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Abstract

The optimization of the heating curve is a suitable technique for obtain dense and fine microstructures ceramics. The work reported here
investigated how the introduction of isothermal heat treatments influences the heating curve of an alumina subjected to high-energy milling. The
results indicate that isothermal treatments at a temperature below the beginning of linear shrinkage cause the fine particles to disappear, narrowing
the final grain size distribution and increasing the final mean grain size. However, these treatments promote the densification of agglomerates
originating from the milling process, and decrease the material’s final density.

© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Several processing routes have being studied for polycrystal-
line ceramic products of high density and small grain size [1].
These routes include colloidal powder processes with particles
of controlled size [2,3], hot pressing [4] and incorporation of
additives as a second phase or in solid solution [5]. However,
many of these techniques are not economically viable [6],
depending on the application of the final product.

Control of the heating curve to manipulate the micro-
structure during sintering is a route that has been studied and
offers the advantage of being simple and cost-effective [1,7].
One of the routes is ‘“‘rate-controlled sintering” [7], in which
the relationship between the densification and grain growth
rates is determined to identify the sintering temperature at
which the densification rate is maximized [7,8]. Ragulya and
Skoroklod [9] studied the rate-controlled sintering of ultrafine
nickel powders, obtaining sintered samples with high densities
(~99% DT) and grain sizes smaller than 100 nm. Based on
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their results, they stated that rate-controlled sintering is a
possible route for obtaining dense materials with nanocrystal-
line structures.

Fast firing [10] can produce dense materials with small grain
size, minimizing the time of exposure at temperatures where
grain growth is fast compared with densification [8]. This is
possible because coalescence mechanisms (e.g., surface
diffusion and vapor transport) generally prevail over densifica-
tion mechanisms (e.g., volume diffusion and grain boundary
diffusion) at low temperatures. In this case, shorter times at low
temperatures reduce grain growth, so that the driving force for
densification is not decreased significantly [11]. In the case of
alumina [12], for example, the activation energy for densifica-
tion is greater than for grain growth, and high temperature
sintering is the most suitable.

Rate-controlled sintering is more efficient for non-agglom-
erated powders, in which the microstructure develops relatively
homogeneously. However, the benefits of these techniques have
proved less effective for agglomerated systems. The difficulty
of obtaining homogeneous green microstructures using ultra-
fine powders, owing to their high degree of agglomeration,
leads to inhomogeneous densification, a low densification rate
and a limited final density [13-15].

0272-8842/$34.00 © 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

doi:10.1016/j.ceramint.2007.08.004


mailto:adriana@uepg.br
http://dx.doi.org/10.1016/j.ceramint.2007.08.004

2122 A.S.A. Chinelatto et al./Ceramics International 34 (2008) 2121-2127

Recently, the availability of many different production
routes for ultrafine and nanosized ceramic powders have led
research to focus increasingly on the processing of these types
of powders. Transformation processes that occur at low
temperatures have been observed and studied, particularly
before or at the beginning of the densification stages of
sintering. These processes, which have been reported for
coarsening and particle repacking [16,17], affect the subse-
quent sintering stages. When these processes are controlled, it
is possible to obtain dense and fine microstructures. One way to
control these processes is to optimize the heating curve of the
material by pretreating it at low temperatures.

Some works [6,8,11] have shown that pretreatments (0 at
100 h) at low temperatures (800 °C), in which little or no
densification occurs, can improve the densification, micro-
structure and mechanical properties of high purity aluminas
with and without the addition of MgO. Such pretreatments
reduce the densification rate in the initial stages of sintering.
However, the benefits of the evolution of a more homogeneous
microstructure are evidenced in the final stage of sintering,
allowing a refinement of the final microstructure. Chen [18-20]
applied a heating curve in which the ceramic body was heated
to a higher temperature to achieve an intermediate density, then
cooled and held at a lower temperature until it was fully dense.
Using this heating curve eliminated the grain growth stage
characteristic of the final stage of sintering and resulted in fully
dense bodies of Y,03, BaTiO; and Ni—Cu—Zn ferrites with
nanometric grain sizes by sintering without the application of
pressure. Ye and Li [21] also used two-step sintering to obtain
alumina ceramics from nanometric powders, without pressing.

