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Abstract

This work considers the effect of a thermal treat-
ment, at a temperature equal to or higher than
1200°C, on the physical and chemical characteris-
tics of submicron a-alumina powders, doped with
550 and 1650 ppm in weight of MgO, The powders
have been characterized by TEM, SEM, BET, XPS
and chemical analysis. TEM observations show that
the grains have elongated and rounded forms and
exhibit considerable agglomeration. The BET sur-
face area of the powder decreases with increasing
annealing time and temperature and increases with
the amount of MgO. XPS analysis shows a strong
segregation of Mg and this effect is more pro-
nounced when the size of the grains increase. In
some cases XPS also detected the presence of Na,
Ca and Si in the surface region of the grains.

1 Introduction

The fabrication of reliable, high-performance
ceramics is an important industrial challenge, and it
has long been recognized that further progress will
be made by an increased understanding of the role
played by the microstructure and microchemistry
of the starting powders. Indeed, the processing of
a ceramic generally involves the manufacture of a
powder, with a suitable composition and micro-
structure, followed by its compaction and sinter-
ing. The characteristics of powders, such as size
distribution, agglomeration, purity and surface
area, are of course crucial in controlling the
densification and therefore the microstructure of
the finished material, which may give rise to
specific properties. Nevertheless, in the different
processing steps leading to the sintered ceramic,
surfaces and interfaces play a critical role. At the
macroscopic level, a requirement for densification
is that the interfacial energy of the sintered mate-
rial is lower than the surface energy of the powder.
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However, at the microscopic level it is the rapid
movement of atoms that leads to the closeness of
the center of the particles and to the densification.
The influence of curved surfaces on these atom
fluxes has long been recognized. Local variations
in surface curvature give rise to local gas partial
pressure differences and this in turn leads to local
chemical potential gradients which drive the atom
transport. For an atom to move, however, it is
necessary that point defects be in close proximity.
The point-defect concentration is of course related
to the surface curvature, but also depends strongly
upon the surface composition and the thermody-
namic equilibrium conditions (7 and P,,). Various
papers have been devoted to the effect of dopants
on the microstructure and characteristics of pow-
ders and sintered materials."”® To our knowledge,
however, there is a lack of data concerning the
microchemistry of the powder and therefore the
effect of variations in composition at or near the
powder surfaces on the early stages of sintering,
controlled mainly by surface diffusion, and ulti-
mately on the ceramic densification. This is mainly
due to experimental difficulties encountered until
recently in characterizing insulating materials,
particular in the form of powders.

In the case of alumina, an intensification of
research was observed after the discovery by
Coble in 1957 concerning the beneficial effect of
magnesia on the alumina sintering. Small addi-
tions of MgO allow the theoretical density to be
achieved without both abnormal grain growth and
pores entrapped within grains. In subsequent stud-
ies,” authors have tried to understand the role of
MgO and also to determine how to extend those
results to other systems. It is now unquestioned
that the presence of impurities, such as CaO or
SiO,, also play an important role in the alumina
sintering.>® Nevertheless, difficulties arise in
understanding the influence of these additives on
the mobility of grain boundaries and pores. The
results are generally controversial’ and it is now
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recognized that an improved characterization of
powders and compacts,'® and a better knowledge
of the microstructure evolution during densifica-
tion, would be beneficial for further progress to be
made in predicting the influence of dopants on
sintering and grain growth.

This study mainly concerns the influence of the
thermal treatment conditions on the nanochem-
istry and microstructure of a-alumina powders
doped with magnesia. In previous papers the
authors''"!* have analysed kinetic demixing effects
near surfaces in ceramics under a thermodynamical
potential gradient or during cooling. They have
also examined the segregation of additives (Y, Zr
or Mg) and impurities (Si, Ca,...) to the surface of
alumina powders and the effect of dopants on both
the microstructure of alumina particles and the
sintering kinetics.!”> More recently, XPS analysis
of alumina powders doped with magnesium have
allowed the determination of the extent of magne-
sium surface segregation as a function of the
thermal treatment conditions and of the amount of
dopant.'® In this paper, we report a systematic
study of cation redistributions (dopants and impu-
rities) near the surface of alumina powders, in
order to try to understand the parameters that
play a critical role in the powder microchemistry.

