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Compaction is a widely used fabrication process for ceramics due to its low cost and high
productivity. The majority of defects are formed at this stage and, consequently, the evaluation of
the process parameters is extremely important. Alumina spray-dried powders were pressed varying
pressure, temperature and humidity conditions. Scanning electron microscopy (SEM) analysis was
performed to observe the micro-structural evolution of the fractured surfaces in different
compaction conditions. The Hg porosimetry analysis showed the decrease of intra and intergranular
porosities until complete elimination of the intergranular porosity, as the pressure increased. The
glass transition temperature of the binder (Tg) affects the microstructure of green bodies
significantly: powders pressed at higher temperatures than T4 presented more intergranular porosity
elimination at the same compaction pressure, through plastic deformation and fracturing of
granules. Hg porosimetry analysis was suitable for measurement of the pressure in which total
elimination of intergranular porosity occurs, join point (Pjein): this result was confirmed by SEM.

I- Introduction

The powder compaction process is the most widely used forming technique for shaping ceramic
products, since traditional ceramic as floors until advanced ceramics for technical applications. This
process is characterized by high productivity but it has a serious problem, namely the densit
gradient originated during the die cavity filling and the subsequent compaction operationt”.
Therefore, the process requires a high control of all parameters involved in order to guarantee to
obtain samples with high homogeneity of the green density, which ensures a sintered body of high
quality and low population of microstructural defects. Thus, it is extremely important to understand
the variable that controls the compaction mechanisms and interfere in the homogeneity of the green
density along the compacted body.

The characteristics of granules obtained by spray-drying largely determine the
characteristics of the compacted body™®*. The morphology and distribution size of granules affects
its flowability and the die fill density (loose density). Furthermore, the mechanical strength of the
granules, their response to the applied pressure, largely due to added or?anic additives (binder,
plasticizer and lubricant), determines the compact density and homogeneity.>®

The glass transition temperature of the binder (Tg) affects the microstructure of green bodies
significantly. If the granules are compressed at a temperature below the binder Tg, their polymeric
chains are rigid and act as a barrier to deformation and crushing of granules, reducing the green
density and leading to defects: this is due to the maintenance of the granule relics or rest of the
initial granule structure and the inter-granular porosity. In addition, under these forming conditions,
there is a reduction in the transmission of the applied pressure and, thus, a tendency to form a
heterogeneous density distribution®*°!,

On the other hand, if the compaction occurs at temperatures above T, the chains of binder
are flexible, thus facilitating the sliding of the particles comprising the granules, resulting in higher
densification of the particles, lower defect population and greater green density homogenization.
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The forming process of granular materials can be shared in three distinct stages: the first is
controlled by rearrangement and packing of granules; in the second stage, the granules deform or
fracture to fill interstitial voids in the packing structure; finally, in the third stage, further plastic
deformation occurs by reduction of intragranular porosity. The transition between the first and
second stages is associated with the onset of the plastic yield of the granules (an apparent yield
stress Py), while the transition between the second and third stages (named joint point, Pjoin) iS
associ?lt]ed with the junction of granular surfaces and the substantial elimination of interstitial
voidst .

The forming behavior depends on the characteristics of the granules and properties of the
binder, specially its T4. Therefore, the ideal for compaction process is that the binder may present
T4 below the processing temperature (room temperature). It is known that the Ty of PVA, the most
commonly used binder for ceramic materials, is affected by the presence of plasticizers, such as
polyethylene glycol (PEG) and the adsorbed moisture. In this article, the effect of moisture on the
compaction behavior of a spray-dried alumina was evaluated, and then it was related to T4 behavior
of the PVA-PEG additive. Granules with different humidity conditions were formed under different
pressure and temperature conditions. The compact density and porosity were determined by Hg
porosimetry and the fracture surfaces were observed by SEM.

I1- Experimental Procedure

The spray-dried powder used in this study is a 92% alumina-based composition with 1wt%
PVA-2wt% PEG organic additive. The spray-dried granule presents a spherical and donut-like
shape (figure 1) and log normal grain size distribution with a median diameter of 150 um. Pore size
distribution was measured by mercury intrusion porosimetry in a Micromeritics Autopore Il
porosimeter. Figure 2 shows the bimodal pore size distribution of the used powder indicating inter
and intragranular pores.

