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Abstract

For a few oxide ceramics, the use of an initial pre-coarsening step prior to densification (referred
to as two-step sintering) has been observed to produce an improvement in the microstructural
homogeneity during subsequent sintering. In the present work, the effect of a pre-coarsening step
(50 h at 800 °C) on the subsequent densification and microstructural evolution of high quality,
Al,O; powder compacts during constant heéting rate sintering (4 °C/min to 1450 °C) was
characterized in detail. The data were compared with those for similar compacts sintered
conventionally (without the heat treatment step) and used to explore the mechanism'of
microstructural improvement during two-step sintering. After the pre-coarsening step, the -
average pore size was larger but the distribution in pore sizes was narrower than those for
similar cofnpacts sintered conventionally to 800 °C. In subsequent sihtering, the microstructure
of the pre-coarsened compact evolved in a more homogeneous manner and, at the same density,
the amount of ciosed porosity was lower for the compacts sintered by the two-step technique
compared to the conventional heating schedule. Furthermore, a measurably higher final density,
a smaller average grain size and a narrower distribution in grain sizes were achieved with the
two-step technique. The microstructural refinement produced by the two-step sintering technique
is explained in terms of a reduction in the effects of differential densification and the resulting

delay of the pore channel pinch-off to higher density.
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" I. Introduction

In general, the engineering properties of polycrystalline ceramics are controlled by the
microstructure (e.g., density and grain size) of the fabricated material. However, microstructural
defects or heterogeneities (e.g., large pores and abnormally large grains) in the fabricated
material have a profound effect on those properties that are limited by mechanical failure. Failure
events are almost always initiated at regions of physical or chemical heterogeneity. Density,
grain size and the presence of microstructural heterogeneities must be carefully controlled to
achieve improvements in the properties and reliability of ceramics.

Several fabrication routes are available for the production of ceramics with high density
or a controlled grain size [1]. These include colloidal processing of powders with a controlled
(narrow) distribution of sizes [2-4], pressure sintering, and the use of additives that are
incorporated into solid solution [5-7] or form a discrete second phase, e.g., liquid phase sintering
[7.8]. However, these fabrication routes can be uneconomical for many applications or can be
difficult to apply successfully (e.g., choice of additives). Simple, economical routes to
microstructural improvement are worthy of investigation.

Control of the heating schedule to manipulate the microstructure during sintering is an
approach which haé long been known to have the advantages of simplicity and economy. As
discussed elsewhere [9], numerous efforts have been made to investigate its effectiveness. One of
these is the "ratio controlled" approach in which the ratio of the densification rate to the
coarsening rate is determined by the choice of temperature [1,10]. The merit of thJS approach has
been demonstrated practically in the fast firing of Al,O; [10,11], a system for which the
‘conditions are favorable (i.e., the activation energy for densification is greater than that for grain
growth) and for BaTiO; [12]. However, the fast firing technique has not been successful for MgO
where the conditions are believed to be unfavorable [1]. Anotiler method is "rate controlled
sintering” in which attempts are made to keep the rate of densification approximately constant by

controlling the temperature [13] and a related two-peak firing [14]. The two-peak method was .
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effective in the producion of sodium beta”-alumina, but in general the results of rate controlled
sintering have been erratic and its merits remain unclear.

The ratio controlled approach is based primarily on a consideration of the kinetics of the
densification and coarsening and may be more applicable to systems in which the microstructure
is relatively homogeneous or develops in a relatively homogeneous manner. However, it has
been well demonstrated that, in addition to scaling (particle size) effects, the homogeneity of the
green microstructure can have a significant effect on the densification and grain growth processes
during sintering [15-20]. Microstructural heterogeneities (such as large pores, large grains and
non-uniform packing) present in the green compact cannot normally be removed during
" conventional sintering. Furthermore, they lead to differential densification which can enhance
their detrimental effects, reduce densification rates and limit the final density [21,22].

