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Abstract:

Corundum (a-alumina) is a suiTab. material for usage in various industry fields
owing to its chemical stability, electrical and mechanical features. It is known that properties
of ceramics could be modified by addition of different oxides, as well as by changing the
consolidation parameters. In this respect, alumina was doped with 1 wt.% of Cr,0;, Mn;0;
and NiO, followed by 1 hour of mechanical activation in a high-energy planetary ball mill. A
sensitive dilatometer was used for sintering of powder mixtures up to 1400 °C and recording
the obtained dilatation. The final density varied between cca. 1.9 and 3.3 g/enr.
Microstructural changes were detected by SEM measurements. Changes in electrical
permittivity and loss tangent were associated with the preparation conditions (types of
additives, duration of mechanical activation). For a given mixture, the sintering increases the
relative permittivity and decreases losses, exhibiting the optimal values of 8.32 and 0.027,
respectively, for the sample activated 60 minutes and sintered, with the addition of MnO,.
Mechanical measurements indicate significant differences in strength with the addition of
different transition metal oxides. Samples with Mn and Ni, activated and sintered, with
strength of 121 and 86 MPa, respectively, have a significantly higher tensile strength than the
other tested samples, due to their more compact microstructures.

Keywords: Mechanical activation, Densities; SEM, Sintering,; Alumina.

1. Introduction

Alumina (Al,O3) can exist in several metasTab. phases, which irreversibly transform
into a-alumina when heated to > 1000 °C. In nature, it may occur as gemstones, having
different colors depending on the dopants [1]. The a-alumina phase possesses strong ionic
bonds inducing its well-known characteristic, such as hardness and stiffness. This type of
bound usually gives rise to obtaining materials with high resistivity and low dielectric
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permeability. Alumina has a lot of excellent properties, such as hardness, dielectric and
thermal properties and appropriate refractoriness, which give this material the opportunity for
a wide range of applications [2, 3]. Corundum (o-alumina) is probably one of the most
exploited materials in ceramic industry due to its useful properties and low cost. Therefore,
this material attracts the attention of researchers even after a few decades of usage. In recent
years, the interest in the synthesis of nanocrystalline alumina for many different applications
has been increased [4].

It 1s well known that even a small addition of oxide influences the densification,
reducing the sintering temperature, suppressing or promoting the grain growth, modifying the
microstructure and mechanical properties [5-7]. For example, a small amount of MgO, which
has been the most commonly used dopant for modification of the microstructure and
properties of alumina, increases the hardness and fracture toughness [8]. Besides, transition
metal oxides have been considered as important materials for doping of alumina, because of
their electronic, optical, photonic and catalytic properties [9, 10]. Chromium has been widely
used dopant for alumina as well. Alumina and chromium can form a substitutional solid
solution (Al,Crx)O3 (0<x<2) over the entire range of composition. This solid solution has
many applications, such as in jewelry production, metalworking industries and aircraft
engines, due to its high refractoriness and chemical stability [11]. It is well known that these
properties do not depend only on the Al,O;—Cr,0; solubility, but also on the relative density,
i.e., porosity, which is mainly the consequence of the particle size and phase composition of
starting components, method of preparation and sintering conditions. This gives a wide range
of opportunities for future investigation [12, 13]. Furthermore, different manganese oxides
(MnO,, MnO) were employed in order to accelerate the sintering process and grain growth of
alumina, and it was established that Mn®" shifts the temperature of reaction to lower values
[14-17]. These investigations were mostly performed on a-alumina as the starting material.
Although the starting material certainly strongly affects the final mechanical and electrical
properties, significantly less data are available for other modifications of AL,Os.

Consolidation parameters strongly influence the properties of ceramics. Therefore,
one of the commonly used processes for enhancement of the material reactivity and particle
size reduction is the mechanical activation. During the treatment, there is a significant
increase in the concentration of structural defects near surface layers. These defects are also
accompanied by a reduction of potential barriers for the process of nucleation of a chemical
reaction. Besides its long-time usage, the milling is still an attractive method that enables the
formation of submicrometer and/or nanostructured materials with desirable properties [18].