Before compaction, the spray dried alumina was distributed in small quantities (3 g) and
conditioned for, at least, 36 h in a closed ambient with a controlled and constant relative humidity
(rh), by using a silica gel for dry ambient (10% rh) and a saturated aqueous solution of NH;NO3 (for
64% rh) and KCI (for 85% rh). Thus, it was ensured that the granules were, subsequently,
compacted with three different humidity conditions. After that, in order to evaluate the effect of
temperature in the compaction process, samples of the granules with controlled humidity were
poured into a 12 mm diameter cylindrical die, assembling the punches, with the ensemble
maintained by, at least, 2 hr in three different temperature-controlled environments, until the set
reached thermal equilibrium: 5 °C in a refrigerator at 25 °C in a laboratory room and 45 °C in a
furnace.

Samples were compacted using a universal testing machine Instron 4400 R at a rate of 0.5
mm/min, with a load recorded automatically until the maximum pressure, 400 MPa. The
compaction curves obtained for different temperatures and humidity conditions allowed Py and Pjoin
to be estimated. With these values as a reference, bodies were pressed at intermediate pressures: the
porosity was determined by mercury porosimetry and the fractured surface was observed by
scanning electron microscopy.
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Results and Discussion

Figure 1 shows the granules of the spray-dried based-alumina composition with the typical
donut-like shape granules. Figure 2 allows to observe the pore size distribution of grains, with well
defined inter and intragranular pores.
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Figure 1 - Spray-dried alumina-based composition with the typical donut-like shape granules
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Figure 2 - Pore size distribution of grains with well defined inter and intragranular porosity.

Figure 3 shows the apparent density as a function of the applied pressure for bodies

processed at different conditions

of humidity and temperature. The compaction curves show quite

clearly that the samples pressed at 40 °C and higher humidity acquire greater density than those
pressed at 5 °C and lower humidity. Moreover, the pressure required for the granules begin to
deform and/or fracture (Py) is smaller at 45 °C than at 5 °C, suggesting that the compaction
temperature was above T, of the binder. In figure 4, it is possible to observe the same behavior.
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Figure 3 — Compaction curves of the granules pressed at different conditions of humidity and
temperature. Intervals detached in the graph correspond to the forming pressure ranges in which
intergranular porosity elimination occurs, as detected by mercury porosimetry analysis.
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Figure 4 — Effect of the compaction pressure in the green density at different conditions of humidity
and temperature.

Figure 5 shows yield point versus relative humidity (a) and forming temperature (b). These
curves allow us to evaluate how these parameters interfere with the mechanical strength of the
granules. For all employed conditions in these tests, higher temperatures or relative humidity, lower
Py and, thus, lower mechanical strength of the granules are related to the variation of binder Ty
value.
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Figure 5 — Effect of the compaction humidity and temperature on the yield point.

Figure 6 shows the porosimetry curves for pellets obtained with different temperatures and
humidity conditions. The curves show bimodal porous distribution, related to inter and intragranular
porosity. For all different conditions, as the forming pressure increases, the intergranular porosity
decreases until its complete elimination; the pressure in which it occurs is called Pjoin. This point
(Pjoin) Was found between 10 and 15 MPa for 10 % r.h and 5 °C (the most critical among the
forming conditions analyzed), between 7.5 and 10 MPa, for 64 %r.h and 25 °C, and between 3 and
5 MPa, for 85 % rh and 45 °C (the most suitable of the three forming conditions) . Similarly to what
occurred with the yield point, this reduction of the Pju, is due to the decrease in the granule
mechanical strength with the change in the binder Tyg. When a powder is pressed at a higher
temperature than Tg, the binder is easily deformed and high green densities can be achieved at
moderate stresses. As the Ty of the binder is increased, it becomes stiffer, requiring higher
compaction stresses to achieve a given density. Figure 6, also, shows the microstructures of the
fracture surfaces in different temperatures and humidity conditions. As expected, in the most
suitable of the three forming conditions, a greater deformation occurred. Compared to the literature,
the conjunction of granular surfaces and the substantial elimination of intergranular porosity
occurred at lower pressures.
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Figure 6 — Effect of the compaction pressure on porosity and SEM micrographs of spray-dried
alumina powders, compacted in different conditions: (a) 10% rh and 5 °C, (b) 64% rh and 25 °C, (c)
85% rh and 45 °C.
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IV — Conclusion

As the processing temperature and humidity increases, the binder glass transition temperature (T,)
and the granule mechanical strength decrease, resulting in:

o Increased green density,
o Decreased yield point (Py),

o Decreased Pjoin, pressure in which the intergranular porosity elimination occurs, showed by
mercury porosimetry.

We can confirm that the resistance of the granules depends strongly on the binder glass transition
temperature.
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