Chinelatto and Tomasi [22,23] obtained alumina with ~98%
of theoretical density, with a mean grain size of ~550 nm
sintered at 1350 °C without pressure, by heat treating at
temperatures below that of the beginning of the densification
stage of sintering. They found that heat treatments at
temperatures below the beginning of the densification stage of
sintering led to a uniform particle size distribution, promoting
lower overall final grain growth and greater densification.

High-energy milling results in ultrafine powders and
enhances the characteristics of the original powder [24]. This
paper discusses an experimental study of the influence of
isothermal heat treatments on the heating curve of an alumina
subjected to high-energy milling, with the objective of
obtaining a dense and homogeneous microstructure with small
grain sizes. The results are compared with as-received alumina.

2. Experimental procedure

A commercial alumina (AKP-53) was subjected to 6 h of
high-energy milling in a SPEX 8000 Mixer Mill, using a vial

Table 1

and hardened steel balls (10 mm diameter), with a ball-to-
powder mass ratio of 4:1. These conditions were chosen based
on previous work [25], in which an optimized relationship was
identified between milling efficiency, contamination and
agglomeration. The iron contamination from the milling
medium was eliminated by leaching with a 20% HCI water
solution, followed by successive washing-decantation with
water. At the end of the washing process, the water was
substituted for ethyl alcohol. The milled and washed powder
was deagglomerated in 10 h of ball milling with zirconia balls
in isopropyl alcohol with 0.5 wt.% PABA (4-aminobenzoic
acid) and 0.5 wt.% oleic acid in a polypropylene vial, after
which the powder was air-dried at room temperature under
agitation. The as-received and milled powders were character-
ized by transmission electron microscopy (TEM - Philips-
CM120), by crystallite size determination estimated by peak
broadening in X-ray diffraction using the Scherrer equation
[26], and by measuring the specific surface area by the BET
method (Micromeritics — Gemini 2370). An X-ray diffraction
analysis was performed in a SIEMENS-5100 diffractometer.

The samples for sintering were uniaxially pressed under
80 MPa into cylindrical compacts (10 mm diameter and about
5 mm height) and isostatically cold-pressed under 200 MPa.
The samples were heat-treated at 600 °C in air for 1h to
eliminate organic materials introduced as processing additives
or present as contamination from the vials and the milling balls.
The green density of the samples was about 59 4+ 1% of the
theoretical density (%TD).

Sintering was performed in a NETZSCH - DIL 402C
dilatometer in an air atmosphere, at a constant heating rate of
15 °C/min up to 1500 °C. Based on these results, heat treatment
temperatures for as-received and milled alumina were defined
for the two-step sintering.

The sintered samples were characterized based on apparent
density measurements taken by the Archimedes method, on
grain size measurements using an image analysis program, and
on a microstructural analysis using a high-resolution scanning
electron microscope (Philips XL30-FEG).

3. Results and discussion

Table 1 compares the characteristics of alumina powders
subjected to high-energy milling with those of as-received
alumina. The equivalent spherical diameters, obtained through
the values of specific area and crystallite size obtained by X-ray
diffraction (see Table 1) proved to be very dissimilar, possibly
due to the presence of primary polycrystalline particles in the
alumina. This difference was greater in the milled powders due
to the presence of dense agglomerates formed during high-
energy milling, which reduced the specific exposed surface

Crystallite size and specific surface area of as-received alumina and high-energy milled alumina

Alumina sample X-ray diffraction

crystallite size (nm)

Specific surface
area (SSA) (m*/g)

SSA spherical equivalent
particle diameter (nm)

As-received 63
High-energy milled 14.4

12.10 £ 0.3 125
31.20£0.3 48
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Fig. 1. TEM and electron diffraction pattern of selected area of: (a) as-received alumina, and (b) high-energy milled alumina.

area. Another possible reason for this difference was the
introduction of stresses and internal deformations in the
primary particles during the milling process, which caused
broadening of the diffraction peaks.

