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Abstract

Two kinds of spinel (MgAl,O,)-zirconia (ZrO,)
composite powders were prepared by double nozzle
ultrasonic spray pyrolysis; the aqueous solutions in
the Mg(NO;),-Al{NO;); and ZrOCl,- YCI; systems
were spray-pyrolysed in a hot zone of an electric
Sfurnace heated at 900°C, using two ultrasonic vibra-
tors. The compositions of the composite powders
were as follows: (1) Sample No. 1. MgAl,0, 93-36
mol% and yttria-stabilized tetragonal ZrO, poly-
crystals (Y-TZP) 6-64 mol% and (2) Sample No.
2: MgAl,0, 75-51 mol% and Y-TZP 24-49 mol%.
While MgAl,O, and Y-TZP were present in both
powders, MgO was additionally detected from Sam-
ple No. 2; such MgO disappeared when it was
heated up to 1100°C or higher. The composite pow-
ders contained spherical particles with diameters of
below 2 um and, in pari, acicular particles with
long axis lengths of 1 to 2 um. The wet-milled pow-
der of Sample No. 1 showed an excellent sinterabil-
ity; when the composite powder compact was fired
at 1700°C for 10 h, the relative density attained
97-6%. Copyright © 1996 Elsevier Science Ltd

1 Introduction

Since spinel (MgAlL,O,) ceramic has a high melting
point (2105°C) and excellent resistance to acid and
alkali, a large amount of MgAL,O, ceramics is
now used as a refractory for furnace walls and
firebricks.!® Attention has also been directed
toward the application of MgAl,O, ceramics to
humidity sensors.*® Except for these practical and
potential uses, the application of MgAlL,O, to
other fields has been restricted, chiefly due to the

*To whom correspondence should be addressed.
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insufficient mechanical strength at room and high
temperatures.” In order to improve the mechanical
strength of MgAl,O, ceramics, many researchers
investigated the fabrication of (i) dense ceramics
and/or (ii) composites with other materials.® Dense
MgAlL,O, ceramics may be fabricated using
powders with primary particle sizes of < 200 nm
prepared by various advanced techniques: copre-
cipitation,® vapour-phase oxidation,'® spray pyrol-
ysis,!! freeze drying'? and sol-gel techniques.'® The
composites of MgAlL O, with ZrO, are expected to
enhance the mechanical strength, because Fujita
et al® demonstrated that the maximum fracture
toughness (K;c) is 6:3 MPa m'? and the bending
strength of ZrO,-dispersed MgO-Al,O; ceramics
attains 400 MPa. Nevertheless, no information on
ZrO,-dispersed stoichiometric MgAlL,O, ceramics
has been available.

The authors prepared various calcium phosphate
powders by spray pyrolysis;'* !¢ this technique has
the advantages of preparing the powders with (i)
submicrometer-sized primary particles, (ii) narrow
particle size distribution and (iii) homogeneous com-
position.!” Nevertheless, conventional spray pyrol-
ysis is not always suitable for the preparation of
composite powders containing two or more com-
pounds, partly because it is difficult to prepare a
solution containing such multicomponent ions with-
out precipitation, and partly because the differ-
ence in solubility among metal salts in the starting
solution often causes compositional inhomogene-
ity in the spray-pyrolysed powder.'” In order to
prepare ZrO,-dispersed stoichiometric MgAl,O,
without a mixing operation, we assembled a novel
spray pyrolysis apparatus using two ultrasonic
vibrators. By using this apparatus, we examined
(1) the preparation conditions of ZrO,-dispersed
stoichiometric MgAl,O, powders and (ii) the sin-
terabilities of the resulting composite powders.



1172 T. Suzuki et al.

2 Experimental Procedure

2.1 Preparation of composite powders

Figure 1 shows the schematic diagram of the reac-
tion apparatus. This apparatus was composed of
(I) a spraying zone, (I) a heating zone and (III)
a powder collecting zone. Each zone will be
explained below.

