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Abstract

The sintering behavior of an alumina green body was measured at three different heating rates using a high-temperature
pushrod dilatometer. The measurement results were evaluated with a complex thermokinetic analysis program. Using the
calculated kinetic parameters, predictions were made for the behavior under rate controlled sintering conditions. The resulting
temperature profiles were compared with the results of actual rate controlled sintering measurements. Good agreement was
found between the experimental data and the thermokinetic prediction. © 1998 Elsevier Science B.V.
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1. Introduction

Ceramic materials can be produced in many differ-
ent ways. One of the most common methods is mixing
a fine ceramic powder with an organic binder. From
this mixture, a green body with a specific geometry
can be shaped, for example, by means of cold-isostatic
pressing. In the subsequent production process, the
organic binder is removed from the shaped green
body, e.g. by thermal treatment. Further, the green
body is sintered at elevated temperatures to produce a
dense ceramic part. Many properties of the final
ceramic part, such as densification or porosity, are
strongly dependent on the conditions under which the
ceramic green body is sintered. One of the most
important parameters is the temperature program dur-
ing sintering, especially the heating rate.
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Pushrod dilatometers are frequently used to exam-
ine the sintering behavior of ceramic materials. Here,
the thermal expansion or shrinkage of a sample is
measured as a function of temperature or time at
constant heating or cooling rates. The method of
dilatometry as well as the fundamental principles
are explained in detail by Speyer [1] and Valentich
[2]. Applications of dilatometry in the field of cera-
mics have been described by Kaisersberger and Kelly
[3]. Using dilatometers, it is possible to measure the
rates of shrinkage under different conditions (i.e.
different heating rates). Through various examina-
tions, it was found that, for many ceramic materials,
the rate of shrinkage and densification are higher if a
low rate of shrinkage is achieved during the sintering
process. This can be realized in most cases by using a
low heating rate. On the other hand, the goal for
industrial applications is to use fast temperature pro-
grams for sintering processes. One possibility for
achieving a temperature profile with both, a fast
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heating rate — when no shrinkage occurs — and a low
rate of shrinkage during the sintering process is the use
of a rate controlled sintering dilatometer. Here, one of
the standard operating principles of a pushrod dilat-
ometer is altered in such a way that constant rates of
shrinkage can be detected. This is accomplished by
modifying the temperature program (heating rate)
within the sintering range. The method of rate con-
trolled sintering has been presented elsewhere in more
detail, e.g. Palmour III [4-6] and Semar et al. [7].

Using rate controlled sintering (RCS), it is possible
to measure temperature profiles for sintering processes
and to examine the dependence between shrinkage
rate and densification. One problem with this method
is that a new measurement must be carried out for each
sintering rate. This can be a very time-consuming
procedure, especially if the shrinkage is to be exam-
ined under complex temperature programs, with heat-
ing, cooling and isothermal segments. The approach
of this work was to measure the sintering behavior of a
ceramic green body at several different constant heat-
ing rates. The results were analyzed using an advanced
thermokinetic software package [11]. The basic con-
cepts of the software package, as well as other appli-
cations have been described by Kaisersberger and
Opfermann [9] and Opfermann et al. [8,10]. After
analysis of the shrinkage curves with the thermoki-
netic software and evaluation of the kinetic para-
meters, it was possible to predict the behavior
under rate-controlled sintering conditions. Therefore,
the temperature profile for a predefined sintering rate
was determined without carrying out further measure-
ments. To prove the capability of this approach,
comparisons were made between actual RCS mea-
surements and the predictions.

2. Material

The sample material was an alumina green body
with ~80% alumina content. The content of organic
binder was <3%. The remainder of the material was
made up of sintering additives which reduce the
sintering temperature and modify the sintering beha-
vior of the samples.

