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Abstract

Different types of dense 5-97% ZrO,-MgAl,O, composites have been prepared using a MgAl,O, spinel obtained by calcining a stoichiometric
mixture of aluminium tri-hydroxide and caustic MgO at 1300 °C for 1 h, and a commercial yttria partially stabilized zirconia (YPSZ) powder as
starting raw materials by sintering at various temperatures ranging from 1500 to 1650 °C for 2 h. The characteristics of the MgAl,O, spinel, the
YPSZ powder and the various sintered products were determined by X-ray diffraction (XRD), scanning electron microscopy (SEM), BET surface
area, particle size analysis, Archimedes principle, and Vickers indentation method. Characterization results revealed that the YPSZ addition
increases the sintering ability, fracture toughness and hardness of MgAl,O, spinel, whereas, the MgAl,O, spinel hampered the sintering ability of
YPSZ when sintered at elevated temperatures. A 20-wt.% YPSZ was found to be sufficient to increase the hardness and fracture toughness of
MgAl,O, spinel from 406 to 1314 Hv and 2.5 to 3.45 MPa m'?, respectively, when sintered at 1600 °C for 2 h.
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1. Introduction

Magnesium aluminate spinel (MgAl,O4) has received a
great deal of attention as a technologically important material
on account of its attractive properties such as high melting point
(2135 °C), high chemical inertness, high thermal shock
resistance, and low thermal expansion coefficient [1-5]. Owing
to these properties, the MgAl,0O,4 has been extensively used for
various purposes such as refractory material for cement rotary
kilns and steel ladles [6-8], as a humidity sensor [9], and as a
transparent ceramic material [10]. Further, the MgAl,O4
exhibits first deformation at 0.2 MPa and 2000 °C, does not
react with SiO, until 1735 °C, with MgO or CaO until 2000 °C,
with Al,O5 until 1924 °C, and it can be used for all the metals
except alkaline earths [11]. Alkaline earth metals (M) react with
Al,O5 in MgAl,0, as these metals also tend to form M?* ions
like Mg. In spite of its high thermal shock resistance and
chemical inertness, the MgAl,0O, spinel is not used in certain
applications including molten metal filtrations because of its
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poor mechanical properties at room and high temperatures. In
order to improve its mechanical properties, several approaches
such as incorporation of secondary phase in the spinel matrix,
retaining the sintered grain size below 100 nm by using nano-
crystalline powders and altering the stoichiometry of MgAl,04
composition, etc., have been tried [12—18]. However, the most
successful approach has been the incorporation of partially
stabilized tetragonal zirconia into the spinel matrix [13-17]. It
is a known fact that the yttria partially stabilized zirconia
(YPSZ) exhibits excellent mechanical properties and superior
fracture toughness because of its unique phase transformations
occurring over stress or temperature [18].

In a study, Fuzita et al. [12], have prepared a 20 wt.% ZrO,—
MgAl,0,4 composite by hot pressing technique with a fracture
toughness (Ki.) of ~6.3 MPam"? and flexural strength of
~400 MPa. In another study, Hwang and Kim [13] have
prepared a 10 wt.% zirconia/spinel composite with a relative
density of ~98%, fracture toughness of ~12MPam'? and
strength of ~240 MPa from a pressed compact mixture of
monoclinic zirconia (baddeleyite) and Mg—Al metal powder at
1550 °C for 3 h. Incidentally, all the existing routes for the
preparation of ZrO,—-MgAl,0, composites involve expensive
raw materials and controlled processing steps. Therefore,
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products obtained by those methods can be used only for
specialty applications and are not commercially viable for use
in molten metal filter applications as their consumption is large
in quantity. Nevertheless, the sinterability and mechanical
properties of ZrO,—MgAl,0, composites prepared from YPSZ
and MgAl,QO, spinel powder have not been studied thoroughly.
Furthermore, there is a little information on the mechanical
properties of ZrO, rich ZrO,-MgAl,0O, composites in the
literature [11-16].

In view of the above reasons, a systematic study was
undertaken to prepare dense 5-97 wt.% YPSZ-MgAl,O,
composites using a stoichiometric MgAl,O, spinel powder
obtained from aluminium tri-hydroxide and caustic MgO at
1300 °C for 1 h and a commercially available YPSZ powder by
sintering at different temperatures ranging from 1500 to
1650 °C for 2h. All the sintered composites have been
characterized by various spectroscopic and non-spectroscopic
techniques in order to establish the effect of ZrO, on the
sinterability and mechanical properties of MgAl,O, ceramics.

