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Abstract: The effect of MnO, and TiO, as additives during the densification and
microstructural development of Al,O; has been investigated between the tem-
perature range of 1250 and 1550°C. Sintered density, average grain size, micro-
hardness measurements and microstructural features were evaluated to correlate
densification with grain growth and second phase formation. Each additive both
singly and in combination, was found to increase the final sintered density and
microhardness values of the samples. 3 wt% MnO, when added with 0.5-3 wt%
TiO, lowers the sintering temperature to 1250°C. Excessive grain growth and
draining of second phase were observed in these samples that were sintered above
1350°C. © 1997 Elsevier Science Limited and Techna S.r.l.

1 INTRODUCTION

Small additions of various oxides, such as MgO,
TiOZ, SiOZ, MHOZ, CI'203, FeZO3, to AI203 have
been shown to influence densification processes by
reducing sintering temperature, suppressing or
promoting grain growth and allowing sintering to
theoretical density. Therefore, a variety of oxides,
either singly or in combination, is commonly used
in the ceramic industry for various purposes, such
as enhancing sintering and to modify the micro-
structure and mechanical properties. In general, an
additive can function either in a solid solution or as
a second phase or both by various mechanisms.!'™
Although many studies on the role of additives in
Al O3 have been investigated, there is still a general
lack of well-established mechanisms as well as
conflicting results.

The influence of TiO; and MnO, on the sintering
of Al,O; was studied both as separate additives
and also in combination as TiO»-MnQO,. Earlier
investigations on the sintering of TiO, doped
Al,O5; have shown that an enhanced densification
rate was observed during the process. However,
there was no indication of a solid solution of
1.0-2.5mole% TiO; in Al,O; when sintering was
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performed in air. It was argued that the effect of
TiO, on densification is due to its grain growth
enhancement role taking place at grain bound-
aries.>® In another study, it was revealed that Ti
enters Al,O; substitutionally as Ti** additions
increase the concentration of aluminium-ion
vacancies, and based on this argument, it is
believed that TiO, enhances the aluminium-ion
diffusion by a vacancy mechanism.” It was also
shown in another quantitative analysis that sinter-
ing kinetics were enhanced when TiO, was added
up to a certain amount above which the sintering
rate was found to be levelled off or slightly
decreased due to the formation of a second phase
at the grain boundary.!?

The influence of MnQ,, when added singly in the
amount of 0.035-7%, was shown to accelerate
both the sintering rate and grain growth. Similar to
the effect of TiO,, the sintering rate increases to a
maximum level and then decreases as the Mn con-
centration exceeds 0.3% level due to the formation
of a second phase. It was originally proposed that
the addition of MnO; led to a change in the diffu-
sion mechanism from a grain boundary process to
a bulk diffusion process.!! However, in a more
elaborate study, it was suggested that a maximum
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sintering rate occurred with addition of 0.3%
MnO,.!? On the contrary to the bulk diffusion
assumptions, it was argued that at concentrations
of 0.3% MnO, or less, grain boundary diffusion
occurred after a certain shrinkage level.

There are very few studies on the simultaneous
effects of TiO,-MnO, in Al,O; dealing with the
full densification regime and detailed micro-
structural examination.!>'> The purpose of this
study was to investigate the densification and
microstructural development in the TiO,-MnOy,—
AlL,O; system in an extensive sintering regime
using a varying amount of additives ranging
from 0 to 3wt%. This report also discusses the
microhardness values of doped and undoped
samples with respect to the microstructural fea-
tures that developed at different sintering tem-
peratures.

2 EXPERIMENTAL PROCEDURES

Alcoa A 16SG alumina powder with an average
particle size of 0.37um and reagent-grade
Mn(CH3C0O0),.4H,0 and TiCl; were used as the
starting materials. The acetate of manganese and
chloride of titanium can be easily dissolved in
water to its ions to yield a homogeneous disper-
sion.