(1) Spraying zone

The preparation conditions of the starting solu-
tions are shown in Table 1. The starting solutions
for MgAlLO, and Y-TZP were prepared as follows:
(1) the desired concentrations of Mg(NO,), 6H,O
and AI(NO,);9H,O were dissolved in deionized
water to form the solutions for preparing MgAl,Oy;
(ii) the desired concentrations of ZrOCl,-8H,0
and YCl;:6H,O with Y/(Zr+Y) = 0-03 were dis-
solved in deionized water to form the solutions for
preparing Y-TZP. The droplets were formed using
ultrasonic vibrators (a).

(11) Heating zone

The droplets were introduced into the mullite tube
(e), heated by an electric furnace (d) using a car-
rier gas: Ar gas (b) for preparing MgAl,O, and O,
gas (c) for preparing ZrO,. The spray pyrolysis
was carried out at 900°C. The temperature was
recorded using thermocouples (f).

(). (9)

(e)

N (@)

(b) (c)
\ s

(a) (a)

Fig. 1. Schematic diagram of the reaction apparatus. (a) Ultra-

sonic vibrator, (b) Ar carrier gas, (c) O, carrier gas, (d) Electric

furnaces (length: 600 mm), (¢) Mullite tube (diameter: 60 mm),
(f) Thermocouple (Pt-Pt- 13% Rh), (g) Test-tube type filter.

(I11) Powder collecting zone

The resulting powder was collected by a test-tube
type filter (g); the gas formed by the spray pyroly-
sis was inhaled by an aspirator.

2.2 Calculation of the mean diameter of droplets
The mean diameter of the droplets (d) was deter-
mined by the following equation:'®

1

d = 034 8:‘2’ )’} (1)

where o is the surface tension of the solution, p is
the density of the solution, and f is the frequency
(= 2-4 MHz) of the ultrasonic vibrator.

2.3 Sintering of composite powders

A part of the resulting powder was wet-milled
using a zirconia mortar and pestle in the presence of
acetone. The as-prepared and wet-milled powders
were uniaxially pressed at 120-MPa in steel dies to
form cylindrical compacts with diameters of 10 mm
and thickness of ~2 mm; then the compacts were
cold-isostatically pressed at 150 MPa. The com-
pacts were heated in an electric furnace (heating
elements: MoSi,) at a temperature between 1400°C
and 1700°C for 10 h in air. The heating rate from
room temperature up to the desired temperatures
was 10°C min™!. The bulk densities of the green
and sintered compacts were calculated on the
basis of the weights and dimensions. The relative
density was calculated by dividing the bulk den-
sity by the true density measured picnometrically.

2.4 Evaluations of resulting powders and sintered
compacts
The crystalline phases of the resulting powders
and sintered compacts were examined using an X-ray
diffractometer (XRD; 40 kV, 25 mA; Model RAD-
ITIA, Rigaku, Tokyo) with Ni-filtered CuK« radia-
tion and a Fourier-transform infrared spectrophoto-
meter (FT- IR; Model 8600PC, Shimadzu, Kyoto).
The quantitative analyses of the powders were
conducted using an X-ray fluorescence apparatus
(XRF; Model SXF1200, Shimadzu, Kyoto).
The specific surface areas of the powders were
measured by a Brunauer-Emmett-Teller (BET)
technique, using nitrogen (N,) as an adsorption
gas. The true densities of the powders were mea-

Table 1 Preparation conditions of starting solutions

Spray I Spray Il
Sample No. Mg(NO;), AI(N03)JJ Ar flow rate Zrocl, YCi, O, flow rate
mol dm™ mol dm™ dm’ min™! mol dm™ mol dm™> dm’ min™’
1 2-0 X 107! 4.0 X 107! 820 9.7 x 1072 30 x 107 400
2 2-0 X 107! 4.0 X 107! 820 9.7 X 1072 30 x 107 800
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sured picnometrically at 25°C. The agglomerate
strengths were examined from the data on the
relationship between relative densities of the com-
pacts and compressed pressures.

The particle shapes of the powders were
observed using a transmission electron microscope
(TEM; Model H-9000, Hitachi, Tokyo), while the
microstructures of the sintered compacts were
observed using a scanning electron microscope
(SEM; Model S-430, Hitachi, Tokyo). The disper-
sion states of elements in the sintered compacts
were examined using an energy-dispersive X-ray
analyser (EDX; Model EMAX-1500, Horiba,
Kyoto). The crystal system of ZrO, in the sintered
compacts was examined using a Raman spectro-
scope (Ar laser tuned to 514-5 nm).

