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Abstract:

Magnesium aluminate has the spinel structure along with good mechanical, chemical,
and thermal properties. Magnesium aluminate has a wide range of applications including
refractory ceramics, optically transparent ceramic windows, and armors. Its low dielectric
permeability and low loss tangent enable its applications for integrated electronic devices, as
well. In this paper, MgO and Al,Os; powders were mixed in a one-to-one molar ratio and
calcined at temperatures ranging from 1500 to 1800°C to produce phase pure spinel.
Thereafter, pellets were crushed and treated in a planetary ball mill for 60 min to obtain a
fine powder. All powders were examined for phase composition, crystal structure, and
morphology. The obtained results showed that by increasing the temperature, samples with
higher density were synthesized. Milling for 1 h led to formation of larger particles, but finer
powders after milling. XRPD and Raman spectroscopy showed disorder in the crystal
structure after milling.
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1. Introduction

Magnesium aluminate spinel (MAS) is a material of great importance owing to its
high melting point (>2100°C), and excellent mechanical and thermal properties, low
dielectric constant (~ 8), and loss tangent [1]. MAS possesses high chemical resistance as well
as good radiation resistance [2]. These properties make MAS a candidate for a wide range of
applications. It can be successfully used as a dense ceramic or as a porous one. As the dense
ceramic, the most common applications are as refractory ceramics and in electronic devices
[3-6]. Fully dense MgAl,O, can be transparent and applied for manufacturing transparent
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armors or IR windows [7-9]. On the other hand, porous MAS ceramics are usually used as
humidity sensors and catalysts [10, 11]. Recently, interest has increased for use of this
material as a filter for wastewater purification owing to its high adsorption capacity [12, 13].

The general formula of spinel type of compounds is AB,0O,, where A is a divalent and
B is a trivalent cation. MgAl,O, belongs to the space group Fd3m (227). The cubic structure
contains a closed packed array of 32 oxygen atoms and has cations in both octahedral and
tetrahedral positions. In a normal spinel-like structure, 8 divalent cations (Mg*) are in the
tetrahedral sites and 16 trivalent cations (AI**) are in the octahedral sites. Due to similar
cation radii, Mg can occupy some octahedral sites and Al atoms can occupy some tetrahedral
sites, a process that is called inversion [14-16]. The exchange between Mg** and AI** cations
occurs with increasing temperature or pressure. That obtained disorder, usually called
intrinsic anti-site disorder, leads to formation of partially inverse spinel. MAS spinel was
found to have a high interstitial-vacancy (i—v) recombination rate and the ability of the lattice
to tolerate significant intrinsic anti-site disorder on the cation sub-lattice. This is especially
important for usage in cores for fusion reactors.

The influence of mechanical activation on synthesis of MAS through two heating
steps along with changes in the crystal lattice and inversion process were investigated using
scanning electron microscopy (SEM), energy dispersive x-ray spectroscopy (EDS), powder x-
ray diffraction (XRPD), and Raman spectroscopy.

2. Materials and Experimental Procedures

Magnesium oxide powder (>99 %, Sigma-Aldrich, p.a.) was calcined in air at
1000°C for 1 h at a heating rate of 10 °C-min~' to remove hydroxide and carbonate species.
The as-calcined MgO powder was mixed with alumina powder (> 99 %, Sigma-Aldrich, p.a.)
via dry-ball milling for 24 h with alumina media. A media-to-powder weight ratio of 1:1 was
used. After mixing, the precursor powder was ground and sieved to 80 mesh. The precursor
powder was reacted in air at temperatures of 1500, 1600, 1700, and 1800°C. The heating rate
was 10 °C-min~" with 1 h holding time. The as-obtained samples were denoted according to
applied temperatures as MAS1500K—MAS1800K. The reacted powders were then ground and
sieved to 80 mesh. Powders were pressed into pellets under a uniaxial pressure of 31 MPa.
The pellets were reacted a second time at 1500, 1600, 1700, and 1800°C for 1 h, respectively.
The pellets were crushed and then subjected to additional milling in a planetary ball mill for
60 min (Planetary Ball Mill Retsch PM 100, in air, using Y-stabilized ZrO, vials and balls 5
mm in diameter ). Ball-to-powder ratio was 30:1. After the milling process , the prepared
samples were labeled as MAS1500M-MAS1800M.