For three oxide ceramic systems investigated so far, i.e., MgO [23,24], Zn0 [9,25] and
Al,O, [9,26], it has been demonstrated that a two-step sintering technique, involving an initial
pre-coarsening step (e.g., 25-100 hours) prior to densification, leads to an improvement in the
microstructural homogeneity during subsequent sintering. In addition, the materials produced by
the two-step sintering technique generally have a slightly higher density, a smaller average grain
size and a narrower grain size distribution when compared with similar materials produced by
conventional sintering (i.e., without the initial heat treatment step). For the systems investigated
so far, two-step sintering provides a simple route for refining the microstructure, particularly for
powder systems with heterogeneous packing and with a wide distribution of particle sizes.

While the refinement of the microstructure has been clearly demonstrated by microscopy
and density measurements, a detailed investigation of the microstructural evolution during two-
step sintering has not been performed. It has been suggested that during the first step, coarsening
of the microstructure by surface diffusion, vapor transport, or some combination of these two
mechanisms, produces a more uniform microstructure by an Ostwald ripening process. The

evolution to a more homogeneous microstructure can be expected, at least qualitatively, from the



trend of the porous system to evolve towards a quasi-steady state structure. Such steady state
structural distributions are generally significantly narrower than what is usually produced in a
powder compact [9]. Enhanced neck formation in the pre;cdérsened compact is also expected to
produce a stronger system which is better able to resist differential densification, thereby limiting
damage during subsequent sintering. The combination of a more uniform microstructure and the
stronger compact produced by pre-coarsening is believed tb be responsible for the
microstructural refinement in subsequent sintering. Experimentally, Chu et al [9] found for ZnO
that a pre-coarsening step for 90 h at 450 °C produced an increase in the particle size (1.7 times
the starting particle size) and a modest reduction in the sintering stress (0.8 times that for the
compact without the pre-coarsening treatment). However, the pore parameters were not
characterized.

To explore the mechanism of microstructural refinement during the sintering stage of the
two-step technique, Chu et al [9] used a semi-quantitative ‘cor_nputational model to describe the
evolution of the pore spacing during sintering. They found that compared to the conventionally
sintered compact, the pore spacing for the pre-coarsened compact was larger in the earlier stage
of sintering but smaller in the later stage of sintering. The smaller interpore spacing in the later
stage of sintering was taken as a measure of mgcrostructural uniformity. It was argued that the
increased uniformity in the later stage of .sintering allowed the pre-coarsened compact to stay in
the open porosity state longer, leading to an inhibition of coarsening (grain growth). However,
the evolution of the open and closed porosity during sintering was not investigated. |

In the present work, a detailed investigation of the densification and microstructural
evolution of Al,O; during two-step sintering has been performed to explore .the merits of the
suggestions put forward for the microstructural refinement. Densification kinetics have been
measured by dilatometry while microscopy, mercury porosimetry and gas adsorption have been

used to characterize the spatial distribution of the grain and pore features, the average grain size



and grain size distribution, the porosity, average pore size and pore size distribution, and the

surface area.

IL. Experiméntal Procedure

(1) Powder Processing and Compaction

A commercial, high-purity a-Al,0, powder (AKP-50; purity 99.995%; Sumitomo Chemical
America, Inc., New York, NY) was used in the experiments. The as-received powder had an
average particle size of 0.18 mm and a surface area of 10.4 m%g (as reported by the
manufacturer). Prior to consolidation, the powder was processed to remove hard agglomerates. In
the process, a dilute suspension (2 vol% solid) was prepared by dispersing the powder in
deionized water (18.1 MWecm) and adding nitric acid (HNO;) to adjust the pH value in the range
of 3 - 4. The suspension was agitated for 10 minutes with an ultrasonic probe (Model W-375,
Heat System-Ultrasonics, Inc., Farmingdale, NY) and allowed to settle gravitationally for ~24 h,
after which the supernatant was decanted (to separate it from the sedimented material) and dried
rapidly under an infrared lamp while being stirred continuously.