The micrographs in Fig. 1(a) and (b) were obtained by
transmission electron microscopy (TEM) and by the electron
diffraction of selected area of the powders of as-received
alumina and of alumina subjected to high-energy milling and
deagglomeration. Fig. 1(b) reveals the presence of very fine
powders of 10-50 nm among larger particles of up to 120 nm.
The large particles are agglomerates of small particles, a finding
confirmed by the electron diffraction of a selected area of the
agglomerates of milled alumina powder and of the as-received
alumina.

Fig. 2(a) and (b) show the variation in the linear shrinkage
rate as a function of temperature for the as-received alumina
and the high-energy milled alumina sintered at a constant
heating rate of 15 °C/min to 1500 °C. As can be seen, the
alumina subjected to high-energy milling (Fig. 2(b)) began to
show a certain shrinkage rate starting at 650 °C, which was low
up to approximately 1000 °C, after which the shrinkage was
more marked, reaching its maximum linear rate at 1285 °C.
These two stages of shrinkage were attributed to the
characteristics of the milled powders, which presented
agglomerates of very fine and dense crystallite with large
interfacial areas, both external (measured by gas adsorption)
and internal (determined by crystallite size). Because of this
large surface area, surface diffusion is important at lower
temperatures. However, this surface diffusion is nondensifying,
tending to smooth the surface of agglomerates and to cause the
finest and coarsest particles to coalescence. Thus, the slight
shrinkage in this stage likely resulted from a microstructural
rearrangement, which increased the densities of crystallite
agglomerates. The well-known grain boundary diffusion that
leads to alumina densification prevailed when the aforemen-
tioned second stage of shrinkage began. In the case of as-
received alumina, shrinkage began at a higher temperature than
did the milled alumina, i.e., at 1045 °C, with the maximum
linear shrinkage rate occurring at 1350 °C.

One hypothesis to optimize the sintering process, which is
understood as the maximization of final density with minimum
grain growth, can be achieved by improving the narrowing of
grain size distribution in a predensification sintering stage and
producing the final densification at a maximum densification
rate temperature. To confirm this hypothesis, two-step sintering
experiments were carried out in the dilatometer, applying
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Fig. 2. Shrinkage rate versus temperature of samples sintered at a constant
heating rate of 15 °C/min up to 1500 °C: (a) as-received alumina, and (b) milled
alumina.
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Fig. 3. Apparent density and temperature versus time under condition II.

sintering curves coherent with the temperature ranges in which
the two processes, i.e., narrowing grain size distribution and
final densification, were expected to occur. The following
conditions were defined for the two-step sintering: for alumina
subjected to high-energy milling, the first isothermal treatment
at 950 °C and the second at 1300 °C (conditions I, IT and III),
while the first step for the as-received alumina was at 1050 °C
and the second step was at the maximum sintering temperature
of 1350 °C (conditions IV, V and VI). These conditions are
listed in Table 2.

Fig. 3 presents the behavior of relative density (p) and
temperature versus sintering time for condition II. The relative
density during sintering was determined from green density
(py) and measured shrinkage (AL/L,), using the approximate
Eq. (1) [6], assuming that the deformation is isotropic and all
axial strain is devoted to densification of the specimen [27].

o ALN 3
P = Py T

As can be seen in Fig. 3, no pronounced densification
occurred in the first step of the isothermal treatment, despite the
2-h step at 950 °C. However, there was visible densification
during heating between the first and second steps, and during
the second step.

Fig. 4 depicts the apparent densities and mean grain sizes of
milled alumina sintered at 950 °C for varying periods of time
under conditions I, II and III, while those of the as-received
alumina sintered at 1050 °C for varying periods of time under
conditions I'V, Vand VI are shown in Fig. 5. As Fig. 5 indicates,
the heat treatments of as-received alumina at temperatures

)]

Table 2

Isothermal treatment (h)

Fig. 4. Apparent densities and mean grain sizes of high-energy milled alumina
sintered under conditions I, IT and III.

slightly below the onset of shrinkage cause lower growth of the
final grain and greater densification. In the high-energy milled
alumina, the longer the step the lower the density attained and
the larger the mean final grain size.