3 Results and Discussion
3.1 Preparation of MgAl,O,-ZrO, composite powders

3.1.1 Crystalline phases of the resulting powders
Figure 2 shows the XRD patterns of the resulting
powders. While MgAl,0,"” and t-ZrO, (yttria-sta-
bilized ZrO, polycrystals: Y-TZP)* were present
in both powders, MgO?*' was additionally detected
from Sample No. 2. The X-ray intensities of Y-
TZP in Sample No. 2 were higher than those in
Sample No. 1.

The compositions of the powders heat-treated at
1400°C were examined using XRF. The composi-
tion of Sample No. 1 was: MgAlL,O,, 93-36 mol%
and Y-TZP, 6:64 mol%, whereas that of Sample
No. 2 was: MgALO,, 75-51 mol% and Y-TZP, 24-49
mol%. Hereafter, Samples No. 1 and 2 are desig-
nated as MZ(6-64) and MZ(24-49), respectively. The
numbers in parentheses indicate the Y-TZP content.

As shown above, the Y-TZP content in MZ(24-49)
powder is higher than that in MZ(6-64) powder,
when the flow rate of O, gas for preparing Y-TZP
is enhanced from 150 to 800 cm® min'. It should
be noted that the Y-TZP content is controlled by
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Fig. 2. XRD patterns of the resulting powders. (a) Sample
No. 1, (b) Sample No. 2; O: MgAlL,O,, [}: t-ZrO,, @: MgO.

changing the flow rate of O, gas. Regardless of
the MgAl,O, contents being higher than Y-TZP
contents in MZ(6-64) and MZ(24-49) powders,
however, X-ray intensities of MgAl,O, are lower than
those of Y-TZP. Since MgO was detected from
MZ(24-49), this phenomenon is explained by assum-
ing that the crystal growth of MgAl, O, is inhibited
by the sluggish reaction between MgO and Al,O;.

The residence time of the droplets in the present
furnace is estimated to be only ~40 s; thus it is
probable that the spray-pyrolysed powders con-
tain unreacted materials and adsorbed water. FT-
IR analysis was conducted to elucidate whether
these materials were included in the powders or
not. Results are shown in Fig. 3. In MZ(6-64) and
MZ(24-49) powders, the broad absorption bands
appeared in the range of 2700 to 3650 cm,
whereas the absorption peaks appeared in the
range of 1300 to 1700 cm™'. The absorption peaks
in the range of 1300 to 1700 cm™' may be assigned
to the NO;™ and the band in the range of 2700 to
3650 cm™ to the H,O stretching vibration.?

The powder appears to be formed via the fol-
lowing spray-pyrolysis routes: (i) the evaporation
of solvent (water), (ii) the pyrolysis of the precipi-
tated metal salts, and (iii) the solid-state reactions
of the metal salts/metal oxide. Since four kinds of
starting materials are employed in the present
experiment, the spray pyrolysis process seems to
be quite complex; but it probably includes the
pyrolysis of each starting material.

Mg(NO,),-6H,0 < melt 27,
2MgO-Mg(NO;), SH,0 2%€ 5 MgO  (2)%

AI(NO,);-9H,0 € melt <
4A1,0,:3N,05 14H,0 22€ 5 ALLO,  (3)*

(a)

(®)

—Transmittance

4000 3500 3000 2500 2000 1500 1000

Wavenumber / cm™'

Fig. 3. FT-IR spectra of the resulting powders. (a) MZ(6.64)
powder and (b) MZ(24.49) powder.
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The reaction of MgO with Al,O; may participate
in the formation of MgAlLO,, because MgO was
detected from MZ(24.49) powder.

MgO + Al,0; - MgAl O, 4)

The FT-IR results indicate that NO;™ and H,O are
present in MZ(6:64) and MZ(24-49) powders;
these materials which are released by the pyrolysis
of magnesium and aluminium salts are adsorbed
on the resulting powders.

On the other hand, the thermal decompositions
of zirconium and yttrium salts (ZrOCl,-8H,0 and
YCl;-6H,0) may occur via the following routes:

ZrOCl,-8H,0 ¥<; 7r0Cl,-2H,0 2&<,
ZrOCl, 4%¢ 5 710, (5%

YCl;6H,0 —2¥¢ _, ycl, 1¥<,
YOCI —%°C¢ , v,0, (6)*

The resulting Y,0; must be solid-dissolved into
Zr0O,, because Y-TZP was detected by XRD.