. The dried material was ligﬁtly ground with a mortar and pestle, passed through a 100
mesh (126 mm) nylon sieve and then ball-milled in the dry state using plastic milling media to
produce a powder. The average particle size of the powder was measured by a centrifugal
sedimentation technique based on the principle of liquid-phase photo-sedimentation (Model
CAPA-700, Horiba Instruments Iﬁc., Irvine, CA) at a rotational speed of 3000 rpm. The specific
surface area was measured by nitrogen adsorption by the BET method (Digisorb 2600,
Micromeritics Instrument Corp., Norcross, GA). Prior to the measurement, the powder was
outgassed for 4 h at 400 °C in a vacuum.

Powder compacts for sintering were formed by uniaxial pressing ina WC-Co die
followed by cold isostatic pressing under high pressure. No binder was used in the process. Die

pressing was performed under a pressure of ~50 MPa to produce compacts (6.35 mm in diameter



by 6.2 mm) with a density of 0.53 of the theoretical density of a-Al,O; (3.986 g/cm?). After cold
isostatic pressing under a pressure of ~1380 MPa, the relative density of the compacts increased

to 0.60 = 0.01.

(2) Sintering

Two sintering techniques were used in the experimeﬁts: two-step sintering and .conventional

* sintering. Except for the prolonged isothermal heating used in the pre-coarsening stage of the
two-step technique, conventional sintering was carried out under the same conditions used in the
two-step technique. The sintering experiments were carried out in a dilatometer (Model 1600D;
Edwa;fd Orton Jr. Ceramic Foundation, Westerville, OH) that allowed continuous monitoring of '
the shrinkage kinetics. A different green compact was used in each sintering run.

In preliminary experiments, it was found that the powder compacts started to show
measurable densiﬁcétion at ~980 °C when heated at 4 °C/min. In the pre-coarsening stége of the
two-step technique, a requirement is the achievement of significant coarsening without
densification. Several combinations of temperature and time (800-1600 °C and 25-200 h) were
investigafed for the pre-coarsening stage and the microstructure produced by the heat treatment
was observed by scanning eléctron microscopy of fracture surfaces. From these experiments, a
heat treatment for 50 h at 800 °C was found to provide a reasonable balance between the
duration of the experiment and achieving the microstructural requirement mentioned above.

In two-step sintering, the compact was heated at 10 °C/min to 800 °C, held at this
temperature for 50 h and then heated at 4 °C/min to 1450 °C. The relative density, p, during
sintering was determined from the initial relative density, p,, and the measured shrinkage, AL/L,,
using the equation: |

o [1-AL)7
S | | M
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where L, is the initial length and AL =L, - L, where L is the instantaneous sample length. The
final density was also measured by the Archimedes method in deionized water. In a separate set
of experiments, sintering was terminatéd after the pre-coarsening step and, following this step, at
several temperatureé between 800 and 1450 °C (i.e., 1260, 1300, 1350 and 1400 °C). After
measurement of the density by the Archimedes method, these samples were used in the

microstructural characterization experiments described below.

(3) Microstructural Characterization

A vaﬁety of techniques was used to characterize the microstructure of the green compacts and of
the sintered samples. The microstructure of fracture surfaces, polished surfaces and polished and
thermally etched surfaces was observed by SEM (ISI-DS 130, International Scientific
Instruments Inc., Pleasanton, CA), the pdre parameters (porosity, average pore size and pore size
distribution) were measured by mercury porosimetry (Autopore 9220, Micromeritics Instrument
Corp., Norcross, GA) and the specific surface area was determined by nitrogen adsorption by the
BET method (Digisorb 2600, Micromeritics Instrument Corp., Norcross, GA) as outlined earlier
for the powder. In addition, the amount of closed and open porosity was determined by the
Archimedes method in deionized water.

Mercury porosimetry, nitrogen adsorption and SEM of fracture surfaces were the
techniques used to characterize the green compacts, the compacts heated conventionally to 800
°C and the compacts subjected to the pre-coarsening step (50 h at 800 °C). For the compacts
sintered above 800 °C, the characterization techniques consisted of SEM of polished surfaces and
of polished and thermally etched surfaces, mercury porosimetry and water immersion.