The largest mean grain size attained by increasing the
isothermal treatment time of milled alumina at 950 °C was
probably due to the surface diffusion and coalescence processes
mentioned earlier. During the isothermal treatment at 950 °C,
these processes were intensified, as indicated in Fig. 6(a) and
(b), which shows the fracture surface of an alumina sample
before and after the 2-h isothermal treatment at 950 °C. Note
that the heat treatment caused the finest particles to disappear
and slightly coarsened the coarsest particles, greatly decreasing
the specific surface area and slightly increasing the apparent
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Fig. 5. Apparent densities and mean grain sizes of unmilled alumina sintered

under conditions IV, V and VI.

Parameters defining the heating curves used in the sintering experiments of the samples prepared with as-received and high-energy milled alumina

Condition Isothermal treatment 1 (°C) Time (h) Step 1 Isothermal treatment 2 (°C) Time (h) Step 2
Milled alumina I - - 1300 2

1T 950 2 1300 2

11 950 4 1300 2
As-received alumina v - - 1350 2

\Y% 1050 1 1350 2

VI 1050 2 1350 2
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Fig. 6. SEM images of fracture surfaces of high-energy milled alumina samples: (a) without isothermal treatment at 950 °C, and (b) with isothermal treatment at

950 °C for 2 h.

density, as indicated in Table 3. This increase in apparent
density probably resulted from a microstructural rearrangement
that increased the agglomerate density.

The effect of nondensifying surface diffusion and particle
coalescence processes during the isothermal treatment not
only promoted a small increase in the mean grain size but also
affected the final grain size distribution of the milled alumina,
as indicated in Fig. 7(a), which shows the grain size

distribution curve of milled alumina sintered under conditions
I and II. The grain size distribution in the condition I, without
heat treatment, is broader with a standard deviation of 140 pm.
In contrast, in the condition II, with longer heat treatments at
950 °C, the grain size distribution became narrower, with a
standard deviation of 90 wm. In as-received alumina, the grain
size distribution was also narrowed but the mean grain size was
reduced (Fig. 7(b)).
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Fig. 7. Grain size distribution of: (a) high-energy milled alumina sintered under conditions I and II, and (b) as-received alumina sintered under conditions V and VI.

Fig. 8. SEM images of high-energy alumina samples sintered for 2 h at 1300 °C: (a) without isothermal treatment at 950 °C, and (b) with 2 h of isothermal treatment

at 950 °C.



2126 A.S.A. Chinelatto et al./Ceramics International 34 (2008) 2121-2127

Table 3

Specific surface area and apparent density of high-energy milled alumina
without isothermal treatment at 950 °C and of high-energy milled alumina
isothermally treated at 950 °C for 2 h

Without treatment 950 °C/2 h
Specific surface area (m?%/g) 312+0.3 9.7+0.3
Apparent density (%DT) 59.0+0.2 61.0£0.2

Fig. 9. SEM image of the sample sintered under condition II.

Fig. 8 presents microstructures of alumina samples
subjected to high-energy milling and sintered with and without
isothermal treatment at 950 °C, i.e., under conditions I and II,
respectively. The considerable homogeneity of the final
microstructure achieved by introducing an isothermal treatment
at 950 °C can be observed in these figures.

In the milled alumina, the densification of agglomerates
generates areas of different densities in the sample, which is
intensified as the time of low temperature isothermal treatment
increases, causing the density to decrease as the isothermal
treatment time increases. A micrograph of the sintered sample
under condition II, presented in Fig. 9, shows the presence of
large pores. These large pores probably originated from
agglomerates densified during the low temperature isothermal
treatment and also from packing defects occurring during the
preparation of the samples, due to agglomeration of the milled
products. These pores were not eliminated even after long
sintering times.

4. Conclusion

The introduction of isothermal treatments in the heating
curve of an alumina at temperatures below the beginning of an
accentuated shrinkage process influenced the development of
the final microstructure, promoting a microstructural refine-
ment of alumina compacts. The isothermal treatment promoted
particle coalescence, narrowing the final grain size distribution.
During the isothermal treatment of high-energy milled alumina,
the apparent density increased probably due to particle
repacking, which resulted in increased agglomerate density.
Because of agglomerate densification during the isothermal

treatment, and the inherent agglomeration of high-energy
milled powders, it was not possible to reach high final densities.
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