Alumina suspensions were prepared with the
addition of manganese’ acetate and titanium?
chloride dissolved in water while its pH adjusted to
2 with HCl. Al,O5 was slowly added into the solu-
tion while stirring and ultrasonicating to break up
the agglomerates. Colloidal suspensions were oven-
dried at 110°C and stirred frequently to prevent
sedimentation. Dried powders were calcined at
600°C for 1 h in order to obtain insoluble oxides of
the additives. Powder compacts were prepared by
uniaxial pressing in a steel die to make pellets
nominally 2.5cm in diameter and 0.3 cm in height.
Green densities of the pressed samples were mea-
sured dimensionally. Undoped and doped samples
were sintered at 1250, 1350, 1450 and 1550°C at a
heating rate of 10°Cmin~! for a 1-h sintering hold
under the normal furnace atmosphere and cooled
at the same rate in the furnace atmosphere.

After sintering, sample densities were determined
by the water immersion technique. The micro-
structures of the samples were studied by scanning
electron microscopy (SEM) equipped with an
energy dispersive X-ray spectrometer (EDS)
attachment, on polished and thermally etched sur-
faces. The characterization of the microstructure is
an important step in this type of sintered bodies.
The densification characteristics were examined in
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terms of the physical and chemical nature of
structures through the change in porosity, second
phase formations and distributions and grain
growth. Vickers microhardness values were mea-
sured with a Leitz mini load hardness tester by an
applied load of 300 g on the polished surface. An
average of 10 indentations per specimen were
taken. Compositions, the percentage of the theore-
tical density attained after sintering at 1250°C,
1350, 1450 and 1550°C and the hardness values are
tabulated in Tables 1 and 2. Table 3 shows the
average grain size values with standard deviations
of the samples sintered at different sintering tem-
peratures. Standard line intercept techniques were
used to determine these values.

3 RESULTS AND DISCUSSION

The microstructures of samples sintered at given
temperatures are shown in the scanning electron
micrographs given in Figs 1-6. The sintered den-
sities of the samples with MnO, and TiO, addi-
tions ranged between 95 and 98% of the theoretical
densities attained at temperatures as low as 1250°C
with high hardness values of around 2300 kgmm—2

The effect of additives on the densification char-
acteristics of alumina is primarily sensitive to the
processing conditions, such as the origin of starting
powders, amount of additives, blending and mixing
techniques, compaction and sintering conditions.
Experiments on the undoped samples that were
sintered at 1250-1550°C exhibited the typical den-
sification behaviour in agreement with the previous
studies showing that a complete sintering can be
achieved above 1550°C.'¢ The data and the micro-
structure of the undoped samples are presented for
the purpose of comparison (Fig. 1(a)—(d).

The samples with 3 wt% MnO, additions exhib-
ited significant difference in densification and mea-
sured hardness values. As seen in Fig. 2(a)-(d),
considerable densification was already achieved at
1350°C; however, higher densities seem to be
attained at 1450°C with an average grain size of
1.66 um. EDX-point analysis from the large size
particles shown in Fig. 7 indicates that MnO,
enters the solid solution with alumina. An exag-
gerated and inhomogeneous grain growth with a
high amount of pores trapped and clustered within
the grains was observed in samples sintered at
1550°C. Mn—Ca rich glassy phase and a wide vari-
ety of precipitate morphology due to Ca segrega-
tion are evident in these samples. Draining of
second phase and its needle-like appearance com-
ing out of grain boundaries indicate that over-
sintering occurred at this temperature. Such an
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Table 1. Compositions and percent of the theoretical densities (%) attained after sintering of the samples at
different temperatures (°C)

Sample 1250 1350 1450 1550
A—Undoped 68.7 77.1 89.9 95.0
B—3.0 wt% MnO, 73.0 86.3 96.2 98.7
C—3.0wt% TiO, 81.1 95.0 95.2 975
D—3.0 wt% MnO,-0.5 wt% TiO, 98.2 98.2 98.5 98.5
E—3.0 wt% MnO,-1.5 wt% TiO, 94.4 98.2 98.2 95.9