In the preparation of polished surfaces for SEM, compacts with low density (~0.65-0.85)
were impregnated with epoxy resin prior to polishing. Compacts with higher density were
mounted in epoxy resin. Grinding was performed with successively finer diamond wheels and

final polishing was accomplished with diamond pastes down to 0.25 um. After polishing, the



dense samples were removed ﬁom the epoxy resin and etched thermally in air‘for 1 hv at 1280 °C.
Surfaces of the samples were coated with Auw/Pd before observation in the SEM. Grain size was
measured from SEM micrographs by the lineal intercept technique [27,28], using more fhan 500
graihs for each sample.

In the mercury borosimetry experiments, the pore diameter was determined from the
pressure of intrusion by using the Washburn equation and assuming values of 130° for the
contact angle and 485 dyn/cm? for the surface tension of mercul;y [29]. The pére size
distributions follow from the derivative of the volume intruded‘with respect to the pore diameter.

For the determination of the amount of open and closed porosity, the sampies were
immersed in deionized water (previously boiled to remove air bubbles) and the volume of liquid
displaced (the upthrust) was measured by the Archimedes method. After extracting the sample
from the water and rapidly rémoving any adsorbed water on the surface, the volume of liquid
intruded (the volume of the open porosity) was determined by weighing the sample. Finally, the

difference between the theoretical volume (mass divided by the theoretical density) and the

- upthrust was taken as the volume of the closed porosity.

III. Results

" The experiments provided data for the densification and microstructural evolution of AL,O,
powder compacts sintered by the two-step technique and similar compacts sintered
conventionally (without the initial pre-coarsening step). The results are described in the

following sections.

(1) Microstructural Evolution during the Pre-coarsening Step
During the pre-coarsening step (50 h at 800 °C), no measurable shrinkage was detected in the
dilatometer. However, SEM, nitrogen adsorption and mercury porosimetry revealed that

significant matter transport had occurred. Figure 1 shows scanning electron micrographs of the -



fracture surfaces of a powder compact heated to 800 °C. and a compact pre-coarsened for 50 h at
800 °C. Considerable matter transport has occurred in the compact subjected to the pre-
coarsening treatment. The particles show more rounding of the edges and corners and the finest
have disappeared. There is a small increase in the average particle size of the pre-coarsened
compact but the magnitude of the increase is difficult to measure acéurately from micrographs.

The nitrogen adsorption experiments showed that the pre-coarsening step resulted in a |
decrease in the specific surface area from 10.9 to 7.8 m%g . As outlined earlier, it has been
suggested that these microstructural changes occur by an Ostwald ripening process. Since vapor
transport is expected to be negligible in Al,O; at 800 °C, matter transport appears to be fully
dominated by surface diffusion [30].

The pore size distribution data (Fig. 2) show that the pre-coarsening step also produced
‘significant changes in the pore parameters. The finest pores have been eliminated and, compared
to the conventionally heated compact, the median pore size has shifted to a larger value (from
0.044 to 0.053 um). Furthermore, the bimodal distribution in pore sizes (measured for the
conventionally heated compact) has evolved into a distribution curve with a single peak. The
elimination of the smallest pores and the shift in the pore size distribution curve to larger pore
sizes are consistent with an Ostwald ripéning mechanism. It would be expected that the smallest
pores would be eliminated with the disappearance of the finest particles, leading to the creation,
on average, of larger intrusion channels in mercury porosimetry. If the tails of the pore size
distribution curves at the smallest and largest pore sizes (representing only a very small fractio.n
~ of the porosity) are ignored, then it.is clear that pore size distribution has become more uniform
as a result of thé pre-coarsening step. These results support a microstructural path for thé system
in which an initially non-scaling distribution evolves towards a quasi-steady state (scaling)
distribution. _

To summarize at this stage, the pre-coarsening step for 50 h at 800 °C has resulted in an

improvement in the microstructural homogeneity of Al,O; powder compacts. The data indicate



that the average grain size has increased slightly and the specific surface area has decreased. The
median pore size has increased, and, for almost all of the porosity, the normalized distribution in
pore sizes has become significantly narrower. The next section describes how these

microstructural changes influence the subsequent sintering.