2. Experimental procedure
2.1. Powder processing

The physico-chemical properties of aluminium tri-hydro-
xide (NALCO, NSPH-10, India), caustic MgO (Birla Periclase,
India) and yttria partially stabilized zirconia (3YS, TOSOH,
Japan) are given in Table 1. Stoichiometric dense MgAl,O,
spinel bodies were prepared according to the typical double
stage firing process [19,20]. In a typical experiment, the
required quantities of aluminum tri-hydroxide and caustic MgO
were co-ground in a jar mill for 3-4 h. From the ground
mixture, nodules were made using polyvinyl alcohol (PVA)
solution (5 wt.%) followed by oven drying at 125 °C overnight.
The dried nodules were calcined at 1300 °C for 1h. The
calcined spinel and YPSZ powders were separately vibro-
milled in zirconia vessels to reduce their average particle sizes
to 11.8 and 2.2 pm, respectively, using alumina and zirconia
grinding media. The powders charge to balls ratio was
maintained at 1:15 on weight basis. About 0.25 wt.% tri-
ammonium citrate on the basis of powder weight was used as a
dispersant in order to disperse the powder in the water.

Table 1

Physical properties and chemical composition of raw materials

Oxides present Al(OH);3 Caustic MgO YPSZ
Minimum assay (wt.%) - - >99.0
ALLO5 (Wt.%) 64.5 - 0.005
MgO (wt.%) - 82.86 -
71O, + HfO, (wt.%) - - >94.0
Na,O (wt.%) 0.3 0.093 0.004
CaO (wt.%) 0.03 0.908 -
Si0, (wt.%) 0.009 0.97 0.005
Fe,O3 (wt.%) 0.007 0.106 0.003
Y,0; (wt.%) - - 5.17
LOI (RT-1000 °C) 345 15.5 0.44
Specific gravity (kg/m®) 2420 3580 6020
Average particle size (pum) 85 5.22 0.49

Requisite quantities of ground spinel powder and YPSZ powder
were mixed together to formulate different ZrO,—~MgAl,0O4
composites and once again ground for another 15 min using
vibro-mill. The ground and dried powders were converted into
granules in the range of —30 to +100 BSS mesh (i.e., 149—
595 pm) with the help of aqueous polyvinyl alcohol solution
(5 wt.%). Dried granules were pressed uni-axially under a
pressure of (200 MPa) into pellets having 20 mm diame-
ter x 10 mm height. Pressed pellets were then sintered at 1500—
1650 °C for 2 h.

2.2. Material characterization

The bulk density of the sintered materials was measured by
the Archimedes principle [19,20]. Phase analysis of different
samples was carried out by XRD (Bruker D8 advance system)
using Cu Ka radiation. Relative phase composition of samples
was calculated from the peak height measurements of the
respective peaks [21]. Crystalline phases were identified by
comparison with PDF-4 reference data from International
Centre for Diffraction Data (ICDD). To obtain quantitative
information of various phases, the most intense peak of each
individual phase was taken into consideration. The peak heights
of all the phases were summed up and the percentage
concentration of a particular phase was estimated from the
ratio of the strongest peak of that phase to the sum of various
phases present in a given system [21]. The fraction of
monoclinic zirconia (m-ZrQO,) in tetragonal and monoclinic
mixtures was determined using the equation {Fm = (I,;; | 1))/
(L1 1 1y + I 1 1))} [22]. Particle size distributions of all the
powders used were measured using a particle size analyzer
(Granulometer G 920, Cilas, France). The microstructure of
dense spinel grains was examined by SEM (JSM-5410, JEOL,
Japan) with an energy dispersive analysis with X-rays (Sigma
3.42 Quaser, Kevex, USA) for qualitative and quantitative
analysis. Prior to SEM analysis all the samples were mounted
on araldite platform, chemically etched (phosphoric acid at
185+ 5°C for 4 min), polished and gold coated for
conductivity. The fracture toughness (Kj.) values were
calculated on the basis of the indentation method (Kj.=H
a'” x 0.203/(C/a)3 /2) where a represents Vickers indent
diagonal length, C the resulted crack length and H is a Vickers
hardness (Hy = Kg/mm2 = 10 MPa) [23]. Three to four samples
were examined per case; in order to check the reproducibility of
results and all the readings were averaged out and taken for
consideration in the calculations [20].