3.1.2 Powder properties

Figure 4 shows the TEM micrographs and particle
size distributions of the resulting powders. The
solid spherical particles, hollow spherical particles,

fragments of spherical particles and needle-like
particles were present in MZ(6.64) powder (Fig.
4(a)). Most of the diameters of the spherical parti-
cles ranged from 0-1 to 1-4 um (Fig. 4(a")). Although
the long-axis lengths of the acicular particles are
not plotted in the figure, they ranged from 1 to 2
um. The particle shapes of MZ(24-49) powder
(Fig. 4(b)) were similar to those of MZ(6-64) pow-
der; however, the particle-size distribution width
of MZ(24-49) powder (Fig. 4 (b)) was wider than
that of MZ(6-64) powder.

Although the mean diameters of the droplets
for preparing MgAl,O, and Y-TZP are found
from calculation to be 2-3 um, the actual mean
particle diameters are 0-47 and 0-60 um, respec-
tively; moreover, some spherical particles had
diameters as large as ~1-5 um. The spherical parti-
cles with diameters of ~0-5 wum are completely
filled or ‘solid’; however, the particles with diame-
ters of ~1-5 um appear to be ‘hollow’, because the
insides of these large particles are translucent (see
Fig. 4(b)). Such large particles may form when the
coalesced droplets are spray-pyrolysed; the frag-
ments are formed by the explosion of some spheri-
cal droplets/particles during the spray pyrolysis.
It is noted that needle-like particles are present
in the powder, although their formation route is
unclear.

50
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Fig. 4. TEM micrographs and secondary particle size distributions of the resulting powders. (a), (2"): TEM micrograph and secondary
particle size distribution of MZ(6-64) powder; (b), (b"): TEM micrograph and secondary particle size -distribution of MZ(24-49)
powder.
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The true densities of MZ(6-64) and MZ(24-49)
powders were 3-68 and 436 g cm™, respectively.
The density of MZ(24-49) powder is higher than
that of MZ(6-64), reflecting the fact that the Y-TZP
content is higher in the former than the latter.
These densities are almost in accord with the theo-
retical densities calculated from their compositions.

The specific surface areas of MZ(6-64) and
MZ(24-49) powders were 269 m* g! and 149 m? g},
respectively. Since the Y-TZP content in MZ(24-49)
powder is higher than that in MZ(6-64), the
specific surface area appears to be reduced with
Y-TZP content. This phenomenon is ascribed to
more appreciable crystal growth of ZrO, than that
of MgAl,O, (see Fig. 2).

The sintering may be restricted when ‘hard’
agglomerates are present in the powder.”’” Thus
the agglomerate strengths of the resulting powders
were examined by plotting the relative densities
against the compaction pressures. Results are
shown in Fig. 5. The plots of the relative densities
of MZ(6-64) powder compact against compaction
pressures were expressed as two straight lines with
the inflection point at ~90 MPa. The inflection
point in the case of the wet-milled powder
appeared at ~60 MPa; moreover, the relative
densities of the wet-milled powder compacts were
higher than those of the as-prepared powder
compacts. The plots of the relative densities
of MZ(24-49) powder compact against the com-
paction pressures were also expressed as two
straight lines with one inflection point at ~110 MPa.
The inflection point of the wet-milled powder com-
pacts appeared at ~50 MPa; the relative densities
of these compacts were higher than those without
the milling operation.

The inflection point indicates the pressure at
which the ‘hard’ agglomerates start to fracture;
the fragments are rearranged into closer packing

with higher compaction pressure.”® When the rela-
tive densities of spray-pyrolysed ZrO, powder
compacts were plotted against compaction pres-
sures, one inflection point appeared at ~80 MPa.
Similar results have been obtained by Haberko.?”
The pressures (~90 MPa) of the inflection points
in the case of as-prepared powder compacts are
almost in accord with those (~80 MPa) in the case
of pure ZrO, powders, which suggests that most
of the ‘hard’ agglomerates can be regarded as
Y-TZP. These ‘hard’ agglomerates may be easily
fractured into several pieces, because the inflection
points in the case of wet-milled powder compacts
appear at lower pressure than those in the case of
as-prepared powder compacts.