(2) Effect of Pre-coarsening on Subsequent Sintering

- Figure 3 shows the results for the relative density as a function of temperature during subsequent
sintering at 4 °C)min between 800 and 1450 °C for the compacts pre-coarsened for 50 h at 800 °C
and for the conventionally sintered compacts. The pre-coarsening step causes a delay in the
onset of measurable densification, while the density initially remains lower than that for the
conventionally sintered compact. However, at higher temperatures, the densification rate J
increases more rapidly compared to that for the conventionally sintered cdinpact (Fig. 4) and
above ~1350 °C, the pre-coarsened compact has, in fact, a measurably higher density. The delay
in the onset of densification for the pre-coarsened compact is likely to be caused by the
elimination of the finest particles (and the smallest pores associated with them) during the pre-
coarseningstep. Local densification associated with theiﬁnest particlé:s in the conventionally
sintered compact will be significantly reduced in the pfe-coarsened compact. Later in the
sintering process, the pre-coarsening provides a benefit for densification in that the density (at a
given temperature) i,s slightly higher than that for the conventionally sintered compact. '

The variation of open and closed porosity during subsequent sintering is shown in Fig. 5
for the pre-coarsened compact and for the conventionally sintered compact.: At the equivalent
density, the amount of open porosity is higher and the amount of closed porosity is lower in tﬁe
pre-coarsened compact. The data therefore show clearly that the pinch-off of the open pores is
delayed to higher densities in the pre-coarsened compact.

Scanning electron micrographs of the polished and thermally etched surfaces of compacts

sintered to 1200 °C with and without the pre-coarsening treatment are shown in Fig. 6. The
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relative densities of the compacts are approximately the same (~0.75). However, local regions of
high density have already started to appear in the conventionally sintered sample. Corresponding
micrographs for compacts sintered to 1350 °C are shown in Fig. 7. The regions of high density.
have increased in the conventionally sintered sample whereas the porosity is distributed more
uniformly in the pre-coarsened sample. Figure 8 shows scanning electron micrographs of the
polished and thermally etched Surfacés of the conventionally sintered compact and of the pre-
coarsened compact after sintering to 1450 °C. The relative densities of both samples are greater
than 0.99. However, there is considerable refinement of the grain size in the pre-coarsened
sample. The pre-coarsened sample has a smaller average size and a significantly smailer standard
deviation in the average size (1.3 + 0.1 pm) when compared with the conventionally sintered
sample (1.5 + 0.2 um). The final density of the pre-coarsened compact is slightly higher than that
for the conventionally sintered compact and, as outlined below, the refinement of the final grain
size is even more pronounced if the results were to be considered at an equivalent density.

Figure 9 shows the grain size versus density trajectories for the conventionally sintered
compact and for the pre-coarsened compact during cdnstant heating rate sintering to several
temperatures between 800 and 1450 °C. For relative densities below ~0.95, corresponding to
sintering temperatures below ~1350 °C, the effect of the pre-coarsening step is not obvious.
However, at higher densities, a significantly steeper trajectory is found for the conventionally
sintered compact. The larger average grain size in the conventionally sintered compact results
from the contribution of a higher fraction of large grains in the microstructure. At a given relative
density, a larger number of highly dense regions is present in the conventionally sintered

compact and these regions are better able to support grain growth.