2 Materials

The alumina powders studied have been prepared
from the alum. They are doped with MgO: 550
ppm (0-07 at% Mg with respect to the cationic site
number) or 1650 ppm in weight (0-21 at%). In the
alum method, the dopants are added before the
thermal decomposition of the starting materials
(sulfates), close to 400°C. The change by a liquid
phase promotes a uniform distribution of the
additives in the grains because the nascent crystal-
lites of vy-alumina have a high reactivity due to
their high surface area. The next calcination
occurs at temperatures higher than 1150°C. This
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Fig. 1. Position of the thermocouples (1-12) in the silica
crucible and thermal history of the powder for positions 6-9.
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Fig. 2. Thermal history of the powder treated in air in an alu-

mina crucible. Powders B, F, C, D, H, G and D have been

maintained for the same time (1 h 47 min) at a temperature

equal to or higher than 1200°C and cooled at the furnace
cooling rate.

results in the commercial a-alumina. The quality
of the powder depends strongly upon this step of
the process. Consequently, in the present work we
have examined the influence of the conditions of
this last thermal treatment on the microchemistry
and microstructure of the powder. The calcination
was first performed in air at 1300°C, in large silica
crucibles which contain approximately 700 g of
powder. Pt/Pt-Rh10% thermocouples are placed
in the silica crucible, as shown in Fig.1 (positions
1-12), to monitor the thermal history of the pow-
der. As an example, we have reported in Fig. 1 the
thermal history of powders from positions 4-9.
Chemical analysis, surface area measurements and
SEM examinations have been performed on pow-
ders taken in the vicinity of the different thermo-
couples (1-12). Only samples from position 6 and
7, with the largest difference in thermal treatment
conditions (Fig. 1), have been analysed by XPS
and TEM. Complementary treatments have been
carried out between 1200 and 1378°C, in small
alumina crucibles containing approximately 7 g of
powder, in order to try to separate the role played
by different parameters, such as the temperature
of calcination, the cooling rate and the size of the
grains. Figure 2 shows the thermal history of diff-
erent samples treated in alumina crucibles and
which have been cooled at the furnace cooling
rate, i.e. more slowly than the powders treated in
the silica crucible.

3 Results and Discussion

3.1 Chemical analysis, surface area measurements
(BET), SEM and TEM observations

The main impurities found in the powders by
inductive coupled plasma spectrometry (ICPS
analysis) are: Si, Na, K, Ca and Fe. Their concen-
tration range is reported in Table 1. Whatever the
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Table 1. Concentration range of the main impurities (ppm in

weight) found in different a-alumina powders (treated in

alumina or silica crucibles) doped with 1650 and 550 ppm (by
weight) of MgO (0-21 and 0-07 at% Mg), respectively

Amount Fe Na K Si Ca
of MgO

1650 3-12 11-27 848 13-120 3-11

550 2-9 12-34 12-33 18-143 3-6

type of treatment (alumina or silica crucible), the
repartition of impurities is found to be relatively
homogeneous, except for Si and Na. When the
powder is treated in a silica crucible, the amount
of Si increases in the powder taken near the edges
of the crucible (Fig. 3), while the opposite is
observed for Na. The amount of Na is generally
close to 15 ppm for the powders taken near position
6 and between 22 and 34 ppm for powders near
position 7. When the powder is treated in a small
alumina crucible, the amount of Si is independent
of position, but depends upon MgO content: 27
ppm in weight for powders doped with 550 ppm

silica crucible

silica crucible
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Fig. 3. Amount of silicon in the magnesium-doped alumina

powder, as a function of the position in the silica crucible and

silicon contamination due to the silica crucible. The surface

values are given in parentheses: (a) 550 ppm MgO (average of

two experiments); (b) 1650 ppm MgO (average of three
experiments).
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7.0—9.0—94

Fig. 4. BET surface area of the alumina powders doped with

550 and 1650 ppm MgO, as a function of the position in the

silica crucible. Surface areas of powder near the outer surface
are given in parentheses.

MgO and 13 ppm for those doped with 1650 ppm
MgO. A comparison of the results of the amount
of silicon from samples in the silica crucible (Fig.
1) with those for powders treated in the alumina
crucible, allows determination of the amount of
additional Si due to the contamination (Fig. 3).