Sintered specimens were subjected to X-Ray powder diffraction (X’Pert Pro,
PANalytical, Almelo, NLD). Phase analysis was performed by Rietveld refinement (RIQAS4,
Materials Data Incorporated, Livermore, USA). Lattice parameters determined using Rietveld
refinement of XRD data were used to calculate the theoretical density of sintered bodies,
assuming cubic crystal structure and the space group Fd3m (227). Microstructure was
examined by scanning electron microscopy (JEOL JSM-6390 LV). The samples were coated
with a conductive Au coating before placing into the SEM. Raman spectra were recorded in
the 200-900 cm ' range using an XploRA Raman spectrometer from Horiba Jobin-Yvon,
with a 532 nm laser at a maximum output power of 20-25 mW. To prevent damage by the
laser, power was reduced using a 10 % filter. All measurements were realized using a
spectrometer equipped with a grating that had 2400 lines-mm " and 5 acquisition cycles with
a 10 s acquisition time. A 50x microscope objective and long working distance were used for
laser focusing.
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3. Results and Discussion

XRPD patterns of calcined samples are presented in Fig. 1a. All detected peaks were
sharp and intense, indicating high crystallinity with large coherently diffracting domains.
Magnesium aluminate was the only phase detected in all calcined specimens. Rietveld
analysis corroborated the presence of phase pure spinel in all sintered specimens, with a
crystallographic density of 3.584 g-cm >, which corresponds to its theoretical value. Rietveld
refinement data, shown in Table I, indicted an increase in lattice parameter and crystallite size
with increasing calcination temperature. At the same time, strain values continuously
decreased with temperature, indicating relaxation of the crystal lattice.

XRPD patterns of the mechanically activated samples are shown in Fig. 1b.
Decreased intensity along with broadening was clearly observed for all peaks. The presence
of trace amounts of alumina and MgO were noticed within MAS1500M. All peaks were
identified using PDF cards 01-077-1203 for spinel, 45-0946 for MgO, and 74-1081 for
alumina. Significant increase in strain values was detected in the activated powders compared
to calcined powders, which was higher by almost one order of magnitude. This behavior was
due to the increase in concentration of point defects (vacancies, interstitial atoms, and
impurity atoms), line defects (atom aggregations on the crystal surface), or volume defects
(pores and impurities), caused by the intense mechanical activation. In comparison with
calcined specimens, the mechanically activated powders had increased the lattice parameter,
crystallite size, and strain.
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Fig. 1. XRD patterns of: a) calcined and b) ball-milled specimens.

Tab. | Structural parameters obtained by Rietveld analysis.

Crystal lattice Mean crystallite size
Sample parameter (nm) Strain
a(A)
MAS1500K 8.0872(4) 271(3) 0.0305(3)
MAS1600K 8.0876(3) 566(1) 0.0260(2)
MAS1700K 8.0874(3) 892(3) 0.0243(2)
MAS1800K 8.0887(4) 2030(8) 0.0272(2)
MAS1500M 8.0915(3) 2100(1) 0.0663(5)
MAS1600M 8.0911(3) 1740(1) 0.108(4)
MAS1700M 8.0907(3) 1860(1) 0.093(4)
MAS1800M 8.0913(3) 1650(1) 0.145(3)
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SEM and EDS of powders after calcination are shown in Fig. 2. The sample heated to
1500°C consisted of particles between 300 and 600 nm with agglomerates around 3 pm in
size. Larger agglomerates occurred with increasing the calcining temperature. Due to increase
in mass transport, 3 to 7 um sized agglomerates were observed. EDS images show uniform
distribution of elements in the particles. The process of spinel formation was completed in all
samples. As calcination temperature was raised, elemental homogeneity increased.

