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Abstract: Stabilized zirconia is a promising material due to its great physical and chemical properties,
and thermal stability. In this work, MgO was used as a stabilizer in ZrO, to obtain Magnesia Partially
Stabilized Zirconia (MSZ) nanomaterials assisted with PEG as a template through conventional
mixing process. Zirconium hydroxides prepared from local zircon and MgCO3; were used as MSZ
precursors. Meanwhile, the stabilizer concentration was varied from 1 to 4 wt% of ZrO,. The
effect of the stabilizer concentration and the calcination temperature to the crystallinity and the
morphological properties of the MSZ nanoparticles were studied using X-ray diffraction and scanning
and transmission electron microscopy. The ZrO, content in the zirconium hydroxides precursors is
accounting 89.52 wt% of the total and exhibits the dominant m-phase at 1000 °C. Meanwhile, the
tetragonal and the monoclinic phases were formed in all MSZ samples at a temperature of 800-1000
°C. The as-synthesized MSZ samples show typical FT-IR spectra, consisting of the metal-oxygen
bonds at below 500 cm~! and the organic functional groups ranging at 1000-3000 cm ™. The ZrO,
morphologies exhibit spherical-like shapes with elongated agglomeration at 800 °C. In addition, the
average particle sizes of the final product ranges from 20 to 50 nm. At a sintering temperature of 1500 °C,
MSZ samples show the monoclinic phase of ZrO, and densities in the range of 3.95-4.14 g/cm3.

Keywords: local zircon-based zirconium hydroxides; MSZ; nanomaterials; PEG template

1. Introduction

Zirconia is a promising material with unique properties. It has great chemical and
thermal stability, excellent flexural strength, and good wear resistance. Zirconia is mainly
used in some fields such as biomaterials, refractories, high-strength tools, solid oxide fuel
cells (SOFCs), thermal barrier coating, and also catalysis [1]. Zirconia has three crystalline
forms: The monoclinic, the tetragonal, and the cubic [2]. The monoclinic phase is the most
stable phase under room temperature. Transformation of the monoclinic to the tetragonal
phases occurs around 1170 °C in heating and 800 °C in cooling, resulting in volume change
and a shear strain of ~4% and ~0.16%, respectively [3]. The monoclinic zirconia has no
practical application due to its volume expansion, which presents a crumbling of the
ceramic component [4]. Various studies attempted to prevent this transformation. The
tetragonal and the cubic phases have to be stabilized at a lower temperature. Stabilized
zirconia can be obtained by adding stabilizers such as Yttria (Y203), Calcia (CaO), Magnesia
(MgO), and Ceria (CeO,) [5-8].

In this work, MgO was doped into ZrO; to obtain Magnesia Partially Stabilized
Ziconia (MSZ), which consists of two or more phases as sediments. The most commonly
used techniques for preparing magnesia-zirconia ceramics are spray pyrolysis, plasma
spray, sol-gel, precipitation, and co-precipitation [9].
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Previous studies showed that some types of precursors had been successfully used to
present stabilized zirconia with great properties. For instance, a zirconium salt such as zir-
conyl chloride was used as a precursor for the preparation of ZrO,-MgO systems [7,8,10,11].
A metal organic compound such as zirconium-propoxide was also used as a precursor in
the synthesis of magnesia stabilized ZrO, nanoparticles [12]. In addition to pure MgO,
the other materials used as MgO precursors were Mg(NOs3)3 [10,12] and MgCl, [13,14]. In
order to synthesize material oxides with unique microstructures such as nanoscales or one-,
two, and three-dimension structures, some organic compounds are applied as a dispersing
agent or a structure-directing template during synthesis [15-17]. Previously, Riaz et al.
and Septawendar et al. synthesized stabilized ZrO, nano particles using sugar as a tem-
plate, for instance [16,17]. The other organic compounds used as templates were polymers
such as polyvinyl alcohol (PVA), polyethylene glycol (PEG), and polyvinyl pyrrolidone
(PVP) [15,18-20]. All the organic polymer templates were used as 1-D directing templates
to synthesize ZrO, nanorods [15,18,19] and nanofibers [20].