BET analyses have been performed only on
powders treated in the silica crucible. The surface
area depends upon the position of the powder in
the crucible, as shown in Fig. 4. The powders
from position 7 have the largest surface area,
while those taken near position 6 have the lowest
values. One can recall that a decrease in surface
area seen by BET corresponds to an increase in
the grain size. In agreement with the BET analy-
sis, SEM (JEOL 840 microscope) and TEM (80
kV Zeiss Model 902 electron energy loss (EEL)
imaging microscope) observations show that the
size of the grains increases with annealing time at
1300°C and when the amount of magnesium
decreases (Fig. 5). The TEM observations also
show that the grains have elongated and rounded
forms and that they are highly agglomerated.
Their size is between 50 and 400 nm, depending
on the thermal treatment. A texture has been
observed at the surface of some grains which may
be due to spinel precipitates (cf. XPS analysis) but
complementary observations must be performed
to better define this texture.
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Fig. 5. Influence of the amount of magnesium and thermal treatment conditions on the size and microstructure of the alumina
grains. TEM: (a) 1650 ppm MgO/position 6; (b) 1650 ppm MgO/position 7, SEM; (c) 550 ppm MgO/position 6; (d) 550
ppm MgO/position 7.

3.2 Nano-chemical analysis

XPS and EELS analysis has been performed to
obtain information concerning the distribution of
magnesium near the surface of the grains. Experi-
mental details of these analyses are reported in a
previous paper.'® The trends of the two sets of
results are similar. However, the error in quantify-
ing the EELS data is large, and this method allows
only an estimate of the magnesium concentra-
tion.!® Consequently, we have concentrated on
XPS analysis to examine the surface composition
of the powders. Observations have been made on
a perfectly flat surface of compacted powder. The
results are obtained from a surface area of 0-8 X
0-8 mm. It may be pointed out that it is not pos-
sible to distinguish by XPS the Mg segregated in
alumina grains from the Mg present in a second
phase. Therefore, according to the amount of
magnesium we have found, MgAl,O, has been
used as a standard. By analysing the magnesium
lines (Mg,,, Mg, and Mg,,) it has been possible to
obtain information on the total magnesium con-
centration near the surface of the grains. The
escape depth of the Mg, electrons is about 0-5 nm
(kinetic energy = 187 eV), while for the Mg, and
Mg,, electrons (with kinetic energies of 1387 and
1437 eV, respectively) it is about 2-0 nm. The Mg,
signal allows us to determine a -mean concentra-

tion of magnesium over the first 2 or 3 monolayers
at the surface of the grains, while the Mg, and Mg,,
signals give a mean concentration over a depth of
about 2:0 nm. The error in quantification is quite
large because of the morphology of the samples
and can be estimated to be 0-3-0-4 at%. Neverthe-
less, it should be noted that the reproducibility of
the results is generally better than 0-1 at%. Fur-
thermore, the Mg,, peak gives more accurate data
than the Mg, peak, because of peak overlaps.

3.2.1 Powders treated in silica crucibles

The XPS results obtained with the powders
treated in the silica crucible (positions 6 and 7) are
given in Table 2. They show a high magnesium
concentration over the first two or three monolay-
ers (Mg,,) at the surface of the grains and this

Table 2. Amount of magnesium (at%) determined by XPS at the

near surface of the alumina powder treated in a silica crucible.

These results represent the mean of 6 different experiments. The
reproducibility of the data is better than 0-1 at%

Analysis depth 0-5 nm 2 nm 2 nm
Sample (Mg,,) (Mgs) (Mgs,)
Al,0,-1650/6 4.7 1-0 09
Al,05-1650/7 4.4 1-0 10
Al1,05-550/6 3-4 1-0 0-7
AL,0;~550/7 2-4 06 0-5
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enrichment is related to both the amount of mag-
nesium in the powder and to its position in the
crucible. Less surface segregation is observed in
the alumina powder doped with 550 ppm MgO
(0-07 at% Mg with respect to the cationic site
number), and the powder from position 7 appears
to have less segregation than the powder from
position 6. The magnesium enrichment factor
(atomic surface concentration in Mg divided by
the average atomic concentration in Mg) over the
first 2 or 3 monolayers calculated from these
results is about 30 for the powder doped with 0-21
at% Mg (1650 ppm) and 80 for the powder con-
taining 0-07 at% Mg (550 ppm). It is likely that
precipitates of MgAl,O, are also present at the
surface of the grains, according to the limit of
solubility of Mg in alumina.'’

