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The pressure-assisted master sintering surface
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It has been reported that the master sintering curve (MSC), in which the sintered density is
a unique function of the integral of a temperature function over time, is insensitive to the
heating path. The present research was undertaken to determine whether the MSC concept
is applicable to hot pressing, and to develop the pressure-assisted master sintering surface
for alumina. Densification of Sumitomo AKP30 alumina was continuously recorded during
heating at 10◦C/min at fixed pressures from 7 to 34.5 MPa. Final densities computed from
the dilatometer traces were in excellent agreement with values determined by the
Archimedes method. The thermocouple was calibrated using the melting point of the Ni/C
eutectic. An accuracy of ±2◦C was established. The pressure-assisted master sintering
surface was successfully constructed. Using this surface, the final density can be predicted
to about 1% accuracy for a fixed pressure and an arbitrary temperature-time path.
C© 2002 Kluwer Academic Publishers

1. Introduction
Hot pressing is an effective method for a densification
of ceramics using thermal and mechanical energy. It
can fabricate fully dense, fine-grained ceramic bodies at
lower temperatures and at shorter cycle times than those
required by conventional sintering techniques [1–3].
The applied pressure induces additional mechanisms
which are more complicated than those occurring in
normal sintering. Several mechanisms have been pro-
posed to explain the observed enhanced densification
during hot pressing.

Vasilos and Spriggs [1] suggested that apparent dif-
fusion coefficients for alumina and magnesia calcu-
lated from hot pressing data are orders of magnitude
greater than for pressureless sintering, which might be
explained by enhanced diffusion under pressure. They
found that the consistency in calculated diffusion coef-
ficients as well as a reasonable comparison of activation
energies suggests that densification beyond the initial
stages is a diffusion-controlled process for the pressures
used.

Rahaman et al. [4] proposed two densification mech-
anisms for the reaction hot-pressing of powder com-
positions near the β ′-sialon phase of the Si-Al-O-N
system. The mechanisms were interpreted in terms of
grain boundary sliding in the presence of a second phase
for the composition containing the smallest amount of
second phase and a diffusion step of the liquid-phase
solution-diffusion-reprecipitation process for the com-
position containing the largest amount of second phase.
In another work, they observed simultaneous creep and
densification during sintering of CdO under light uni-
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axial stresses using a loading dilatometer [5]. They sep-
arated the effects of creep and densification. The creep
measurements permitted the determination of the sin-
tering strees, which was found to decrease with increas-
ing density when grain growth occurs. They concluded
that grain boundary diffusion was the dominant trans-
port mechanism.

While normal stresses across a grain boundary will
enhance grain boundary and volume diffusion and
therefore sintering [6], several other mechanisms have
been described for the observed enhanced densifica-
tion. These include grain boundary sliding, agglomer-
ate fragmentation, plastic flow, and power law creep
[7–11]. Many modeling studies have reported greater
or lesser success in describing hot pressing and hot iso-
static pressing [12–17].

As an alternative to mechanistic modeling, Su and
Johnson developed the concept of the master sintering
curve (MSC) for pressureless sintering [18]. The MSC
characterizes the sintering behavior for a given powder
regardless of the heating history. The MSC was derived
from a combined stage sintering model which includes
both volume and grain-boundary diffusion mechanisms
[19, 20]. The instantaneous densification rate in the lat-
ter model is
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where γ is the surface energy, � the atomic volume,
k the Boltzmann constant, T the absolute temperature,
G the mean grain diameter, Dv and Db the coefficients
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of volume and grain boundary diffusions, respectively
and δ the width of the grain boundary. �v and �b are
(non-constant) lumped scaling parameters that relate
various geometric features, the driving force for sinter-
ing, and the mean diffusion distance to the grain size.

This equation can be rearranged for either grain
boundary or volume diffusion such that all terms that
are not explicitly functions of temperature are carried
to the left hand side, and then integrated, as follows:
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where Q is the apparent activation energy, Do is the
pre-exponential term for the diffusion coefficient, (in-
cluding δ in the case of grain boundary diffusion), R
is the gas constant, and n = 3 or 4 for volume or grain
boundary diffusion, respectively.

A mechanistic model would attempt to integrate
both sides of this equation. For the master sintering
curve, the measured density is plotted as a function
of the right hand side, hereafter denoted �. If a
single mechanism is responsible for densification,
the sintered density can be predicted from the curve
irrespective of the heating path.