Having in mind that the preparation conditions strongly affect the structure and
properties of alumina, the influence of the synthesis parameters on the final properties was
investigated in this paper. Different transition metal oxides (Mn,O;, Cr,O; and NiO) were
added into the starting alumina (which was a mix of a-, y-, k-modification). The mixtures
were milled for 60 minutes and thus prepared powders were examined by a dilatometer in
order to determine changes in the dilatation of samples with the temperature increase.
Afterwards, samples were subjected to measurements of mechanical and electrical properties
as well as to the analysis of microstructure changes.

2. Materials and Experimental Procedures

ALO3, Mn,03, Cr,03 and NiO powders (all 99 % purity Sigma—Aldrich, p.a.) were
used for the experiments. Alumina powder was mixed with 1 wt.% of various oxides. The
first set of mixtures was milled for only 1 minute for homogenization, and the other sets were
milled for 60 minutes in a high-energy planetary ball mill (Planetary Ball Mill Retsch PM
100) using denatured ethanol as the milling medium. The milling conditions were as follows:
Y-stabilized ZrO, vials and balls; ball-to-powder weight ratio of 30:1; rotation speed of
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400 rpm. After milling, powders were dried at 100 °C for 1 hour and sieved. The samples
were denoted as AM-1, AM-60, AC-1, AC-60, AN-1 and AN-60 according to the
activation time and the type of the added oxide.

Green bodies in the shape of cylinders were prepared by uniaxial pressing (CARVER
3851-0) at 98 MPa. The theoretical density (TD) of the mixtures was 3.70 gem > and it was
calculated using the following equation, according to the rule of mixing [19]:

p ) — mmixture R (1)
1
mixture Vvl + V2

where m is the mass of the mixture (20.00 g), and V, and V, are the volumes of component 1
— Al,O;, and component 2 — Mn,0s, Cr,0; or NiO, respectively, calculated using the TD of
the components. Sintering was performed in air, heating the mixtures from the room
temperature (RT) to 1400 °C at a heating rate of 10 °Cmin' and dwell time of 1 hour, in a
sensitive dilatometer (SETSYS Evolution TMA, Setaram Instrumentation, Caluire, France).
The densities were determined by precise measurements of mass, diameter and thickness of
the sintered specimens. After the sintering process, the samples were denoted as AM—1-1400,
AM-60-1400, AC-1-1400, AC—60-1400, AN—1-1400 and AN-60-1400, according to the
applied sintering temperature. The morphology of the sintered samples was analyzed by the
scanning electron microscopy (JEOL JSM-6390 LV). Prior to SEM measurements, the
samples were crushed and covered with gold.

The phase composition of alumina powder doped with manganese oxide was
identified based on XRD data obtained on a Philips PW-1050 diffractometer with Cu-Ka
radiation and a step/time scan mode of 0.05 °/s in the 26 range 10-80°.

The relative dielectric permittivity (dielectric constant) and the loss tangent of the
sintered samples were measured using an Agilent ES061A network analyzer, in the frequency
range between 10 and 500 MHz. The samples were placed in a coaxial test chamber. The
reflection coefficient of the chamber was measured by the analyzer and the relative complex
permittivity of the samples was extracted using an electrostatic model.

In this study, the strength of the prepared samples was determined by the Brazilian
test. Since 1943, the Brazilian test is a simple testing method to obtain the tensile strength of
brittle material such as concrete, rock and ceramic materials [20]. In this test, a relatively thin
circular disc or cylinder is compressed diametrically till failure occurs. The typical loading
configuration is shown in Fig. 1.

The compression induces tensile stresses normal to the vertical diameter, which are
essentially constant over a region around the center of the specimen. The indirect tensile
strength is typically calculated based on the assumption that failure occurs at the point of
maximum tensile stress, i.e., at the center of the disc. The suggested formula for calculating
the splitting tensile strength o, (MPa) based on the Brazilian test is (ASTM 2008; ISRM
1978):

o=22 _0636L @)
7Dt Dt

where P, is the load at failure (N), D is the diameter of the test specimen (mm) and t is the
thickness of test specimen measured at the center (mm). It is obvious that the lower punch is
kept fixed, while the upper one is moveable by applying the load. The load is slowly
increased until the failure occurs. The applied force (P) and the displacement (o) are recorded
till the failure.
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Fig. 1. Typical Brazilian test loading configurations in case of flat loading platens.