3. Results and discussion

XRD patterns of the synthesized spinel powder and as
received YPSZ powder are given in Fig. 1. As can be seen from
Fig. 1, spinel powder obtained from a stoichiometric mixture of
aluminium tri-hydroxide and caustic MgO at 1300 °C for 1 h
shows XRD peaks mainly because of MgAl,O, spinel phase
(ICDD File No.: 00-021-1152) along with some minor peaks
due to the un-reacted corundum (ICDD File No.: 00-046-1212)
and periclase (ICDD File No.: 00-045-0946) phases. The
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Fig. 1. XRD patterns of (A) spinel and (B) YPSZ powders: (*) MgAl,O, spinel

phase; (A) a-Al,O3 corundum phase; (W) MgO periclase phase; (@) t-ZrO,,
tetragonal zirconia phase; (ll) m-ZrO,, monoclinic zirconia phase.

amount of spinel phase formed was estimated to be ~80%. As
can be seen, the YPSZ powder shows XRD peaks primarily due
to yttria stabilized tetragonal (ICDD File No.: 00-048-0224)
and monoclinic (ICDD File No.: 00-037-1484) phases of
zirconia with former being the major phase (~84%). The YPSZ
powder contains ~5.4 wt.% yttria (claimed by the supplier).
The SEM micrographs of ground spinel powder and as received
YPSZ powder are given in Fig. 2(A) and (B), respectively. As
can be seen, the as received YPSZ is a spray-dried powder
consisting of granules in the range of 20-200 wm. Whereas, the
ground MgAl,O, spinel powder (Fig. 2(A)) still has some hard
agglomerates like the one that was focused, consisting of very
fine primary particles. The ground MgAl,O, spinel powder
consists of a wide particle size distribution, also denoting the
presence of some remaining agglomerates, whereas the YPSZ
powder consists of a very narrow particle size distribution
(Fig. 3). It is a known fact that the smaller the particle size the
larger would be its surface area and the high surface area
powders normally exhibit higher reactivity, hence, improved
sintering ability at elevated temperatures.

Table 2 lists the bulk density, fracture toughness, hardness,
linear shrinkage, and the major XRD phase of MgAl,O, spinel,
5-97 wt.% YPSZ-MgAl,0, composites and pure YPSZ sintered
at 1600 °C for 2 h. Their corresponding green density values are
also presented in Table 2. For the purpose of clarity, different
codes are given to the samples. As can be noted, the green density
of composites increases gradually with the zirconia content. This
is due to the fact that the theoretical density of Y,0; partially
stabilized TZP (6020 kg/m®) is higher than the stoichiometric
MgAl,0, spinel (3580 kg/m3 ). The MgAl,O, spinel exhibited a
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Fig. 2. SEM micrographs of (A) MgAl,O, spinel and (B) YPSZ powders.

bulk density value of ~3410kg/m’ (~95% of theoretical
density) upon sintering at 1600 °C for 2 h. It has been noted in the
previous paragraph that the compacted spinel powder consists of
about 80% MgAl,O4 phase prior to sintering. It is well-
documented in the literature that the partially spinelized
(70-80%) powders possess higher reactivity during sintering
when compared to fully spinelized or un-calcined powder at
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Fig. 3. Particle size distribution of MgAl,O, spinel and YPSZ powders.
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Table 2
Properties of various MgAl,O,~YPSZ composites sintered at 1600 °C for 2 hf
Sample Composition Green density Bulk density Relative Theoretical Fracture Hardness Linear Major
(kg/m®) (kg/m®) density densityi toughness (Hv) shrinkage XRD
(%) (kg/m?) (MPam'?) (%) phase
S MgAl,O4 2050 + 14 3410 + 17 95.20 3580 2.50 £ 03 406.42 +9 17.8 Spinel
S57 MgAl,04-5 wt.% YPSZ 2160 £+ 18 3570 + 18 96.43 3702 2.51+£02 1220.64 + 14 18.4 Spinel
S152 MgAlLO4~15 wt.% YPSZ 2130 £ 16 3630 + 12 91.99 3946 2.53 £ 02 1257.14 £ 11 18.1 Spinel
S20Z MgAlL,0,20 wt.% YPSZ 2140+ 17 3750+ 13 92.18 4068 345+03 1314.60 £+ 13 18.3 Spinel
S80Z MgAl,04-80 wt.% YPSZ 2840 £ 19 5240 + 19 94.72 5532 4.03 £ 02 1402.44 £ 15 18.2 t-ZrO,
S85Z MgAl,0,-85 wt.% YPSZ 2910+ 13 5360 £ 21 94.80 5654 445+03 1326.34 + 10 19.1 t-ZrO,
S90Z MgAlL,04-90 wt.% YPSZ ~ 2980 £ 16 5430 +23 94.00 5776 448 £03 1293.18 £ 12 19.1 t-ZrO,
S95Z MgAl,04-95 wt.% YPSZ 3160 + 24 5640 + 18 95.62 5898 5.36 + 02 1295.40 £ 12 19.0 t-ZrO,
S972 MgAl,0,4-97 wt.% YPSZ 3180 £ 19 5680 + 23 95.53 5946 6.63 £+ 02 1355.08 £ 16 19.3 t-ZrO,
Z YPSZ 2970 + 15 5880 + 24 97.67 6020 6.98 + 03 1386.76 + 14 19.9 t-Zr0,

t Values are arrived as described in Section 2.