To the best of our knowledge, there has been no report on the synthesis of magnesia
partially stabilized zirconia (MSZ) from zirconium hydroxides derived from the local
zircon. Thus, the present paper reports on the synthesis of MSZ nanomaterials from local
zircon-based zirconium hydroxides and MgCOj3 precursors and PEG as a template via a
conventional mixing process. This study aims to evaluate the characteristics of the resulting
MSZ, including infrared spectra of the as-synthesized MSZ, mineral phase transformation,
and microstructures. In addition, the effect of stabilizer concentration on the ZrO; phase
transformation at elevated temperatures was also studied with respect to the characteristics
of the resulting ZrO,.

2. Materials and Methods
2.1. Materials

In this study, the ZrO, precursor used was local zircon-based zirconium hydroxides
(exhibiting pH 5 and containing 15 wt% ZrO,). Meanwhile, the materials used were
MgCO3, a 12.5% NH4OH solution, and PEG-6000. All materials were used without further
purification. The laboratory apparatus used in this study was a dual-speed mixer with
the maximum speed of 2000 rpm and an electric furnace with the maximum temperature
of 1700 °C. Meanwhile, the instruments used for the material characterization were an
X-ray fluorescence system, an X-ray diffractometer, a FI-IR Spectrophotometer, a Scanning
Electron Microscope, and a Transmission Electron Microscope.

2.2. Synthesis of MSZ

The zirconium hydroxide precursor was initially calcined at 1000 °C and was then
characterized by X-ray Fluorescence to investigate the purity of the resulting ZrO, and
X-ray diffractometer to study the mineralogy characteristic of the calcined precursor. The
synthesis of MSZ was started by preparing a single component of zirconia and magnesia
separately from the respective zirconium hydroxides and MgCOj3 precursors with the var-
ied MgO concentration such as 1, 2, and 4 wt% of the ZrO,. Thus, the samples were labeled
as IMSZ, 2MSZ, and 4MSZ. A proper amount of zirconium hydroxides was dissolved
in aquadest and followed by stirring at a constant rate. Then, the calculated portion of
the MgCOj3 solution was also prepared. The MgO precursor solution was added into the
ZxO, precursor solution under vigorous stirring. The PEG solution with a concentration of
20 wt% of the ZrO, was then added into the MSZ precursor solution and thoroughly stirred.
The pH of the solution mixture was adjusted to pH 8 by adding a 12.5% (v/v) NH;OH
solution. The precipitated product and liquid were separated by decantation and filtration.
The precipitates were dried in an oven at 80 °C and then calcined at 600 °C, 800 °C, and
1000 °C. However, the as-synthesized MSZ samples were initially characterized by the
FT-IR method. The characteristics of the calcined products were then figured out including
their mineral phases and microstructures. The as-synthesized MSZ samples were also
sintered at 1500 °C to appraise further ZrO, characteristics including phase transformation,
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density, porosity, and water adsorption. The standard method of ASTM C-20 was used to
measure the density, water adsorption, and porosity of the sintered MSZ samples.

2.3. Characterization

Typical FI-IR spectra of the as-synthesized MSZ samples were acquired using a
Prestige 21 Shimadzu FT-IR Spectrophotometer with an attenuated total reflection (ATR)
module and a monochromatic Al K« (1486.6 eV) source under operation at 12 kV and 3 mA
(K-alpha, Thermo VG), respectively. Meanwhile, a Bruker D8 Advance X-ray diffractometer
was used to collect diffraction data of all calcined MSZ samples at 40 kV, 40 mA with a
Cu/Ko (A =1.54060 A) radiation source. The diffraction patterns were scanned from 10.00
to 90.00 (20) with a step size of 0.020. A JEOL-JSM-IT300LV SEM and a JEM-1400 120 kV
TEM were utilized to recognize the microstructures of all calcined MSZ.