3. Results and Discussion

Fig. 2. shows the XRD pattern of the starting powder doped with manganese oxide,
homogenized and mechanically activated for 60 minutes. Diffractograms of alumina doped
with manganese oxide, AM—1, AM-60, are presented in order to confirm the presence of
different phases of alumina and disordered structure. The starting alumina powder was a mix
of a few phases (a-, k-, y-alumina, and Al(OH);), all identified by appropriate JCPDS cards
(075-0783 for a-alumina, 052-0803 for k-alumina, 079-1558 for y-alumina, 072-0623 for
Al(OH);). The broad and low-intensity peaks in diffractograms indicate that alumina was
disordered. This is also the reason why the reflections belonging to highly crystallized Mn,O;
are clearly visible (JCPDS card 089-2809) although added in a small amount. The most
pronounced peak of manganese oxide at 33 © 26 is sharp and intensive for both samples.
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Fig. 2. XRD patterns of alumina doped with Mn,0s, homogenized and milled for 60 minutes.
Scanning electron micrographs of all sintered samples are presented in Fig. 3.
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Fig. 3. SEM micrographs of sintered samples: a) AM—1-1400, b) AM—60-1400,
c) AC-1-1400, d) AC-60-1400, ¢) AN—1-1400 and f) AN-60-1400.

Open porosity, small polygonally-shaped grains, 250400 nm in size, as well as
agglomerates, 2 microns in size, are observed in the sintered non-activated alumina sample
with Mn,O;. The activation for 60 minutes prior to sintering process led to a denser
microstructure, with closed pores and parts of well sintered grains. Plastered round grains that
are less than 500 nm in size with agglomerates greater than 5 microns with open porosity are
the main characteristics of the sample AC-1-1400. In Fig. 3d, closed packed spherical grains
are observed. The particles retained their individuality. Contrary to that, the microstructures
of sintered alumina samples doped with NiO show two different parts; the first one is similar
to the previous ones (small round grains gathered to form agglomerates), but the other part
represents an exception with elongated lamellas indicating liquid-phase sintering, where the
liquid phase probably consisted of nickel according to the literature [21]. The formation of
huge agglomerates was avoided due to the milling in a liquid medium [22].

Shrinkage curves for the non-activated and the activated sintered samples are
presented in Fig. 4. The greatest shrinkage is observed for the activated alumina with NiO
addition, while the smallest change in the sample thickness is noticed for the non-activated
alumina with NiO addition. At the end of the heating regime, the sintering did not reach the
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final stage, and the shrinkage was still taking place. As it can be seen in Fig. 4, the pallets
expand on heating, and after reaching a maximum, they begin to shrink under the influence of
the thermal profile. This could be related to an amorphous structure of the initial alumina.
Such a behavior is often seen during sintering of amorphous systems and glasses, owing to the
absence of long-range ordering [23, 24].
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Fig. 4. Shrinkage of non-activated and activated alumina doped with different
oxides during sintering at 1400 °C for 1 hour.

In order to achieve a better overview of the densification process and to determine
characteristic temperatures, dilatometric curves are presented in Fig. 5.
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Fig. 5. Dilatometric curves of alumina doped with different oxides non-activated
and activated for 60 minutes.

In all three Fig.s, the same temperature was observed (cca. 860 °C) corresponding to
the alumina phase transformation y — & [25, 26]. The characteristic temperature for the next
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phase transition, i.e., d-alumina into the most stabile phase a-alumina [27], of about 1161 °C,
was found for all non-activated samples. In all activated samples, that peak is shifted towards
lower temperatures for almost 100 °C, indicating the presence of fragmented particles with a
greater specific surface area and capable for reaction at lower temperatures than particles that
were not activated [28]. Furthermore, the crystallization process detected at around 1270 °C in
the activated samples (AM-60, AC-60, AN-60) is not present in the non-activated samples
(probably because it is out of range, happening at > 1400 °C). Further, no great differences in
temperatures of the phase transitions of alumina among AM—60, AC—60 and AN—60 samples
were observed, probably due to similar microstructures as well as a small amount of added
oxides. For the activated samples, the peak corresponding to sintering was detected slightly
below 1400 °C, while this peak did not occur for AM—1, AC—1 and AN-1 samples due to the
low final temperature used in the experiment. Besides the alumina phase transformations and
crystallization, two peaks occurred at 1315 °C and 1383 °C for the sample AN-60, which
correspond to the sintering of the sample (Fig. 4c). This could be a consequence of hard
agglomerates presented in the activated AC-60 sample, which was also previously reported
[29].