IV. Discussion

Figures 6 to 8 show that the spatial scale over which density variations occur is considerably

larger for the conventionally sintered sample and that the scale increases during sintering. If the
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scale of the density fluctuations is taken as a measure of the microstructural homogeneity, then it
is clear that the microstructure of the pre-coarsened compact evolves in a more homogeneous
manner. The more homogeneous evolution of the microstructure is associated with a refinement
in the grain size of the final compact (Figs. 8 and 9). In order to understand the microstructural
evolution in two-step sintering, the mechanisms that lead to the improvement in the

microstructural homogeneity coupled with the refinement in the grain size need to be examined.

() Mechanisms for Improvement in Microstructural Homogeneity
As discussed earlier, it has been suggested that a combination of a more uniform microstructure
and a stronger compact produced by the pre-coarsening step is responsible for the more
homogerieous evolution of the microstructure in subsequent sintering. The results of the present
work provides strong support for this proposal. The elimination of the very fine particles as a
result of the pre-coarsening treatinent (Fig. 1) is expected to reduce the extent of differential
densification and the formation of loc;ally dense regions in the early stages of subsequent
sintering, thereby reducing the scale of density fluctuations. The enhancement in neck formation
for the compact subjected to the pre-coarsening treatment (Fig. 1) is an indication of an
improvement in strength. Furthermore, as reported elsewhere [26], compac':t_s were formed, by
~ slip casting, from the same Al,O; powder used in the present experiments and their ﬂex;lral
strength was measured at room temperature by four-point b¢nding. The pre-coméening treatment
produced an enhancement in the strength of ~50 times that for the compact without the pre-
coarsening treatment. |

The pore characteristics of the pre-coarsened compact can also have a significant effect
on the microstructural evolution during sintering. In the literature, many studies have reported on
the effect of pore size distribution on densification during conventional sintering [4,19,31,32]. It
is generally found that under identical sintering conditions, green compacts with a narrow poré

size distribution reach a higher end-point density and have a more homogeneous microstructure
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when compared with similar éompacts with a broad pore size distribution. These effects have
normally been accounted for in terms of an increase in the distance for matter transport into pores
that are more widely spaced and the unfavorable thermodynamic requirement for shrinkage of
some (large) pores [16,33]. As outlined later, the decay (or pinch-off) of the continuous pore
channels during subsequent sintering can also play an important role in the evolution of the

microstructure.

(2) Mechanism for Grain Size Refinement

Pores exert a drag on the grain boundaries and, compared to the pore-free material, can inhibit
grain growth [5,34,35]. Large, continuous pores in the initial and intermediate stages of sintering
provide a greater drag and, hence, can inhibit grain growth more effectively compared to small,
isolated pores in the final stage of sintering. This can give rise to a transition in grain growth
behavior, as observed for Al,O; powder compacts'formed by a colloidal route [36]. The effects
are also seen from plots of the gfain size versus density during sintering where the trajectory
normally becomes significantly steeper above a relative density of ~0.90. The delay in the pinch-
off of the continudus pores has been suggested as a mechanism to explain the grain size
refinement during subsequent sintering of the prg-coarsened compacts [9]. The results for the
open and closed porosity'(F ig. 5) provide clear experimental support for this proposal. The semi-
quantitative model of Chu et al [9] for the evolution of the interpore spacing during the sintering
of ZnO, as outlined earlier, also provide support for the suggested mechanism. However, the
process by which the pore channel pinqh-off is delayed in the pre-coarsened compact is unclear.

In the next section, pore closure is considered.

(3) Analysis of Pore Closure During Sintering
Physically, the closure of continuous pores during sintering may be expected to influence the

microstructural homogeneity (taken as the scale of density fluctuations) and the grain size
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characteristics in the following way. For a distribution of pore sizes, early closure of some pores,
leading to pinch-off of the pore channels and the creation of smaller, isolated pores can lead to
locally dense regions (i.e., to an increase in the scale of density fluctuations) which are better
able to support grain growth. Faster grain growth in the dense regions coupled with slower
growth in the regions with continuous pores is expected to lead to a wider spread in grain sizes

~ and a larger average size at an equivalent density when compared to a similar system With a more
uniform distribution of pore sizes.