F—3.0wt% Mn0O;-3.0 wt% TiO, 98.2 98.5 95.0 95.2

Table 2. Vickers Microhardness (kg/mm?) of the samples sintered at different temperatures (°C)

Sample 1250 1350 1450 1550

A—Undoped - 18601160 2100+130 23001196
B—3.0wt% MnO; - 19601208 2190+215 25301273
C—3.0wt% TiO, - 2380x307 22201143 23601375
D—3.0wt% MnO,-0.5wt% TiO, 236011561 24301226 1990+140 1860+182
E—3.0wt% MnO,-1.5 wt% TiO, 2250195 2230%149 22701241 25301252
F—3.0 wt% MnO,-3.0 wt% TiO, 2200+2565 22801205 20801210 2730%211

a-1250°C b-1350°C

c-1450°C d-1550°C

Fig. 1. (a)~(d) Microstructures of undoped alumina samples sintered at 1250, 1350, 1450, and 1550°C.
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Table 3. Average grain size values {;.m) for the samples sintered at different temperatures (°C)

Sample 1250 1350 1450 1650
A—Undoped ~0.32 ~0.33 0.8410.04 1.4810.25
B—3.0wt% MnO, ~0.51 0.84+0.03 1.66+0.14 12.87+10.23
C—3.0wt% TiO, ~0.82 1.4710.33 2.32+0.46 7.05+2.62
D—3.0wt% Mn0,-0.5wt% TiO, 1.21+£0.10 3.01+0.61 5.42+1.53 9.15+56.50
E—3.0 wt% MnO>-1.5wt% TiO» 1.27+0.28 3.33+1.40 8.991+410 21.96+2.25
F—3.0 wt% Mn0O;-3.0wt% TiO, 1.35+0.06 6.571£3.11 18.671£15.8 12.40+£13.24

observation correlates well with the eutectic in
MnO,-Al,O; system.!” The EDX-ray spectrum
of this sample shown in Fig. 8 shows strong Mn
and Ca peaks together with an Al peak (probably
arises from the Al-rich matrix). In one of the recent
studies, a second phase formation between the
grains was reported in the case of the addition of
0.5-1.5wt% MnO, to alumina since the solid
solubility of MnO, in alumina is very limited. A
eutectic composition present in the MnO,-rich side
of the binary MnO,-Al,0; system at 1520°C also

may indicate the formation of a fragmentary liquid
phase at 1550°C.18

A 3 wt% TiO, addition has also led to a significant
increase in hardness to 2390kgmm™—2 at tempera-
tures of 1350°C and above. Microstructural fea-
tures shown in Fig. 3(a)-(d) also indicate that the
densification started at 1250°C, and 95% of the
theoretical density was already achieved at 1350°C.
A high amount of pore formation in between the
small and large grains and inhomogeneous grain
growth are evident in these compositions. An

C

c-1450°C

Fig. 2. (a){(d) Microstructures of ALO3-wt% MnO; s

b-1350°C

d-1550°C

amples sintered at 1250, 1350, 1450, and 1550°C.
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c-1450°C

d-1550°C

Fig. 3. (a)-(d) Microstructures of Al,O3-wt% TiO, samples sintered at 1250, 1350, 1450, and 1550°C.

irregular second phase particle distribution is also
observed at 1450°C. TiO, addition has promoted
the grain growth more effectively compared to that
of MnQO, addition; however, the grain growth in
the samples sintered at 1350 and 1450°C was found
to be inhomogeneous. Ti-rich second phase parti-
cles can be distinguished with their white-coloured
appearance in the samples sintered at 1450°C
(Fig. 9). Excessive grain growth (average 7.05 um)
is also apparent at 1550°C, although a more
homogeneous grain size distribution together with
second phases in fine granular form and a high
amount of intergranular pores are the typical fea-
tures in these samples.