Geometrical and physical properties of prepared samples are presented in Tab. I.
Relative densities, shrinkage and dielectric parameters are presented in Tab. II. The densities
of all samples after sintering are in the range 1.93-3.30 g/cm’, as presented in Tab. I. The
lowest density, representing 52 % TD, is achieved for the AC-0-1400 sample, displaying the
minimum shrinkage rate, less than 10 %. With activation prior to sintering, an increasing
trend in the density is noticed, reaching the maximum, 89 % TD, for the AN-60-1400
sample, displaying the greatest shrinkage rate, almost 20 %.

Tab. I Dimensions and absolute densities of prepared samples.

Sample Density D t
g/cm3 (mm) (mm)
AM-1-1400 2.55 6.725 2.715
AM—-60- 2.81 6.434 2.428
1400
AC-1-1400 1.93 7.466 2.745
AC-60— 2.88 6.780 2.280
1400
AN-1-1400 2.10 7.140 2.725
AN-60— 3.30 6.570 1.980
1400

The temperature of 1400 °C with the 1 hour dwell time was not sufficient to obtain
higher densities, > 90 % TD, probably due to the low pressure during compaction (only 98
MPa). This is in accordance with SEM results and dilatometric measurements, which showed
that no sample reached the final sintering stage, which lead to lower relative densities.

The dielectric permittivity of pure alumina is 9.3—11.5 [30]. We supposed that the
addition of transition metal oxides in small amounts would decrease the permittivity. The
obtained dielectric permittivity for all samples is in the range from 3.86 (for AC-0-1400) to
8.32 (for AM—60-1400). In general, the additives lowered the dielectric constant, while the
mechanical activation increased it, but the permittivity is still below 10. The loss tangent is
below 0.1, except for AC—0-1400 where it is 0.116, which could be correlated with the lowest
density and shrinkage rate [31].
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Tab. II Relative densities, shrinkage rates and dielectric parameters of sintered alumina with
various additives (at 200 MHz).

Sample Relative DISPL Relative Loss
Density (%) permittivity tangent
(% TD)
AM-0-1400 68.92 83.20 5.10 0.048
AM-60— 75.95 84.30 8.32 0.027
1400
AC-0-1400 52.16 90.40 3.86 0.116
AC-60- 77.84 89.70 5.24 0.050
1400
AN-0-1400 56.76 90.60 3.90 0.081
AN-60— 89.19 82.10 7.63 0.066
1400

As it is well known, the microstructure has a significant impact on mechanical
properties. Less porosity in the material microstructure leads to higher material stiffness and
strength, while an irregular shape of pores strongly influences the material fracture toughness
and strength. As previously mentioned, the tensile strength of prepared samples was
determined by Equation (2) after performing the Brazilian test. The obtained results for tensile
strength, load at failure and displacement at failure for the tested specimens are presented in
Tab. 111

Regarding the strength of the tested specimens, it can be concluded that samples
marked as AM—60-1400 and AN-60-1400 with strength of 121 and 86 MPa, respectively,
have a significantly higher tensile strength than the other tested samples, due to their more
compact microstructures. It is evident that all samples exhibit better strength performance
after the activation time of 60 minutes, which could be due to higher densities within the
activated samples. Further, the SEM micrographs of the previously activated sintered samples
indicate the beginning of the final sintering stage, which is correlated to a more solid
structure. Also, the presence of the liquid phase occurred during the sintering of AN—60
promotes the strengthening of grains and also favorites the mass transport, leading to a
decrease of the volume of pores.

