at higher frequencies, internal resonances
may occur in the sample and jeopardize the measurement accuracy.

The reflection coefficient at the SMA connector of the chamber is measured using an
Agilent E5061A vector network analyzer (VNA). From this coefficient, the input complex

admittance of the chamber is calculated using numerical electromagnetic models.
3. 2. Measurement of mechanical properties

The Brazilian test [26] was used to determine the tensile strength of the prepared
specimens. In this test, a disc-shaped specimen is inserted between two punches, where the lower
punch is kept fixed, while the upper punch is moveable and the compression load is applied to it.
The load is slowly increased until failure occurs. Formula for calculating the tensile strength o
(MPa) based on the Brazilian test is (ASTM D 3967):

2P
o, =—, 1
i 1)
where P is the load at failure (N), D is the diameter of the test specimen (mm), and t is the thickness
of the test specimen measured at the center (mm).
A revised formula for calculating the tensile strength was proposed by Yu et al. [28]:

 (1+0.2621k)2P
t Dt '

where K is the ratio of the thickness to the diameter (t/D) of the disc specimen.

)

4. Results and discussion

In our experiment, a mixture of several alumina modifications (a-, k-, y-, and Al(OH)3)
was used as the starting powder, which is confirmed by XRD diffractograms shown in Fig. 2. All
observed peaks were identified by adequate ICDD cards, which are listed in [25]. Also, a
remarkable level of disordering of alumina was noticed in the starting mixture along with a well-
defined crystalline structure of manganese oxide (sharp and intense peaks of Mn,03). After the
mechanical treatment, broadening was noticed along with a decrease of intensities for all detected
reflections, indicating a reduction in the average crystallite size and introduction of a high
concentration of defects into the crystal lattice [20]. There were no new peaks detected in the



diffractogram of the activated powder, confirming that mechanochemical reaction does not occur
during milling.

The reduction in grain size, influenced by treating the powder in a high energy ball mill,
could be verified by monitoring changes in particle size distribution, shown in Fig. 3.

From Fig. 3 it can be noticed that the non-activated sample (AM1) shows a bimodal
distribution, due to the non-homogeneous mixture, with the dominant presence of particles around
1.6 um. Further, the existence of agglomerates whose size is approximately 10 pm was observed.
After 60 minutes of milling, agglomerates were destructed, and the distribution was narrower. The
measured span was decreased from 4.64 to 2.72 um. The main effect of the MA is in the
equalization of the particle sizes, which can be concluded by comparing the values of d(0.1), d(0.5),
and d(0.9). The most pronounced decrease was detected for d(0.9), from 12.69 um to 7.21 um,
proving the destruction of large agglomerates.

Changes in the powder morphology after milling were established by the scanning
electron microscopy. As it was explained earlier in the text, huge agglomerates were crushed by the
mechanical treatment. Single particles in the range 200-400 nm were detected along with smaller
agglomerates, of size larger than 2 um. Also, it can be seen from micrographs that particles
dominantly have the tendency to associate into bigger clusters, Fig. 4.

Thermal analyses (DTA and TGA) were used to establish the thermal behavior of these
powders. For the non-activated powder (AM1, Fig. 5 a), three endothermic peaks were observed.
The first one at 94 °C corresponds to water evaporation and was followed by a mass loss of around
3 %. The second small endothermic peak at 250 °C probably originated from dehydroxylation of
gibbsite AI(OH); [29, 30], whose presence was confirmed by XRD (see Fig. 2). The third
endothermic peak detected at 963 °C comes from formation of cubic spinel, Mn,AlO,4, which occurs
at around 950 °C according to the literature data [31, 32]. In the DTA curve of the activated sample
(AMG60, Fig. 5 b), all the above mentioned peaks were detected. The first and the second peak in the
activated sample were less pronounced. This proves that the heat developed during the mechanical
treatment initiates the observed processes. Further, the third peak, originated from spinel formation,
is shifted toward lower temperatures, indicating the existence of more active grains surfaces,
densely packed particles, and a facilitated reaction. Further, the small broad exothermic peak, at
1067 °C, can be noticed in the DTA curve, but in TG or dTG (inlay images in Fig. 5.) there is no
mass loss. In this temperature range, the phase transformation of aluminum oxide (y— a) usually
occurs [33-35].

After compacting and sintering the non-activated and activated powders at 1200, 1300,
and 1400 °C, XRD patterns were recorded. Fig. 6 a) and b) present diffractograms of all sintered

ceramic specimens. All detected reflections were identified by ICDD cards (PDF2- 71-1683 for a-
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Al,03, PDF2- 29-0881 for Mn,AlO,4, and PDF2- 02-0464 for ZrO;). After sintering, the a-Al,O3
phase dominates in all samples. In the non-activated sintered samples there is also a small amount
of the spinel phase Mn,AlO,4. That amount is larger within the activated sintered samples. This is
due to a more intense contact between particles and significantly increased active surfaces in the
activated samples. In the samples AM60-1200, AM60-1300, and AM60-1400 traces of the ZrO,
phase were detected due to milling in a zirconium oxide vessel and with zirconium oxide balls. All
reflections are sharp and intensive, indicating a fully crystalline structure.