Compared to single MnO; or TiO, doping, con-
siderably higher densifications (95-98% of the theo-
retical densities) in samples with MnO, and TiO,
addition were attained at 1250°C with high hard-
ness values in the range of 2200-2360kgmm—2.
The microstructure of the samples sintered at
1250°C shows a faceted stable grain configuration

with average sizes, 1.21-1.35um. At 1350°C,
higher densifications (98.2-98.5 of the theoretical
densities) and some grain growth with an average
size of 3.01-6.57 um are evident in the microstruc-
tures with the second phase particles in between the
grains (Figs 4(a), 5(a) and 6(a)). Draining of the
liquid phase was observed in samples with 3 wt%
MnO,-0.5wt% TiO, additions which were sintered
at 1350°C exhibiting crystallized thin needle-like
second phase forms distributed evenly throughout
the microstructure (Fig. 4(b)(d)).

The microstructure of samples sintered at 1450
and 1550°C presents extensive and exagerrated
grain growth (average 5.42-21.96 um) with high
hardness values in the range of 1860-2730kg
mm~2. In Fig. 4(d) (with 3 wt% MnO,-0.5 wt%TiO,
addition, sintered at 1550°C), there seems to be
extensive draining of the second phase, presumably
liquid during some stage of the densification, com-
ing out of the grains and sweeping over the struc-
ture. This phase is rich in Mn-Ti and contains
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Al,O; as well, indicating that interface reactions
took place during the sintering (Fig. 10). In the
samples sintered at 1550°C with 3wt% MnO,-
1.5wt% TiO, addition, the liquid phase seems to
penetrate the grain boundaries and distributed
itself evenly through the grains (Fig. 5(d)). The
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EDX-ray spectrum of grain boundary area given in
Fig. 11 shows the existence of Mn- and Ti-rich
intergranular glassy liquid phase. A more homo-
geneous microstructure seems to prevail because of
the effect of a liquid intergranular phase along
which the grains can rearrange themselves and

b-1350°C : -

c-1450°C

d-1550°C

Fig. 4. (a)(d) Microstructures of Al;O3-wt% MnO,-0.5wt% TiO, samples sintered at 1250, 1350, 1450, and 1550°C.
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form equiaxed shapes. The solution-precipitation
mechanism is also enhanced through this phase
and intensifies grain growth.

In the microstructures given in Fig. 6(a)-(d)
(Bwt% MnO,-3wt% TiO,), an exaggerated but
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homogeneous grain growth is also evident for the
samples sintered at 1450°C, but the second phase
distribution seems to be uneven throughout the
structure. Presumably, glassy phase pockets form
along grain boundaries and also in grain junctions.

a-1250°C

b-1350°C

b-1350°C

c-1450°C

d-1550°C

Fig. 5. (a)-(d) Microstructures of Al,O3-wt% MnO,-1.5wt% TiO, samples sintered at 1250, 1350, 1450, and 1550°C.
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4 CONCLUSION separately and together were characterized by their
promotion to the grain growth and lowering of
The densification and microstructural development the sintering temperatures. When MnO, and

of AlLO; with MnO, and TiO, additions both TiO, were added together to alumina, a high

a-1250°C b-1350°C

c-1450°C c-1450°C

d-1550°C

Fig. 6. (a)~(d) Microstructures of AL,O3-wt% MnO,-wt% TiO; samples sintered at 1250, 1350, 1450, and 1550°C.
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Fig. 7. EDX-point analysis from a large size particle of )
AlLO3-wt% MnO; samples. Fig..10. .EDX-ray spectrum of the Mn-rlph second phgse for-
mation in Al,O3;-wt% MnO,-0.5wt% TiO, samples sintered
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o 0
AL03-wt% MnO, sample. Fig. 11. EDX-ray spectrum of the grain boundary area in
Al,O3-wt% MnO»-1.5wt% TiO, sample sintered at 1550°C.
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densification up to 98.2% of the theoretical density
was attained at temperatures as low as 1250°C.
sook} Microhardness measurements of alumina compo-
sitions with MnQO, and TiO, additions reveal high
hardness values in contrast with high sintered den-
sities. Second phase precipitation with various
morphologies and intergranular liquid phase for-
mation along with extensive grain growth were also
observed in Al;O3-MnO,-TiO, system, which
were sintered at higher temperatures.
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