3. Results
3.1. Characteristics of the Local Zircon-Based Zirconium Hydroxide Precursor

Table 1 presents the XRF identification result on the local zircon-based zirconium
hydroxide precursor after calcination at 1000 °C. According to Table 1, the precursor
consists of 89.52 wt% ZrO, as the main constituent, and 3.26 wt% SiO,, 1.34 wt% Al,O3,
1.27 wt% Na;O, and 1.18 wt% HfO, as the major impurities. The existence of SiO,, Al,O3,
and HfO, originated from the raw material of local zircon. Meanwhile, the presence of Na,O
must be produced from the salt of Na;SOy, the by-product during preparation of zirconium
hydroxides from local zircon through a sodium carbonate sintering method [21,22].

Table 1. Semiquantitative result of XRF identification on the chemical composition of local zircon-
based zirconium hydroxide calcined at 1000 °C.

Zirconium Hydroxides at 1000 °C

Compound
wt% Std. Err
ZrO, 89.52 0.15
510, 3.26 0.09
AlyO5 1.34 0.06
Na,O 1.27 0.06
HfO, 1.18 0.05
Fe,O3 0.755 0.038
MoOs3 0.429 0.025
SO3 0.319 0.016
CaO 0.224 0.011
Y,03 0.187 0.009
P,05 0.126 0.017
MgO 0.111 0.006
TiO, 0.0951 0.0047
ThO, 0.065 0.026
Yb,03 0.0441 0.0034
U30g 0.0335 0.0056
Cr,03 0.0243 0.0018
Er,O3 0.0242 0.0039
La;O3 0.0218 0.0035
KO 0.024 0.0017
ZnO 0.0178 0.0014
Scy, 03 0.0158 0.0017

Rest = 0.83 LOI

Figure 1a shows the FI-IR spectra of the zirconium hydroxide precursor before and af-
ter calcination at 1000 °C, displaying the transmission bands in the region of 4000-400 cm .
The vibration modes of the Zr-O bonds in the precursor show the transmission bands in
the range of 750—400 cm ™! [19]. Meanwhile, the bands at 993.9 and 1025.5 (the calcined
zirconium hydroxide) cm~! are assigned to the stretching vibration of the Si-O-Si [19].
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Figure 1. XRD pattern of the calcined zirconium hydroxide (a); and the FT-IR spectra of zirconium hydroxides before and
after calcination at 1000 °C (b).

At 1134.9 cm ™!, the band is corresponding to the stretching vibration of the S=O
bond, and it must be related to the salt of (Na*SO427) in the precursor [19]. The band at
1633.6 cm ! is attributed to the -OH on the surface of —~ZrOH- [19,22]. These FT-IR results
corroborate the XRF semiquantitative result, showing the presence of SiO, and Na;SO4
compounds in the calcined zirconium hydroxides.

Figure 1a demonstrates the XRD identification result on the calcined zirconium hy-
droxide at 1000 °C, showing the existences of the monoclinic and the tetragonal phases of
ZrO;. The monoclinic phase is detected by the appearance of its main diffraction peaks
at diffraction angles, 20, of around 28° and 31° that relate to the (—111) and (111) crystal
planes of the m-ZrO; structure in accordance with PDF 2. 830943. Nevertheless, based on
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PDF2. 791771, the t-ZrO, phase is detected at diffraction angles, 20, of around 30° and
corresponding to the (101) crystal plane of the t-ZrO; structure. However, the presence
of ZrO, impurities as shown in the XRF measurements are not found in the XRD analysis
results. This result confirms that the impurities exist randomly in the zirconium hydroxide.
Therefore, all the characterization results of the zirconium hydroxide are only valid for the
tested samples.

3.2. FT-IR Spectra Characteristics of the As-Synthesized MSZ Samples

The ZrO, precursor used exhibited pH 5, consisting of a mixture of ZrO(OH), and
ZrO(OH);- xH,0O compounds [19]. However, in our present work, we used zirconium
hydroxides (pH 5) and MgCOs3 as the precursors and water as the medium/ a solvent.
Since MgCQO3 is less soluble in water and the ZrO, precursor consists of the sulfate impurity,
it is necessary to briefly describe the proposed reaction that should be occurred during
MSZ preparation. So, we would like to write the possible reaction mechanism one by one.