¥ These data was derived based on the rule of mixture of theoretical density of MgAl,O4 (3580 kg/m®) and YPSZ (6020 kg/m®).

elevated temperatures [20]. This is mainly because of the higher
calcination temperatures required for complete spinelization
than for partial spinelization, leading to the formation of hard
agglomerates and less reactive powders [20]. The un-calcined
powders cannot be sintered into a dense spinel body following
single stage sintering process because of volume expansion
associated with the spinel formation [24]. As expected, the bulk
density of sintered YPSZ-MgAl,0, composites increases with
the YPSZ content (Fig. 4) as was observed in the case of green
density values, irrespective of the sintering temperature used.
However, a close look at relative density values (Table 2) reveals
that adding a small amount of YPSZ (S5Z) improved the
sinterability of MgAl,O4 spinel ceramics, decreasing it for
further additions. However, in the case of zirconia rich YPSZ—
MgAl,O, composites, irrespective of MgAl,O, spinel quantity
their sintering ability has been decreased. The shrinkage values
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Fig. 4. Effect of sintering temperature on bulk density of various MgAl,O4—
YPSZ composites sintered at temperatures 1500-1650 °C for 2 h.

(Table 2) listed for various composites substantiate the
information obtained from their bulk density values. All
YPSZ-MgAl,O, composites exhibited apparent porosity and
water absorption values almost close to zero when sintered at
1600 °C for 2 h.

The above results clearly suggest that the yttria partially
stabilized zirconia is more sinterable as compared to
stoichiometric MgAl,0, spinel. Generally, a lower sintering
temperature is always advantageous as it results in finer grain
sizes of the constituents, which consequently improves meta-
stable phase retention levels and strengths in the case of
zirconia based materials. A close look at Fig. 4 also reveals that
a gradual increase in bulk density values of spinel rich
composites with sintering temperature up to 1600 °C, followed
by a slight decrease with further increasing. In the case of
zirconia rich composites, the maximum values can be noted
even at 1548 °C, followed by a decreasing trend beyond this
temperature. The decreasing bulk density of sintered materials
beyond certain temperature is a well-known phenomenon
related to the grain coarsening and pore coalescence.

It has been reported that ZrO, enhances the sinterability of
MgAL,0, spinels by accelerating the diffusion of O*~ ions [25].
According to Yamaguchi et al. [26], when ZrO, (m.p.
~2623 °C) is added to MgO (m.p. 2800 °C)/MgAl,O, spinel
(m.p. 2135 °C) composite, Zr** goes into MgO lattice (the ionic
radii of Zr** is 7.2 x 107 m (0.72 A), Mg** is 7.2 x 10 m
0.72 A)) forming a solid solution ZrO,—-MgO, creating
magnesium ion vacancies in MgO crystals, and thus generated
vacancies accelerate the diffusion of O®~ ions to form dense
products at >1500 °C. Further, ZrO, is also known to accelerate
the oxygen ion diffusion thereby the sintering ability of the
materials [27]. The same mechanism may be applicable in the
present systems too. Another possible reason for improved
sintering ability of MgAl,O, spinel in the presence of ZrO, is
that when ZrO, is added to MgO based materials, ZrO, mostly
exists at grain boundaries during sintering and controls grain
growth thereby promotes the sintering process by accelerating
oxygen ion diffusion through the grain boundaries.