The motivation for the present study was to determine
whether the concept of the master sintering curve can be
extended into the realm of hot pressing, and to establish
the pressure-assisted master sintering surface (PMSS)
of an alumina powder.

2. Experimental procedures
A schematic cross section of the hot press die assembly
and furnace1 is illustrated in Fig. 1. Pressure is applied
by a single acting ram from the bottom, but double ac-
tion results since the die can move freely upward as
pressure is applied. The die assembly is enclosed by
the graphite heating element which is completely sur-
rounded by graphite felt insulation. A Type C thermo-
couple with a 3 mm diameter Nb/1% Zr sheath2 was
inserted in the side of the die to about 6 mm from the
specimen. The chamber was evacuated by a mechan-
ical pump to 500 mtorr and then backfilled with high
purity Ar gass (99.998%). The pressure of Ar gas was
maintained between 20 and 35 kPa.

A dilatometer was installed to determine the linear
shrinkage from the relative motion of the pressing ram
with respect to the water-cooled bottom plate of the
furnace. The pressure was measured electronically.3 An
A/D converter and computer acquired linear shrinkage,
temperature and pressure data continuously.

The temperature measurement system was calibrated
using pressed compacts of pure Ni powder4 and Ni
powder mixed with 2.1 wt% C, the eutectic compo-
sition. Pellets 19 mm in diameter and 1.4 mm thick
were placed in the 25.4 mm diameter die chamber and

1 Centorr Associates, Inc., Suncook, NH.
2 ARi Industries (UK) Ltd., Camberley, Surry, UK.
3 Model 204, Setra Systems, Acton, MA.
4 Mond 255, INCO Limited, Toronto, Canada.

Figure 1 Schematic diagram of the hot press.

separated from the punches by graphite foil. A pres-
sure of 1.4 MPa was applied at room temperature and
maintained during heating at 10◦/min to 1500◦C. The
temperature at which an abrupt change in shrinkage oc-
curred was taken as the onset of melting at the eutectic
temperature.

For hot pressing, α-Al2O3 powder (99.99% purity,
AKP-30, Sumitomo) having an average particle diam-
eter of 0.4 µm was mixed with 3 wt% of polyvinyl bu-
tyral binder in acetone, dried, granulated, and screened
to −60 mesh. Pellets 25.4 mm in diameter by ∼2 mm
thick were pressed at 300 MPa and the binder was
burned out at 650◦ in air. This resulted in negligible den-
sification but provided green strength and minimized
contamination from any adsorbed species in the raw
powder.

Three different heating and pressure schedules were
used. First, 20.7 MPa pressure was applied at room tem-
perature and then the furnace was heated at 10◦/min
in separate runs to 1100◦, 1200◦, 1300◦, or 1400◦, fol-
lowed by a 30 minute hold at the indicated temperature.
An additional specimen was heated at 13◦/min to 1832◦
and held for 30 minutes.

Secondly, hot pressing using applied pressures from
6.9 to 34.5 MPa were conducted. Pressure was ap-
plied at room temperature and a constant heating rate
of 10◦/min was maintained from room temperature to
1500◦ without an isothermal hold.

Finally, the runs for pressureless sintering were car-
ried out in the same system by heating at 10◦/min
to 1400◦ and then held isothermally for 0, 30 and
60 minutes.

Microstructures were examined by scanning elec-
tron microscopy on fracture surfaces. Bulk and appar-
ent densities as well as open and closed porosity lev-
els were determined by the Archimedes method. For
this measurement, specimens were immersed in water,
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boiled for 30 minutes and cooled to room tempera-
ture before determining the submerged and saturated
masses.

3. Results and discussion
Fig. 2 shows the dilatometer data for the temperature
calibration. The break in the slopes occurs when the
eutectic temperature is reached and the Ni begins to
react with C to produce eutectic liquid. The vertical
broken line is at the published eutectic temperature.
1318◦ [21]. Linear regression line fits to the segments
above and below the breaks in the curves intersected
at 1320◦ for Ni powder and 1317◦ for the Ni/2.1% C.
These results indicate that the temperature was known
at an accuracy of about ±2◦ at this temperature. It was
assumed that the accuracy over the temperature range
of interest was not greatly different from this.

It was necessary to calibrate the dilatometer to ac-
count for thermal expansion of the system. To do
this, trial runs without pellets were made under iden-
tical pressure and temperature conditions that would
be employed for the specimens. The net shrinkage of
the specimens was determined from the difference be-
tween the blank and specimen runs. Linear shrinkage
was converted to densification beginning with the fi-
nal Archimedes bulk density and working backward in
time.