Figure 6 shows the mean concentration of mag-
nesium in a depth of 2:0 nm (Mg, as a function
of the mean concentration in the first 2 or 3
monolayers (Mg,,). The data exhibit a straight line
whose gradient is 1/4. This value corresponds to
the ratio of the analysis depth, and therefore sug-
gests that the magnesium segregated mainly on a
depth lower than or equal to 0-5 nm, leading to a
Mg-enriched near-surface layer including the pre-
cipitation of the spinel phase. Figure 7 shows the
different information that can be deduced from
Mg,/Mg,, relationships, according to the position
of the experimental results in the graph. When the
magnesium segregation increases, a saturation
effect occurs near the surface (depth equal to 0-5
nm) and this leads to an increase in the segrega-
tion depth. The experimental results deviate then

x(Mg2s) = 0.014 + x(Mgls)/4.0
2 \
A 1650 ppm MgO
® 550 ppm MgO

Mg2s (at%)

o M L§ ¥ T
1 2 3 4 5

Mgls (at%)

Fig. 6. Concentration of magnesium in a depth of 2-0 nm
(Mg, as a function of the concentration in a depth of 0-5
nm (Mg]s)

2

N\

segregation depth
higher than 0.Sam ¥ 1650 ppm

B 550 ppm

Mg 2s (at%)

Mg 1s (at%)

Fig. 7. Information that can be obtained from a representa-
tion of the concentration of magnesium in a depth of 2 nm
(Mg,,) as a function of the concentration in a depth of 0-5
nm (Mg;). When the Mg segregation increases, a saturation
effect occurs at a depth of 0-5 nm (line 1) and the segregation
depth increases (line 2 or in a general way area 3). When the
experimental results are in area 6, the concentration of Mg
decreases near the surface. The sample is homogeneous on a
depth of 2 nm when the experimental results are on line 5.

from the straight line 1, whose gradient is equal to
1/4 (Fig. 7). In agreement with the results reported
in Fig. 6 and Table 2, the saturation effect
observed at a depth of 0-5 nm is of course more
likely when both the magnesium concentration in
the powder and the size of the particles increase.
The previous results (Fig. 6) are in agreement
with the estimate of the repartition of magnesium
in the grains (Fig. 8). Indeed, taking into account
the amount of magnesium in the powder and the
XPS results, it has been possible to determine the
mean concentration of magnesium at a depth of
0-5 and 2 nm, respectively, in the particles assumed
to be spherical. Their size has been estimated from

34t048at%

1.6to 3.6 at%

7550 ppm MgO"

ZZ2 r

100 1.5 0,5
nm nm nm

Fig. 8. Distribution profile of magnesium through an alumina
grain treated at 1300°C, in a silica crucible for both 550 and
1650 ppm MgO-doped powders. This estimation has been
performed assuming the grains to be spherical and taking
into account the mean concentration of Mg in the powder
(chemical analysis) and the XPS results at 0-5 and 2 nm.
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the BET surface-area results. The results reported
in Fig. 8 represent schematically the distribution
of Mg across the grain. A lowering of the magne-
sium concentration is observed at a depth higher
than 0-5 nm. This observation is consistent with a
Mg kinetic demixing during the cooling of the
powder. Nevertheless, complementary experiments
must be performed to check the influence of this
parameter on the Mg redistribution in the alumina
grains.

XPS also detected the presence of Na, but the
other impurities (Si, Ca, Fe and K) were not
found in these powders. It may be noted that the
amount of Na in powders from position 6 (0-6
at%) is lower than in powders from position 7 (1-4
at%), in agreement with the chemical analysis re-
ported in the last section.

3.2.2 Powders treated in alumina crucibles

As shown in Fig. 2, samples B, C, D, F, G and H
have been maintained for the same time (I h 47
min) at temperatures equal to or higher than
1200°C, in order that the size of the grains be of
the same order of magnitude after the different
thermal treatments. They have then been cooled
at the furnace cooling rate, i.e. more slowly than
the powders treated in the silica crucible. The XPS
results reported in Table 3 seem to show a
decrease in the magnesium segregation when the
maximum temperature of annealing decreases.
However, a small increase in the size of the grains
seems to occur when the annealing temperature
increases (Table 3) and complementary experi-
ments must be performed to substantiate this con-
clusion, as we shall see in the next section.
Concerning the effect of the annealing time, the
results at 1250°C are consistent with those
obtained in the silica crucible at 1300°C (positions
6 and 7). The segregation of Mg increases when
the annealing time increases and the TEM obser-
vations show that this effect is accompanied by an
increase in the size of the grains.