As can be observed from fracture toughness and hardness
values (Table 2), in general, the zirconia rich composites (i.e.,
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S80Z-S97Z samples) exhibited higher fracture toughness and
hardness as compared to spinel rich composites. The results
presented in Table 2 also reveal that irrespective of the sintered
density the YPSZ increases the fracture toughness and hardness
of MgAl,O, spinel. Though, the improvement in the case of
fracture toughness is not so high but it is very significant in the
case of hardness. The improved fracture toughness of MgAl,0,
by the incorporation of ZrO, is due to a combination of several
toughening mechanisms including stress-induced t — m phase
transformation toughening, microcrack toughening and crack
deflection. When ZrO, is finely dispersed in the matrix of
MgAl,Oy it exists in the form of tetragonal crystals that are
meta-stable at room temperature. This meta-stable t-ZrO,
transforms to m-ZrO, by shear stress-induced during fracture
(stress-induced transformation). This tetragonal-monoclinic
transformation is accompanied by volume expansion, which
nucleate microcracks in the surrounding material and restrains
the propagation of fracture. Quenard et al. [28] also made a
similar observation in their recent study of zirconia—spinel
composites prepared from combustion synthesized powders.
However, in the case of zirconia rich composites, both fracture
toughness and hardness values are decreased with spinel
addition. Interestingly, this decrease is less in the case of
hardness when compared to fracture toughness values.
Examples of SEM micrographs of MgAl,04~97% ZrO, and
MgAl,04-85% ZrO, (S85Z) compacts sintered at 1600 °C for
2 h are shown in Fig. 5(A) and (B), respectively, wherein the
brighter portions correspond to ZrO, and darker zones are

¥ ‘:‘:‘},(:]'lltun

Fig. 5. SEM of (A) MgAl,0,-97% YPSZ and (B) MgAl,0,-85% YPSZ
composites sintered at 1600 °C for 2 h.

correspond to MgAl,O4 phase and porosity. The microstruc-
tures of the other samples presented similar features, but with
the dark portions increasing with the enrichment of the
compositions in MgAl,O,4 spinel phase.

X-ray diffraction patterns of Z, S95Z, S80Z, S20Z, S5Z and
S sample sintered at 1600 °C for 2 h are given in Fig. 6. As can
be seen from this figure, the S sample shows only XRD peaks of
MgAl,O, spinel phase (ICDD File No.: 00-021-1152). The
XRD peaks corresponding to corundum (ICDD File No.: 00-
046-1212) and periclase (ICDD File No.: 00-045-0946) as
observed in the calcined powder (Fig. 1) have totally
disappeared after sintering. This is due to the fact that
according to the phase diagram of binary MgO-Al,O;,
MgAl,0, is the only phase formed at temperatures up to
1600 °C [1-5]. At this temperature, the solid solubility of MgO
and Al,O; in the spinel is 2% and 6%, respectively [1-5,19]. On
increasing the firing temperature to 1700 °C, the solubility in
the spinel increases to 3% and 10%, respectively [19]. Thus,
even if any small variation in the stoichiometry of MgAl,O,
spinel is present, it does not show XRD peaks due to periclase
and corundum phases after sintering at 1600 °C for 2 h. These
results are well-comparable with the data reported elsewhere
[19,20]. The pure sintered YPSZ shows XRD peaks only due to
tetragonal ZrO, (ICDD File No: 00-048-0224) phase. Further, a
gradual increase in the intensity of XRD peaks of MgAl,0,4 and
a concomitant decrease of XRD peaks’ intensity of t-ZrO, is
noted with increasing added amounts of spinel to the zirconia
matrix. The presence of tetragonal ZrO, phase in the YPSZ-
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Fig. 6. XRD patterns of different MgAl,0,—~YPSZ composites sintered at
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MgAl,O4 composites is responsible for their high fracture
toughness and hardness values.

4. Conclusions

The following conclusions can be drawn from the above
study:

(1) A stoichiometric MgAl,O, spinel with a theoretical density
of greater than 95%, hardness of ~406 Hv and a fracture
toughness of ~2.50 MPa m'’? could be prepared following
a conventional double stage sintering process at 1600 °C for
2h from a spinel powder having a average particle
size < 11.8 wm, a compact (green) density > 2005 kg/
m3, and the spinel content > 80%.

(2) The yttria partially stabilized zirconia exhibited a theore-
tical density > 97%, a fracture toughness of ~7 MPa m'?
and hardness of 1386 Hv when sintered at 1600 °C for 2 h.

(3) The bulk density, hardness and fracture toughness
(~3410 kg/m®, ~406.42Hv and ~2.50 MPam'?) of
MgAL,O, spinel could be improved to ~3705 kg/m?,
~1314 Hv and ~3.45 MPa m'?, respectively, by adding
20 wt.% YPSZ and sintering at 1600 °C for 2 h.

(4) Addition of 5 wt.% MgAl,0, spinel decreased the fracture
toughness and hardness of YPSZ from 7 to 5.4 MPam'?
and from 1386 to 1295 Hyv, respectively, when sintered at
1600 °C for 2 h.
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