3.1.3 Phase changes during heating of the resulting
powders
The MZ(24-49) powder contains MgO, together
with MgAl,O, and Y-TZP. Thus it is important to
determine whether or not MgO disappears during
the heating of the resulting powder. First, DTA-
TG measurements of the resulting powders were
performed from room temperature up to 1400°C.
Results are shown in Fig. 6. The DTA curve of
MZ(6-64) (Fig. 6(a)) showed that the endothermic
and exothermic effects started to appear at ~310°C
and above 1270°C, respectively. Corresponding to
these effects, the weight losses occurred stepwise in
the ranges of 100-200°C, 200-400°C, 400-750°C
and over 750°C. The DTA curve of MZ(24-49)
(Fig.6 (b)) showed that the endothermic effects
appeared at 66°C, 105°C, 160°C and 380°C. The
weight losses occurred stepwise in the ranges of
50-150°C, 150-450°C and over 450°C.

The phase changes during heating of MZ(6-64)
and MZ(24-49) powders were checked by X-ray

50 - () /(O,(v")
& 40 O/o/o /
; a0 L //‘
o 50 (0
2
E 40 - ﬁ
& }

30

\k

30

1 1
50 100 150 200

0
220 N ui
£ ¥ }
.:_’,, 4 310 'E'
= (a) . Wi

6 1 L 1 L LT

0

Weight loss/%

End.— — Exo.

logio{Compaction pressure/MPa)

Fig. 5. Relationship between relative density of the compact and

compaction pressure. (a) MZ(6-64), (b) MZ(24-49); @: as-pre-

pared powder compact, (: wet-milled powder compact. Arrow
marks indicate the inflection points.
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Fig. 6. DTA-TG curves of (a) MZ(6-64) powder and (b)
MZ(24-49) powder. Heating rate: 10°C min™".
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diffractometry. Results are shown in Fig. 7. In the
case of MZ(6-64) powder, MgO was present in the
temperature range of 300°C to 1100°C; the crys-
tallinity of MgAl,O, was enhanced above 1100°C.
In the case of MZ(24-49) powder, the crystallinity
of MgAl,O, increased but that of ZrO, decreased
slightly with temperature above 1000°C; MgO was
present in the temperature range of 400°C to
1000°C.

The stepwise weight losses below 200°C indicate
the releases of chemically and physically adsorbed
water and of NOj ions. On the other hand, the
endothermic effects which start at 310°C in the
case of MZ(6:64) powder and at 380°C in the case
of MZ(24-49) powder are attributed to the forma-
tion of MgO. The crystallinity of MgAlO,
increases with decreasing crystallinity of MgO at
and above 1000~1100°C, which indicates that
MgO reacts with Al,O; to form MgAl,O,.

3.2 Sintering of MgALO,-Y-TZP powders

3.2.1 Effect of milling operation on sintering of the
composite powders

Since the ‘hard’ agglomerates are included chiefly
in the Y-TZP powder, the effects of milling opera-
tion on sintering of the powders are discussed in
this section. Figure 8 shows the changes in relative
density of the sintered compact with firing temper-
ature from 1400°C to 1700°C. The relative density
of MZ(6-64) compact was enhanced by the wet-
milling operation; the maximum relative density
attained 97.6% at 1700°C. Although the results for
MZ(24-49) compact were similar to those for
MZ(6-64) compact, the former relative densities
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Fig. 7. Phase changes during the heating of (a) MZ(6-64)
and (b) MZ(24-49); O: MgAl,O,; (20 = 36:8°), []: t-ZrOy;
(260 = 29-8°), @: MgO; (26 = 42-9°),

were lower than the latter ones; moreover, the rel-
ative density of MZ(24-49) compact was reduced
above 1600°C.