3.3 Effect of grain size and cooling rate

According to the results reported in Figs 4 and 5
and in Table 3, the size of the grains is strongly
related to the thermal history of the powder. Con-
sequently, it was important to check the influence
of this parameter on the segregation phenomena.
Figure 9 reports the mean concentration of mag-
nesium in the first 2 or 3 monolayers (Mg,/), as a
function of the size of the grains, assumed to be
spherical. The size has been estimated from the
BET surface area measurements. In a few cases
this has also been measured on the SEM images.
Whatever the amount of magnesium in the pow-
der, the segregation increases with the size of the
grains. This effect is so important that it overshad-
ows the influence of the other parameters. It is
thus difficult to draw definite conclusions with
regard to the influence of annealing temperature
and cooling rate on magnesium surface segrega-
tion. However, it seems that a decrease in cooling
rate favors the segregation of silicon. Indeed, this
impurity has been detected by XPS only in pow-
ders treated in alumina crucibles, which have a
lower amount of silicon (around 13 and 26 ppm in
the powders doped with 1650 and 550 ppm of
MgO, respectively), than those treated in a silica

Mgls = 2,55 + 9,59.4 RA2 = 0,56

Mgils 5

(at%) & 1650 ppm MgO

W 550 ppm MgO

Mgls = 028 + I§,4.d RA2 = 0,83

0,1 0,2

Fig. 9. Influence of the amount of magnesium and of the size
of the grains on the magnesium concentration in the first 2 or
3 monolayers (depth 0-5 nm) at the surface of the grains.

size of the grains (microns)

Table 3. Amount of magnesium, silicon and sodium (at%) determined by XPS at the near surface of the alumina powder treated
in an alumina crucible and cooled at the furnace cooling rate. (Concentration of Si over a depth of 2-4 nm; concentration of Na
over a depth of 1-0 nm)

Experiment  Temperature Time Grain size XPS XPS XPS XPS
(°C) (SEM) Mg, (at%) Mgy, (at%)  Nay, (at%) Siys (at%s)
Al 1200 0-3 pm 3-57 0-85-1-13 2-30 -
A2 3-60 0-82-0-67 2-19 0-56
D 1200 1 h 47 min 0-18 um 1-89 0-58-0-58 1-06 0-25
E 1250 1h 2-00 0-44-0-56 0-65 -
G 1250 1 h 22 min 2-18 0-60--0-69
I 1250 2 h 30 min 3-39 0-67-0-53 1-53 0-20
C 1300 56 min 02 um 2-38 0-48-0-60 0-52 -
H 1300 56 min 2-52 0-61-0-57 139 -
B 1378 ls 0-25 pm 2:83 0-61-0-52 1-01 0-23
F 1378 ls 2-97 0-57-0-64 0-88 -
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crucible (Fig. 1) but which have been cooled more
slowly (furnace rate).

It may be pointed out that the results reported
in Fig. 9 are consistent with the estimation of the
repartition of Mg through the grain, assumed to
be spherical (Fig. 8). Indeed, if we take into
account that practically all the dopant has segre-
gated at the near surface of the grain, i.e. over a
thickness equal to ‘¢’ (0-5 nm, for example), with
€<<Ry,n, 1t Is possible to write, for a given
amount of dopant: V,../Vy.in)4 7 R’ C, = con-
stant (where V,, is the total volume of the pow-
der, C,, the near-surface concentration of the
dopant in a thickness ‘¢’ and R is the grain radius).
One obtains from this expression:

Clsurf/Rl = CZsurP/Rz = constant

Then one can verify that the surface concentration
1s proportional to the grain radius (Ry,)-

4 Conclusions

This study has allowed us to illustrate the infl-
uence of the thermal treatment conditions on the
microchemistry and microstructure of alumina
powders doped with 550 and 1650 ppm by weight
of MgO. SEM and TEM observations, as well as
surface-area measurements, have allowed us to
show that the size of the grains is strongly related
to the amount of magnesium and to the thermal
treatment conditions (temperature and annealing
time). Quantitative XPS analysis shows that Mg,
Na and Si are segregated at the near surface of the
grains. In the case of Mg, this is likely to lead to
the formation of MgAl,O, precipitates. Further-
more, the results obtained show clearly that the
magnesium surface enrichment increases with the
size of the grains. However, it is difficult to draw
conclusions regarding the influence of the cooling
rate, as well as the effect of the temperature and
annealing time. These effects are overshadowed by
the effect of grain size. Complementary experi-
ments must be performed on powders of the same
grain size, in order to eliminate the important
influence of this parameter. For Si and Na, their
surface concentration seems to increase when the
cooling rate decreases.

Finally, this study shows that it is possible to
control the concentration of dopants or impurities
at the near surface of the grains by changing only
the thermal treatment conditions of the powder.
Of course, such segregation phenomena, which
can lead to the precipitation of a second phase at
the near surface of the grains, confer specific
properties to the powder. Nevertheless, comple-
mentary experiments must be performed in order

to obtain a better understanding of the role played
by parameters such as the cooling rate and the
surrounding atmosphere.
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