A test of the applicability of the master sintering
curve to hot pressing was made by comparing the den-
sities of the specimens hot pressed at 20.7 MPa with
30 minute holds at 1100◦ to 1400◦ with the density
computed from the dilatometer trace during constant
heating rate to 1500◦ at the same pressure and heating
rate. The density as a function of temperature is shown
in Fig. 3. Here the density of the specimens held at
temperature would follow the dilatometer trace to the
holding temperature and then climb to the final value
during the 30 minute hold. When the density is plot-
ted as a function of log(�), where � is defined as the
integral of the right hand side of Equation 2, the two
data sets merge onto a single curve, which is a constant
pressure trace on the pressure-assisted master sintering

Figure 2 Dilatometer data for powder Ni and Ni/2.1% C compacts
during heating at 10◦/min.

Figure 3 Density as a function of hot pressing temperature at 20.7 MPa.
Large circles: Archimedes density of individual specimens heated at
10◦/min to various temperatures and held 30 minutes. Small circles:
dilatometer data for a single specimen heated at 10◦/min to 1500◦ with
no hold.

Figure 4 Master sintering curve for data of Fig. 3.

surface (Fig. 4). An activation energy of 477 kJ/mol
was assumed, which is the value used by Frost and
Ashby [22]. The agreement is excellent, indicating that
the master sintering curve concept can be applied to hot
pressing.

The density as a function of temperature for a heat-
ing rate of 10◦C/min using constant applied pressures
of from 6.9 to 34.5 MPa is given in Fig. 5. Fig. 6
shows the constant pressure contours of the pressure-
assisted master sintering surface constructed from the
densification data displayed in Fig. 5, as well as that
of the pressureless-sintered specimens determined by
the Archimedes method. To develop other views, points
were picked at 0.65, 0.70, . . . 0.95 for each of the con-
stant pressure curves and multiple regression analysis
was done to obtain an empirical model of the PMSS.
The resulting surface is shown in Fig. 7. Fig. 8 shows
a constant density contour plot of the PMSS, along
with the data points from which it was obtained, pro-
jected onto the pressure-log(�) plane. The view down
the log(�) axis is shown in Fig. 9.
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Figure 5 Relative density versus temperature using a constant heat-
ing rate of 10◦/min at varying applied pressure from 6.9 to 34.5 MPa.
Pressures are, from right to left, 6.9, 13.8, 20.7, 27.6, and 34.5 MPa.

Figure 6 Constant pressure contours of the pressure-assisted master sin-
tering surface (PMSS) of Sumitomo AKP30 alumina constructed using
the data of Fig. 5. Pressures are, from right to left, 0, 6.9, 13.8, 20.7,
27.6, and 34.5 MPa.

Figure 7 Perspective view of the PMSS.

Having determined the PMSS, it now is possible to
predict the density of a specimen hot pressed at any
pressure from 0 and 34.5 MPa if the temperature-time
trajectory is known. Conversely, one can specify the

TABLE I Predicted hot pressing conditions to yield compacts of 95%
density at 34.5 MPa (� = 4.8 · 10−17 s/K)

Heating Cooling Hold Peak T
rate (◦C/min) rate (◦C/min) time (◦C)

10 10 0 1302
10 50 0 1323
10 10 20 1250
20 20 0 1331
50 50 0 1373

Figure 8 Constant density contours of the PMSS. Contours are, from
bottom to top, 0.65 to 0.95 in increments of 0.05.

Figure 9 Constant log(�) contours of the PMSS. Contours are, from
upper left to lower right, −15, −16,. . ., −19 s/K.

time-temperature excursion at any pressure in this range
to achieve a given density. For instance, Table I shows a
variety of conditions that would yield compacts of 95%
dense hot pressed at 34.5 MPa.

4. Conclusions
A trial of the application of the master sintering curve
to hot pressing was made to see whether a unique den-
sification curve exists under a pressure of 20.7 MPa.
The density continuously determined by the dilatome-
ter plotted versus the integral of a temperature function
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over time, �, agreed well with the densities determined
by the Archimedes method after hot pressing at the
same pressure but with a different heating history. Thus
the density versus � profile can be used to predict the
final density at a given pressure regardless of heating
history. The study was extended to a range of pressures
from 0 to 34.5 MPa to generate the pressure-assisted
master sintering surface. This surface enables the pre-
diction of the final density at a fixed pressure and an
arbitrary heating history. It also can be used to spec-
ify the heating schedule required to achieve a desired
density at a given pressure.
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