2MgCO3 + HO — Mg2(OH),CO; () (slurry) + CO2 (1)
(ZTO(OH)2 + ZVO(OH)2~XH20)(geZ) +2MgCOs3 + H,O — (ZT’O(OH)Z + ZT’O(OH)z'pr_O)(gd> )
+Mg2(OH)2CO3 (s) + COZ
(ZVO(OH)2 + ZVO(OH)z-XHQO)(gd) -+ Mgz(OH)ZCO3 (s) + NH4OH + xH,O
®)

"5" (2rO(OH),xH,0 + Zr(OH), xH0),

gel) + Mgz(OH)ZCO3 (s) + NHj

An FT-IR spectroscopy is a useful tool to analyze the functional group of any organic
molecules and chemical structure changes in a compound. The IR spectrum of the as-
synthesized MSZ samples is shown in Figure 2, demonstrating the transmission bands
in the region of 4000400 cm~!. There are two possible reaction mechanisms between
the ZrO; precursors and PEG. The first is via the intermolecular hydrogen bonding of
the hydroxyl groups of the ZrO, precursors and the ether groups (-O-) in PEG that can
be confirmed by a weak band at around 3235 cm~!. The second possible mechanism is
the interaction through the coordinate covalent bonding of the ligand atom of the ether
group(-O-) in the PEG chains to the metal ions of Zr**. As displayed in Figure 2, the
vibration modes of the oxygen and metal bonds in the precursor show the transmission
bands in the range of 750400 cm ! [19]. The appearance of the peak at around 3400 cm !
corresponded to the H-O-H stretching of the hydroxyl groups (the intramolecular hydrogen
bonding). The bands of PEG are assigned as the CH, stretching vibration of PEG at around
29002800 cm !, the C-H scissor bending vibration at 1450-1292 cm !, the C-O stretching
vibration of alcohol at around 1250 cm !, and the C-O-C asymmetric stretching vibration
at 11001060 cm 1 [23]. Table 2 presents the elucidation results of the IR-spectra of all the
as-synthesized MSZ samples [24-27].

Table 2. The results of FI-IR identification on the as-synthesized MSZ samples.

1IMSA 2MSZ 4MSZ
Vibration Modes Wavenumber (1/cm)
Zr-O, Mg-O (overlapped peaks) 463,416 463, 424 470, 440

Mg-OH 3750 3750 3754

v Si-O-Zr 949 949 949

5 50,2 601 601 601

5 CH PEG-6000 1396, 1350 1350 1350

5 CH,-PEG-6000 1466 1466 1474
v CH,-PEG-6000 2924, 2857 2924, 2857 2924, 2857

v C-O-C PEG-6000 1103 1111 1111

—OH on surface 1636 1636 1628

-O-H; (hydrogen bonding) 3426, 3235 3426, 3235 3426, 3235
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Figure 2. FT-IR spectrum of the as-synthesized MSZ samples in various MgO wt%.

3.3. Phase Transformation of ZrO, in a MSZ System

The effects of the calcination temperatures and the stabilizer concentration on the
phase composition of MSZ have been evaluated by XRD analysis. Figure 3 demonstrates
the XRD patterns of the as-synthesized MSZ samples calcined at elevated temperatures of
600 °C, 800 °C, and 1000 °C. According to Figure 3A, all the as-synthesized MSZ samples
show different diffractogram patterns after calcination at 600 °C. However, sample 1IMSZ
with 1 wt% MgO content, exhibits a different diffraction pattern from the other samples. The
XRD result shows wide broadened multiple peaks at diffraction angles, 26, starting from
around 15° to 40° and from around 45° to 40°. However, the peaks consist of many phases,
which is in agreement with the XRD investigation in Figure 3A. Based on PDF2.791771, the
t-ZrO, phase is detected at diffraction angles, 26, of around 30° and 50°, corresponding
to the (101) and (112) crystal planes of the t-ZrO; structure, respectively. Some impurity
phases such as ZrSiO, and MgSO, are also observed at the respective diffraction angles, 26,
of around 20°, and 25°, in accordance with PDF2. 831375 and 210546, respectively. These
impurities are obviously identified in 2MSZ and 4MSZ samples in which the MgO content
is increasing. The existence of the impurities in MSZ samples may have originated from
the ZrO, precursors of local zircon-based zirconium hydroxides used. According to our
previous study, the impurities arose during the preparation of zirconium hydroxides from
local zircon in the form of Na;SOy4, unhydrolyzed silica, and undecomposed zircon [21,22].
These impurities occur in ultrafine particles. The presence of the Na,SO, impurity can
be caused by the incomplete washing process of the precursors. Furthermore, apart from
Z1Si0Oy, another impurity appearing as a sulfate compound, which is originally from one
of the raw materials used for the preparation of zirconium hydroxide precursors, may be
found. Based on the XRF result, the zirconia precursor contains sodium sulfate as one
of the impurities. This can react with magnesium hydroxide carbonate in the presence
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Figure 3. The XRD Diffractograms of all MSZ samples at elevated calcination temperatures. (A) 600 °C, (B) 800 °C and (C)