Tab. III Tensile strength, load at failure, and displacement at failure.

Sample Proax Omax o
™) (mm) (MPa)
AM-1-1400 506.86 0.114805 17.656
AM—-60- 2938.15 | 0.257577 121.335
1400
AC-1-1400 365.76 0.147919 11.351
AC-60— 600.48 0.149276 24.705
1400
AN-1-1400 458.34 0.141819 14.982
AN-60— 1759.7 0.195479 86.033
1400

4. Conclusion

Various oxides (Mn,0;, Cr,0;, NiO) were added to alumina powder. The first set of
powders was obtained after a simple mixing for 1 minute, while the second set of samples
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was activated in a planetary ball mill for 60 minutes. All mixtures were sintered at 1400 °C
for 1 h in a dilatometer. The reduction of crystallization and the decrease in sintering
temperatures of about 100 °C for the activated samples was observed. According to SEM
images, the medium sintering stage occurs for the activated samples, while the initial sintering
stage is a characteristic of non-activated samples. According to the measured strength, the
activated and sintered alumina with the addition of NiO and Mn,O; exhibits a relatively high
resistance to the failure when loaded. The activation caused increased densities, tensile
strength and dielectric permittivity, as well as decreased loss tangents.

Although the addition of different transition metal oxides showed a minor effect on
the results of the dilatometric measurements, it influenced the physical properties of the
prepared ceramics. On the other hand, the mechanical activation had a dominant effect on
lowering the temperatures of phase transitions, crystallization and sintering.

The most favorable combinations of dielectric and mechanical properties were
obtained for the activated and sintered alumina with the addition of NiO and alumina with the
addition of Mn,0O;, making them suiTab. candidates for potential applications in the
production of smart jewelry.
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Cadporcaj: Kopyno (o-anymuna) npedcmassa no200an Mamepujai 3a npUMeHy y paziudumum
epanama uHoycmpuje 3axeanyjyiu Xemujckoj cmabuiHocmu, eiekmpudHuM U MexauuuKum
ceojcmeuma. Ilosnamo je oa ceojcmea Kepamuke mozy Oumu mMoOUuuKosana 000amrom
PA3IUMUMUX OKCUOA KAO U MerbalbeM napamemapa Koncoaudayuje. Y mom ceemmuy, anymuna
je oonupana ca 1 wt.% Cri0; Mn,O; u NiO u mexanuyku axmueupama y 6UcCOKO-
eHepeemcKkom NniaHemapHom mauny mokom 1 cama. Beoma ocemmue ounamomemap je
xopuwhien 3a cunmeposgaree cmewe npaxosa 0o 1400 °C u cuumarve npumehene ounamayuje.
T'vemune ¢y sapupane 00 2-3.2 g/em’. Mukpocmpykmyphe npomene cy demekmosane nomolhy
ckenupajyhee enekmponckoe mukpockona. Ilpomene enekmpuumne nepMUMUSHOCU U
mawueenca yena 2youmaxa cy noge3anu ca napamempuma cuLmese y3opaxka (epcme aoumusd,
mpajarea mMexanuuke akmusayuje). 3a oame cmeuie, cunmeposarbe nosehaea nepmMumueHocm
u cmamyje eyoumke, nocmudicyhiu onmumanue epeonocmu 00 8,32 u 0,027, ucmum pedom, 3a
V30paK axkmueupan u cunmeposaw, ca dooamxom MnQO, Meperwa mexanuukux céojcmasa
VKA3yjy Ha 3Hauajue pasauke y ugpcmohu ca 000amKOM pPAa3iudumux OKCUOAd NpPena3Hux
Memana. Axmusupanu U CUHMEPOBAHU Y30pyUu ca O00AMKOM MAHeAHA U HUKIA, cda
yepcmohom 00 121 u 86 MPa, ucmum pedom, umajy 3uauajro eche epedHocmu 3amesHe
ygpcmohe 00 0CMANUX UCRUMUBAHUX Y30PAKA, YCIed C80je KOMNAKMHUje MUKPOCTPYKIYpe.
Kayune peuu: mexanuuxa axmusayuja, 2ycmune, SEM, cunmeposarwe, anymuna.
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