30KV X8,000  2um . e 30KV X8,000 2pm

Fig. 2. SEM and EDS images of calcined specimens: a) MAS1500K, b) MAS1600K, c)
MAS1700K, and d) MAS1800K.

|
£

Fig. 3. SEM and EDS images of milled specimens: a) MAS1500M, b) MAS1600M,
c) MAS1700M, and d) MAS1800M.

Microstructures of mechanically activated powders produced from crushed pellets are
presented in Fig. 3. Significant fragmentation was observed. Milling in a planetary ball mill
for one hour led to a decrease in particle size to around 200 nm. Two kinds of agglomerates
were observed. Soft agglomerates were made up of small particles. Hard agglomerates, which
were the consequence of previous heating treatment, had dimensions between 2 and 3 um.
Finer and more uniform microstructure without large and hard agglomerates is due to the
process of mechanical activation [17, 18].
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Fig. 4. Raman spectra for calcined specimens: (a) and (b) deconvolution of Raman spectra
(green lines: separated Lorentzian peaks, red line: sum of Lorentzian peaks,
blue circles measured data).

Raman spectra of calcined specimens are presented in Fig. 4a. Spinel MgAIl,O4
belongs to the space group Fd3m (227) and exhibits five Raman active modes (Ayq + Eg. +
3Ty) [19, 20]. All five Raman active modes were observed, and their positions and intensity
ratios were in good agreement with literature data [20]. In the normal spinel, only two sharp
and well-defined peaks should be present above 600 cm™, while inverse spinel exhibits an
additional A, peak appears at about 723 cm™ [21, 22]. The presence of this additional peak
was observed in all Raman spectra in the present study, indicating the existence of anti-site
disorder the calcined samples. The lowest intensity of this peak was detected for the specimen
calcined at 1800°C, while the intensity of the A4 peak increased with decreasing calcination
temperature. The results suggest an increase in the degree of disorder as calcination
temperature decreases. The effects of calcination temperature were investigated in more detail
by deconvolution the Raman spectra. Peaks in the range 630-800 cm™ were fit to individual
Lorentzian peaks as shown in Fig.4b. Due to very low intensity of the A;y peak, a
deconvolution spectrum for MAS1800K was omitted. The mode at approx. 723 cm™ had the
same symmetry as the mode at approx. 770 cm™ [23]. The peak at ~ 723 cm™ has been
identified as a breathing mode of AlO, tetrahedral, which is connected to the presence of
cationic disorder. Contrary to that, the peak at ~ 770 cm™ has been identified as symmetric
stretching of Mg—-O bonds in MgO, tetrahedral, which is correlated to an ordered structure.
Therefore, the intensity ratio of these separated Lorentzian peaks can be used as a measure of
disorder in spinel MgAl,O,4 [24].

Raman spectra of the milled specimens are presented in Fig. 5a. The presence of all
five active Raman modes were visible. The additional A,y peak was weaker than for the
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calcined specimens, indicating a decreased degree of disorder. With milling, a Raman mode
for a-alumina was observed. Considering that the most intense mode of spinel, at 410 cm,
had noticeable width, some of the alumina modes could be covered by this intense mode.
Also, the modes of alumina have very similar position to the modes of spinel, so it is difficult
to detect small amounts of alumina in spinel. A detailed analysis and deconvolution of Raman
spectra were consistent with the presence of a small quantity of alumina. The peaks in the
range 630-800 cm ™ were fit to individual Lorentzian peaks as shown in Fig. 5b.
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Fig. 5. Raman spectra for ball-milled specimens: (a) and (b) deconvolution of Raman spectra
(green lines: separated Lorentzian peaks, red line: sum of Lorentzian peaks,
blue circles measured data).