1000 °C.

As given by XRD diffractograms in Figure 3A, the m-ZrO, phase appears in 2MSZ and
4MSZ samples at 600 °C in accordance with PDF 2. 830943. It is noticed by its diffraction
main peaks at diffraction angles, 20, of around 28° and 31° that attribute to the (—111) and
(111) crystal planes of the m-ZrO, structure, respectively.

Along with the temperature elevation, the peak intensities of the m-phase in all MSZ
samples increase. At 800 °C and 1000 °C, the XRD results showing MSZ samples exhibit
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1Msz

2MSZ

4MSzZ

different diffractograms. At 800 °C, MSZ samples generally comprise both the monoclinic
and the tetragonal phases. In addition, the peak of MgSO, disappears at diffraction
angles, 20, of around 25° in the XRD diffractograms of 2MSZ and 4MSZ samples. This
phenomenon considers the Mg salt transforming to MgO; then, it metathetically reacts
with ZrO, to form a solid solution. Meanwhile, at a higher temperature of 1000 °C, it can
be seen that the monoclinic phase of ZrO, is more dominant than the tetragonal phase in
all MSZ samples. Based on the XRD results in this study, the higher the MgO concentration
used, as especially at 800 °C and 1000 °C, the more dominant the m-phase exhibited in the
ZrO; structure.

However, the existence of the zircon impurity in all MSZ samples at elevated cal-
cination temperatures was corroborated by the results of the FT-IR identification on the
as- synthesized MSZ samples in Figure 2. The band at 949 cm ™! is specific for the vibra-
tional band of the Si-O-Zr bridges [27]. Nevertheless, these results are only valid for the
examined samples in this work.

3.4. Microstructure Analysis by SEM and TEM

The typical microstructures of the as-synthesized MSZ powders calcined at elevated
temperatures and different weight percent of MgO were analyzed by SEM, as per the results
shown in Figure 4. According to the SEM micrographs MSZ samples with a magnification
of 40,000 x in Figure 4, it is very clear that the MSZ grain sizes dependence significantly on
the temperature. The almost spherical-like structure of MSZ particles can be observed in
all samples. As can be seen in Figure 4, all sample MSZ particles calcined at 600 °C form
huge agglomerations. Based on Figure 4, 2MSZ appears to have the finest grain size and
the smallest agglomeration compared to the others.

A) T 600°C B) T 800°C C) T 1000°C

Figure 4. SEM micrographs of MSZ samples after calcination at 600 °C (A), 800 °C (B), and 1000 °C (C).
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According to Figure 4, at a calcination temperature of 800 °C, overall, the agglom-
eration of MSZ particles is smaller than calcined at 600 °C. Meanwhile, at a calcination
temperature of 1000 °C, the MSZ particles tend to have large agglomerations and exhibit
dissimilar grain sizes. In addition, 4MSZ seems to have the largest particle size compared
to the others. The tetragonal phase has a smaller volume than the monoclinic phase. The
XRD results in Figure 3C show that 4MSZ exhibit the tetragonal phase with the lowest
peak intensity, which means that the tetragonal phase composition is expected to be the
lowest among MSZ samples. Thus, the 4MSZ sample exhibits the highest content of the
monoclinic phase among the samples, resulting in the largest particles in its microstructure.