The complex nature of the interconneéted pore channel network in real powder compacts
makes tﬁe modeling of pore channel decay difficult {37,38]. The instability of simple shapes has
been analyzed and it would be interesting to explore whether those results provide an insight into
the decay of the continuous pore channels in real systems. Since the work of Rayleigh [39] who
analyzed jets of fluids, the instability of cylindrical shapes under the influence of capillarity or
surface tension effects has been well recognized. Much later, Nicholls and Mullins [40] analyzed
the instability of an infinite cylinder in which matter transport occurred by surface diffusion and
volume diffusion. In other publications, Nicholls and Mullins [41] treated the spheroidization of
semi-infinite rods by the mechanism of surface diffusion while Nicholls [42] analyzed the
instability of finite cylinders with hemispherical ends.

Recently, Stiiwe and Kolednik [43] developed a simple dynamic model to describe the
disintegration, by surface diffusrion, of cylindrical pores into spheres during the annealing of
potassium-doped tungsten. They assuméd a model (Fig. 10)-consisting of a cylindrical pore of
mean radius s we\akly disturbed by a sinusoidal fluctuation of amplitude A and wavelength 1. The
~ variation in the radius of the cylinder with distance x in the axial direction is described by:

r=s+A4 sin—27n-x

)
'From an analysis of the transport of tungsten atoms from the "bulge" of the cylinder to the
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adjacent "necks", Stiiwe and Kolednik derivéd the following equation for the growth rate of the
amplitude of fluctuation:

dl4_ DSY (6)4ZA (3)

dr 2vCkT\ R

where D; is the surface diffusion coefficient, y is the specific surface energy of the solid/vapor
interface, v is the mean diffusion path (expressed as a fraction of the wavelength 1), { is a
geometrical parameter, k is the Boltzmann constant, T is the temperature, § is the atomic
diameter, R is the radius of the unperturbed cylinder, and Z is a parametér defined by :

(4)

where z =l/R.

Equations (3) and (4) show that the gfowth rate of the afnplitude of the fluctuation is
positive for z > 2n with a maximum growth rate at z =2v2 = = 8.9. Furthermore, they show that
the magnitude and direction of the growth rate depend only on the amplitude and wavelength
(relative to the cylinder radius) of the fluctuation. Two cases can be distinguished. When the
volume of the cylinder remains constant (corresponding to the practical case of no densification),
R and Z are constant and Eq. (3) can be integratg:d to determine the variation of A with time [43].
For the case when the volume of the cylinder (pore) decreases with time (i.e., densification
occurs), if it is assumed, for the sake of illustration, that the pore volume decreases linearly with
time, then:

&)
R2-R’-Kt |

where R, is the initial radius of the cylinder and K is a constant. For a sinusoidal fluctuation, R

is related to s by the equation[43]:
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According to Bennison and Harmer [44], the surface diffusivity (6,D,) of undoped Al,O; is =10
m’s! at 1400 °C. Taking &, =0.2 nm, then D, =10'? m?s"". Assuming this value for D, y =1 J/m?,
v = { = 1/3, & = 0.2 nm, and that the condition A(t) = R provides an estimate of the time, 1, for
closure of the cylindér, Eq. (3) wés integrated numerically to determine <, as a function of A/s
for two values of the rate constant K for pore closure (densification). The results (Fig. 11)
indicate that T, depends strongly on the ratio A/s (as discussed earlier) and on K (i.e., the
densification rate).

In cdnsiderin_g the experimental data, it shou‘ld be realized that the mercury porosimetry
data provide an estimate of the size of the intrusion channels into the pores. The data in Fig. 2
can therefore be taken to indicate that the pre-coarsening treatment, in which the smallest
particles disappear by an Ostwald ripening i)rocess, leads to the development of a smoother,
more uniform pore channel. This can be taken to mean that the amplitude of the fluctuations in
_ the pore diameter is reduced. The time for pinch-off of the pore channels will therefore increase
(Fig. 11). i |

To summarize, the microstructural refinement produced by the two-step sintering
technique is illustrated échematically in Fig. 12. Compared to the conventionally sintered
compact, the reduction in differential densification in the early stages of sinfering leadstoa
reduction in the spatial scale of the density fluctuations. The smoother pore channels lead to a
delay in the pore channel pinch-off to higher densities, thereby producing a smaller average grain

size with a more uniform distribution of grain sizes.