The above results reveal that the wet-milling
operation is effective for enhancing the relative
densities of the sintered compacts. This phe-
nomenon may be ascribed to the decrease in the
number of ‘hard’ agglomerates,”’ due to the milling
operation (see Fig. 5). The effect of the milling
operation on sintering of MZ(6:64) powder appears
more appreciable than on that of MZ(24-49) pow-
der, because the agglomerate strengths of MZ(6-64)
powder seem to be lower than those of MZ(24-49)
powder. Since the collapse of the hard agglomer-
ates becomes difficult with Y-TZP content, the
remaining ‘hard’ agglomerates in MZ(24-49) pow-
der make their homogeneous packing difficult,
thus retarding the densification. Moreover, the
mass transfer of MgAl,O, may be inhibited by
Y-TZP. Details will be explained in the next section.

3.2.2 Microstructural evaluation of sintered compacts
Since the dense composite compact with the rela-
tive density of 97-6% could be fabricated at the
firing temperature of 1700°C, the microstructure
of this sintered MZ(6-64) compact was examined
using SEM, XRD and Raman spectroscopy.
Results are shown in Fig. 9. The SEM micrograph
(Fig. 9(a)) showed that the large polyhedral grains
with sizes of ~20 um were packed closely: the
small spherical grains with diameters of ~3 um
were present not only on grain boundaries but
also inside the large grains. The XRD pattern
(Fig. 9(b)) revealed that MgAl,O, and t-ZrO, were
detected from the sintered body. The Raman spec-
trum (Fig. 9(c)) showed that the crystal system of
the ZrO, was assigned to be tetragonal.®® These
results indicate that ZrO, is stabilized by Y,0,
and that no reaction is observed between
MgAl,O, and Y-TZP.
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Fig. 8. Changes in the relative density of (a) MZ(6-64) compact
and (b) MZ(24-49) compact with firing temperature. @-@: as
prepared powder compact, (O-O): wet-milled powder compact.



Sinterability of spinel-zirconia powder prepared by spray pyrolysis 1177

(¢) o
L Ns

EID

100 200 300 400 500 600 700
[ Raman shift / cm™

(b)

Fig. 9. (a) SEM micrograph, (b) XRD pattern and (c)
Raman spectrum of the MZ(6.64) compact fired at 1700°C
for 10 h. O: MgAl,Q,, (]: t-ZrO,, @: MgO.

To check the crystalline phases of the large and
small grains in the sintered body, EDX analysis
was performed. Results are shown in Fig. 10. The
elements Mg and Al were detected in the large
polyhedral grains, whereas Zr and Y were
detected in the small spherical grains. Thus the
large polyhedral grains and small spherical grains
correspond to MgAl,O, and Y-TZP, respectively.

As shown above, Y-TZP grains are present not
only on boundaries but also inside the MgAl,O,
grains. Since the mass transfer of MgAl,O, is
retarded by these Y-TZP grains present on grain
boundaries, it cannot be promoted until Y-TZP
grains are entrapped in the MgAl,O, grains.

It is concluded from the present results that the
double-nozzle ultrasonic spray pyrolysis technique
is useful for preparing the composite powder with-
out a mixing operation. By this technique, we can
now examine the conditions for preparing many
kinds of composite powders.

4 Conclusions

Spinel (MgAl,0,)-zirconia (ZrO,) composite pow-
ders were prepared by the double nozzle ultra-
sonic spray pyrolysis technique. The results
obtained are summarized as follows:

(1) The compositions of the composite powders
were as follows: (1) Sample No. 1: MgAl,O,
93-36 mol% and yttria-stabilized ZrO, poly-
crystals 6-64 mol% and (2) Sample No. 2:
MgAl,O, 7551 mol% and Y-TZP 2449
mol%. The powder compositions could be
controlled by changing the flow rate of the
carrier gas.

Fig. 10. EDX analysis of MZ(6.64) compact fired at 1700°C for 10 h. (a) MgKa and AlKa spectra, (b) ZrLa and YLa spectra.
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(2) While MgAl,0, and Y-TZP were present in
both powders, MgO was additionally
detected from Sample No. 2; such MgO dis-
appeared when the powders were heated at
and above 1100°C. The powders contained
spherical particles with diameters of 2 um.
The wet-milled composite powder of Sam-
ple No. 1 showed excellent sinterability.
When this powder compact was fired at
1700°C for 10 h, the relative density of the
sintered compact attained 97-6%. The micro-
structural observation revealed that ZrO,
grains were present not only on boundaries
but also inside the MgAl,O, grains.

(3)
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