The microstructure of the starting powders has a significant influence on the morphology
development in the final sintered bodies. Changes in the particle size and shape due to the milling
lead to changes in the sinterability and the final structure. For the samples AM1-1200, AM1-1300,
and AM1-1400, the main characteristic is that they are in an early sintering stage; with a high
volume of open porosity in the range 55—-40 % (see Table 1), as a consequence of the sintering of
agglomerated powders, which is confirmed by PSA and SEM of the starting powder (Fig. 3 and Fig.
4 a). Also, in the non-activated samples, the Mn-rich parts are not homogeneously distributed, but
rather localized in certain regions, shown as red areas in EDS pictures (the right parts of Fig. 7 a—c).

The contribution of the MA in a wet medium, as pretreatment in ceramic preparation, was
easily noticed in the microstructures of the samples AM60-1200, AM60-1300, and AM60-1400
(Fig. 8). It was proposed by other authors that decreasing the particle size in starting powders can
significantly increase the sintering rate, which is in a good correlation with the microstructures of
the activated and sintered specimens presented in Fig. 8. The absence of huge agglomerates and
decreasing the particle size, after milling in alcohol, were confirmed by PSA and EDS of powders
(Fig. 3 and 4). This justifies usage of a wet medium during mechanical activation.

The micrographs of the activated sintered samples (Fig. 8) indicate the intermediate
sintering stage in AM60-1200 and AM®60-1300, and the beginning of the final sintering stage in
AMG60-1400. The porosity decreases compared to the non-activated sintered samples, reaching 10 %
for AM60-1400. AM60-1400 shows the most compact structure with blocks of well sintered
material. Destruction of agglomerates by milling for 60 minutes facilitates the mass transport and
promotes densification. In the activated and sintered specimens, Mn-rich regions are scattered
through the volume in spite of the longer milling process and the more homogenized initial powder
used for obtaining these samples (see EDS photographs in Fig. 8). The obtained low densities are
probably a consequence of the low applied pressure during compaction of powders (98 MPa) and
low sintering temperatures. However, benefits of the mechanical activation on the structure,

densification, and sintering are clearly evident.



Fig. 9 shows the measured real part of the relative permittivity (e} ) and the loss tangent (

tans ), as a function of frequency, for all specimens, measured and calculated by using our new
chamber. The real part of the relative permittivity decreases with frequency. This decay can be
explained by considering the causality conditions for the complex permittivity [36].

The density and the porosity have the dominant influence on the permittivity and loss
tangent of ceramic materials [37]. As shown in Table 1, with increasing the density, the real part of
the relative permittivity increases and the loss tangent decreases. It can be noticed that with
increasing the sintering temperature, the relative permittivity rises. The denser packing of smaller
particles within the activated powder and the higher applied temperatures facilitate sintering, grain
growth, and strengthening of grain boundaries. This leads to achievement of higher densities and,
consequently, higher relative permittivity. This can be explained by considering ceramic sample as
a composite of dielectric and pores, e.g., air, whose permittivity is 1. With increasing the porosity
fraction, more air is trapped into the volume, resulting in a decreased permittivity. It was shown that
some models, Looyenga, Bruggeman, Maxwell-Garnett and refractive index, developed from this
assumption, fit the experimental data with slight deviation [38].

The relative permittivity of pure alumina is between 7 and 9 [39]. The addition of
manganese oxide decreases the permittivity, which is observed in literature [40]. This can be useful

for application as insulators for certain high-frequency applications, in microelectronics, etc.

Table 1. Measured mass, dimensions, density, porosity, real part of relative permittivity, and loss
tangent (at 200 MHz).