The inversion parameter can be calculated based on deconvolution of the Raman
spectra using the equation [25]:

i _ Lais (1)

gis +lord

where: lgs and lyg are intensities of the disordered and ordered modes, respectively. The
inversion parameter was calculated as a function of temperature for both the calcined and
milled samples as shown in Fig. 6. Inversion parameter decreased with increasing temperature
of calcination. This behavior can be associated with annihilation of defects at elevated
temperatures. With increasing the temperature from 1500 to 1600°C, the inversion parameter
decreased significantly, and thereafter remained almost unchanged. The lattice parameter a
vs. inversion parameter for the calcined and ball-milled specimens are presented in Fig. 7.
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Fig. 7. Lattice parameter a vs. inversion parameter.

Literature data predicted the lattice parameter as a function of the cation disorder in
MgAl,Q, spinel, using computer simulations, showed a relation between lattice parameter and
These calculations showed that with increasing the inversion
parameter, the lattice parameter decreased, which is in good agreement with our results
ition, an interesting phenomenon occurs here. The milled powders

inversion parameter [26].

presented in Fig. 7. In add

have smaller inversion parameters, suggesting lower level of anti-site disorder.

Previous studies r
0.12, which is close to the

[26].

eport inversion parameters for natural spinel between 0.025 and
results obtained for ball-milled samples. The lattice parameter a of
the natural spinel is 8.0890 A, while for our ball-milled specimens it was around 8.0910 A
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4. Conclusion

The influence of mechanical activation was studied on the synthesis of MgAl,O,
spinel and its final properties. The focus was to monitor the influence of the 60-minute
mechanical activation on morphology and structure of MAS powders. The main conclusions
are:

e All specimens were nominally phase pure spinel after calcination, while milled
specimens had some small content of alumina and magnesium oxide. The milled
powders were more chemically homogeneous and with smaller uniform particles,
without hard and large agglomerates.

e Along with all characteristic peaks that correspond to the spinel-type structure, an
additional A;q peak appeared at about 723 cm™, indicating the existence of anti-site
disorder in the calcined samples. The mechanically activated samples exhibited lower
Aqq peak, due to decreased degree of disorder.

e The inversion parameter was approximately 0.15 with the average lattice parameter a
of 8.0876 A for calcined samples, while the mechanical activation decreased the
inversion parameter to less than 0.10, increased the lattice parameter a to 8.0910 A,
and lead to the structure close to natural-like spinel.
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Casxcemax:. Maenesujym anymunam noceoyje CmMpYKmMypy CRUHeld U 000pa MexaHuuyka,
Xemujcka u mepmuuxa ceojcmea. Mma wupox cnekmap npumene, yKkawyuyjyhu pegppaxmopry
Kepamuky, opyodicje U Onmu4ku mpancnapeHmua Kepamuuxka cmaxia. Hucka ouenrexmpuyna
nepMeadUIHOCH U MAHSeHC 2yOUmaxa npysjicajy 080j Kepamuyu npumMeHy u 'y ereKmpuyHum
Hanpasama. Y oeom paoy, npaxosu MgO u Al,O3 cy nomewanu y moraprnom oonocy 1:1 u
kanyunucanu na memnepamypama usmehy 1500°C u 1800 °C 0a 6u ce dobuo cnunen. Haxon
moea, Y30pyu cy CMpeseHU U MEXAHUYKU AKMUBUPAHU Y MAUHY mokom 60 munyma O0a du ce
006uo @uru ycummwen npax. Oopehenu cy Gazuu cacmas, Kpucmaina CmMpykmypa u
Mmopghonozuja ceux npaxosa. Pesynmamu cy nokaszanu 0a ca nopacmom memnepamype pacme
U 2ycmuHa cummemucanux yzopaxa. Mnegerwe 00 1 cama 6o0u rka gopmuparsy eehiux
yecmuya, anu QuHUjux npaxosa Hakon mieserba. XRPD u Paman cnekmpockonuja ykasyjy Ha
HeypeheHy Kpucmanuy Cmpykmypy HAKOH Mieserva.

Kawyune peuu: cnunen, mexanuuka akmusayuja, CUHmMeposarse, CMpyKmypa.
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