V. Conclusions

The main factors responsible for the microstructural refinement of Al,O, powder compacts

-
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during sintering by a two-step technique were identified. The initial pre-coarsening step
produced enhanced neck formation between the particles (thereby leading to a stronger compact)
the elimination of the finest particles (presumably by an Ostwald ripening process), a larger
median pore size and, importantly, a narrower distribution in pore sizes. The microstructural
path is one in which the system evolves from an intially wide distribution to a (normalized)
narrower quasi-steady state one. In subsequent sintering, the stronger compacf is better able to
resist differential densification while the elimination of the finest particles reduces local
densification. These two factors lead to a reduction in the spatial scale of density fluctuations,
i.e., to a more homogeneous microstructure. If the larger median pore size and the narrower
distribution in pore sizes (determined from mercury porosimetry) are taken to represent the
formation of smoother pore channels, theoretical models predict an increase in the time for
pinch-off of the continuous pore channels. The delay in pore channel pinch-off is supported by
data for the open and closed porosity during sintering. The pores therefore rerﬂain open to higher
densities, thereby inhibiting grain growth more effectively. In this way, a more homogeneous
sintered microstructure coupled with a smaller average grain size and a narrower distribution in

grain sizes is produced.
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Figure Captions
Figure 1. SEM of the fracture surfaces of (a) an Al,O, compact after heating at 10 °C/min to 800
°C (denoted "con\?entional") and (b) a similar compact after a pre-coarsening treatment for 50 h
at 800 °C.
Figure 2. Pore size distribution as a function of pore diameter obtained from mercury
porosimetry for the compacts described in Fig. 1.
Figure 3. Relative density versus temperature during constant heating rate sintering (4 °C/min)
for a compact heated conventionally (i.e., without the pre-coarsening step) and for a compact pre-
coarsened for 50 h at 800 °C.
Figure 4. Densification rate versus temperature for the compacts described in Fig. 3.
Figure 5. The amount of open and closed pordsity versus relative density during sintering for a
conventionally sintered compact and for a pre-coarsened compact (800 °C/50 h).
Figure 6. SEM of the polished and therrnglly etched surfaces of (a) a conventionally sintered
compact (relative density = 0.76) and (b) a pre-coarsened compact (relative density = 0.73) after
heating at 4 °C/min to 1200 °C.
Figure 7. SEM of the polished and thermally etched surfaces of (a) a conventionally sintered
compact (relati\./e density = 0.93) and (b) a pre-coarsened compact (relative density = 0.93) after
heating at 4 °C/min to 1350 °C.
Figure 8. SEM of the polished and thqrmally etched surfaces of (a) a convéntionally sinfered
compact (relative density = 0.99; grain size = 1.5 = 0.2 um) and (b) a pre-coarsened compact
(relative density = 0.99; grail;size = 1.3 £ 0.1 pm) after heating at 4 °C/min to 1450 °C.
Figure 9. Grain size versus density trajectories for the conventionally sintered compact and the
pre-coarsened compact (800 °C/50 h) during constant heating rate sintering to temperatures
between 800 and 1450 °C.
Figure 10. Schematic diagram showing the geometrical parameters for a cylindrical pore of

average radius s which contains a sinusoidal fluctuation of amplitude A and wavelength 1.
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Figure 11. Model predictions for the time to pinch-off of a cylindrical pore as a function of A/s
(the ratio of the amplitude of the fluctuation to the average radius of the cylinder) for two values
of the rate constant K for pore closure (shown in pm? s!). )

Figure 12. Schematic diagram illustrating the microstructural refinement produced by the two-

step-sintering technique.
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