Figure 5 presents the TEM results of MSZ samples after calcination at 600 °C, 800 °C,
and 1000 °C. The results of TEM observation on MSZ samples at 600 °C revealed that all
particles size were less than 20 nm. Meanwhile, at a temperature of 800 °C, elongated
agglomeration was formed in all samples. At this temperature, 2MSZ and 4MSZ samples
exhibit the finer particles, acquiring less than 20 nm and being almost homogenous in size.
Then 1MSZ sample has more a varied size in the range of less than 20 nm and more than
50 nm. Furthermore, at a temperature of 1000 °C, MSZ particles’ size tends to be larger as
the Mg concentration increase. The particles size at 1000 °C seems to be larger than 50 nm.

T 600°C

2msz amsz

Figure 5. TEM images of MSZ samples calcined at 600 °C, 800 °C and 1000 °C.
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In addition, the presence of PEG during the reaction affects the particle size of ZrO,.
PEG attaches to the ZrO(OH); molecule through hydrogen bonding. As a result, the
hydroxyl group of the ZrO, precursor is covered by PEG molecules so that the aggregation
between particles is reduced. During calcination, the organic substance was burnt out as
gases, leaving particles in the nanostructures.

3.5. The Characteristics of the Sintered MSZ Samples at 1500 °C

Further investigation was conducted on the sintered MSZ samples at 1500 °C including
mineralogy, density, porosity, and water adsorption properties. Figure 6 demonstrates the
mineralogy characteristics of MSZ samples at 1500 °C analyzed by an X-ray diffractometer.
Unusual and diverse XRD patterns are shown by each MSZ sample. IMSZ shows only the
pure monoclinic ZrO;, and the other phases that include MgO or zircon are not detected
in the sample. Meanwhile, 2MSZ indicates the presence of the monoclinic ZrO, and
zircon phases. The more bizarre XRD pattern is shown by 4MSZ, whereby in addition to
showing the presence of a monoclinic phase, it also displays the presence of the MgAl,Oy4
spinel phase.

T 1500°C

Intensity (a.u)
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L

\
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Figure 6. The XRD diffractograms of the sintered MSZ samples at 1500 °C.

This unwanted phase must be produced by the reaction between MgO and Al;,Os
that originated from zircon-based zirconium hydroxides. Table 3 presents some physical
properties such density, porosity, and water adsorption according to the ASTM C-20
method. However, in this study, the results of the ASTM C-20 measurement on the sintered
MSZ samples cannot be compared because of the mineral phase diversity in MSZ samples.

Table 3. Some physical properties of MSZ samples at 1500 °C.

Code Bulk Density, g/cm®  Water Adsorption, % Porosity, %
4MSZ (1500) 4.14 3.45 14.29
2MSZ (1500) 4.12 4.05 16.67
1MSZ (1500) 3.95 4.12 16.28
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Overall, further study and analysis is considered important to improve the current
results. The biggest concern in this study is the local zircon-based zirconium hydroxide
used as the ZrO; precursor. The ZrO, precursors must be washed with cool and hot water
then pressed with a filter press to remove impurities. The initial treatment of the ZrO,
precursor must be highlighted in the next study to avoid or to prevent the occurrence of
the unusual phenomena.

4. Conclusions

Magnesia partially stabilized zirconia was prepared from local zircon-based zirconium
hydroxides using PEG as a template. The MgO concentration varied from 1 to 4 wt%
ZrO;,. The zirconium hydroxide precursor contains 89.52 wt% ZrO; and exhibits a pure
monoclinic phase at 1000 °C. Meanwhile, the tetragonal and the monoclinic phases form
in all MSZ samples at a temperature of 800-1000 °C. The ZrO, morphologies exhibit
spherical-like shapes with elongated agglomeration at 800 °C. The addition of PEG during
synthesis results in the elongated particles of MSZ microstructures. In addition, the average
particle sizes of the final product are close to 20 nm and are less than 50 nm. At a sintering
temperature of 1500 °C, MSZ samples show the monoclinic phase of ZrO, and densities in
the range of 3.95-4.14 g/ cm?.
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