Sample : , Pre er tano
m (g) D (mm) t (mm) (g/cm®) | (%TD) | I (%)

AM1-1200 | 0.3788+0.0001 | 9.585+0.001 | 3.105+0.001 | 1.692 | 45.720 | 54.281 | 3.12+0.06 | 0.058+0.003
AM60-1200 | 0.3775+0.0001 | 9.335+0.001 | 3.030+0.001 | 1.821 | 49.224 | 50.776 | 4.58+0.09 | 0.042+0.003
AM1-1300 | 0.377940.0001 | 8.779+0.001 | 2.832+0.001 | 2.206 | 59.611 | 40.389 | 3.35+0.07 | 0.051+0.003
AM60-1300 | 0.3685+0.0001 | 8.992+0.001 | 2.319+0.001 | 2.504 | 67.662 | 32.338 | 4.87+0.1 | 0.022+0.003
AM1-1400 | 0.3682+0.0001 | 8.465+0.001 | 2.236+0.001 | 2.927 | 79.119 | 20.881 | 4.18+0.09 | 0.033+0.003
AM60-1400 | 0.3692+0.0001 | 8.035+0.001 | 2.180+0.001 | 3.342 | 90.326 | 9.684 | 5.89+0.1 | 0.016+0.003

The tensile strength of the prepared samples was determined by Equation 2 after
performing the Brazilian test. The aspect ratio k for each specimen was calculated from the data for
the diameter (D) and thickness (t) given in Table 1. The obtained results for the load at failure (P),
the aspect ratio, and the calculated tensile strength (o;) are presented in Table 2. The crushed

specimen, shown in Fig. 2, suggests that the splitting crush of the disc is caused by tensile stresses.



This fact confirms the validity of the used equation for calculating the tensile strength of the

examined specimens (Equation 2) as well as the Brazilian test itself.

Table 2. Load at failure - P, aspect ratio - k, and tensile strength - &%, for tested specimens.

Sample P(N) k(mm) ot (MPa)
AM1-1200 146.67 0.323944 3.404+0.851
AM1-1300 240.28 0.324585 5.868+1.408
AM1-1400 642.27 0.322588 17.836+3.567
AM60-1200 289.07 0.257896 9.421+2.355
AM60-1300 1428.55 | 0.264146 | 51.373%10.240
AM60-1400 3398.25 | 0.271313 | 132.286+25.080

Regarding the strength of the tested specimens, it can be concluded that the sample
AMG60-1400 has a significantly higher tensile strength (132.286 MPa) than the other tested samples.
It is evident that all samples exhibit better strength performance after activation for 60 minutes.
Such behavior can also be attributed to changes in the microstructure and density. The lower
porosity in the material microstructure leads to higher material stiffness and strength, while the
irregular shape of pores strongly influences the material fracture toughness and strength. Therefore,

the microstructure plays an important role in the mechanical properties of material.

5. Conclusions

In this paper, the influence of the MA and sintering at different temperatures on the
microstructure, phase composition, physical properties, and tensile strength of alumina doped with
manganese oxide was investigated.

It was shown that the MA increased the surface activity of the powder, leading to easier
chemical reactions, such as formation of spinel Mn,AlO,. Also, the temperature of reaction is
lowered, as confirmed by thermal analyses. Further, it was demonstrated that the mechanical
activation increased the obtained densities from approximately 60% to 90% of TD for samples
sintered at 1400 °C.

The greatest effect of the MA in wet media was on the morphology evolution. Within the
activated powder, Mn,03 was more uniformly distributed in the alumina matrix. Agglomerates were
crushed and the particle size distribution was narrower, which promotes sintering and densification

through increased flux of atoms coming to the necks and increased number of formed contact necks.



It was shown that the microstructure development has the dominant influence on the
electrical and mechanical properties of the sintered ceramics. According to the measured tensile
strength, the activated and sintered alumina with the addition of Mn,O3 exhibits a relatively high
resistance to mechanical failure when loaded.

Having in mind that alumina has a wide range of applications, as dense and as porous
ceramic materials, the results presented in this paper allow further optimization of the preparation
parameters in order to obtain the optimal structure and electrical properties of this type of ceramic

material.
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Figure captions:

Fig. 1. Sketch of the test fixture for measurement of dielectric parameters of sintered samples.

Fig. 2. XRD patterns of alumina doped with 1 wt. % Mn,0O3 mixtures: non-activated (AM1) and

mechanically activated (AM60) Error! Bookmark not defined.. [used with permission of editor]

Fig. 3. Particle size distribution for AM1 and AM60.
Fig. 4. SEM of: a) AM1 and b) AMG60.
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Fig. 5. DTA and TGA curves and dTG inlay images for: a) homogenized (AM1) and b) ball-milled
(AM®60) powder.

Fig. 6. a) XRD patterns of non-activated samples sintered at 1200-1400 °C (AM1-1200, AM1-1300,
AM1-1400) and b) XRD patterns of activated samples sintered at 1200-1400 °C (AM60-1200,
AMG60-1300, AM60-1400).

Fig. 7. SEM and EDS pictures of non-activated and sintered samples a) AM1-1200, b) AM1-1300,
and c) AM1-1400.

Fig. 8. SEM and EDS pictures of activated and sintered samples a) AM60-1200, b) AM60-1300,
c) AM60-1400.

Fig. 9. Measured a) real part of relative permittivity and b) loss tangent, as a function of frequency,

for sintered samples.
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