The samples examined were cylinders with dia-
meters of 4 mm. The length of the samples, measured
at constant heating rates, was ~15 mm. Samples,

15.7 mm long, were prepared for the RCS measure-
ments. The same sample lengths were used for each
RCS measurement, thus reducing additional influ-
ences and simplifying the subsequent comparison of
the results.

3. Experimental

The sintering behavior was measured using a
Netzsch model 402C single-pushrod dilatometer.
The system was equipped with an SiC furnace, allow-
ing measurements to be carried out between room
temperature and 1550°C. An alumina sample holder
and pushrod were employed for the measurements.
The measurement system is shown in detail in Fig. 1.
All examinations were performed in static-air atmos-
phere. Thin (0.5 mm) alumina disks were positioned
between the sample holder, sample and pushrod to
protect the measurement system from adhesion with
the sample. Measurements were carried out from room
temperature to ~1425°C at three different heating
rates: 5, 10 and 20 K/min. To correct the influences
of the measurement system, calibration measurements
were carried out using a sapphire standard. The cali-
bration runs were, of course, carried out under the
same conditions as those used for the samples.

The RCS measurements were carried out between
room temperature and ~1400°C at a nominal heating
rate of 10 K/min. Measurements were performed at
two different threshold values for the sintering rate.
The RCS software was set to the start/stop mode,
where heating was stopped when the predefined sin-
tering rate was exceeded and restarted when the
sintering rate fell below the given value. Therefore,
the average shrinkage rate measured during RCS was
somewhat higher (=4%) than the predefined values.
The 20 pm/min threshold value yielded an average
shrinkage rate of 20.9 pum/min (0.133%/min). At a
threshold value of 30 pm/min, the resulting average
shrinkage rate was 31.1 pm/min (0.198%/min). The
RCS measurements were corrected using a sample
holder correction.

4. Results and discussion

The linear shrinkage of the alumina green body at
constant heating rates is depicted in Fig. 2 over a
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Fig. 1. Schematic diagram of the dilatometer used for the measurements.

0
-2_
=
5
S 61
c
3]
o
I -8
‘©
e
& -10-
e
_‘]2.
14

i~ ——— 5Kmin
N ———— 10K/min
\ ......... 20 K/min

1000 1050 1100 1150

1200 1250 1300 1350 1400
Temperature / °C

Fig. 2. Linear shrinkage of the alumina green body during sintering at three different heating rates: (solid line), 5; (dashed line), 10; and

(dotted line) 20 K/min.

1000-1420°C range. The solid line represents the
measurement at a heating rate of 5 K/min, the dashed
line — at 10 K/min and the dotted line — at 20 K/min.
The beginning of sintering was detected at ~1200°C
for all three heating rates. As can be seen, the range of

sintering expands with increasing heating rate. For the
5 K/min measurement, sintering is complete at
~1350°C, while for the 20 K/min, it is complete at
~1400°C. Furthermore, it can be seen that higher
shrinkage rates were detected for higher heating rates.
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This behavior is unusual for alumina samples and is
most probably caused by the sintering additives.
Therefore, the advantages usually connected with rate
controlled sintering, e.g. higher densification, are not
valid for this sample material. This phenomenon
causes no problems for the thermokinetic analysis
and the predictions using the given software package.

In general, kinetic analysis is carried out in order to
clarify the mechanism of the reaction under investiga-
tion. In addition to this scientific aspect, of equal
importance is the technical aspect, i.e. the use of
kinetic analysis as an efficient tool for the description
of the observed processes without a mechanistic inter-
pretation of the results. In the end, the drastic reduc-
tion of data achieved with kinetic analysis allows
prediction of the reaction profile, even for temperature
programs not included in the measurement [11,12]. To
ensure that such predictions have a high level of
confidence, a sufficient portion of the three-dimen-
sional reaction field signal=signal (time, temperature)
must be recorded with the base measurement [13]
since from a statistical view, the predictions within the
recorded reaction field exhibit, a priori, a high level of
confidence with a good fit of the base measurement
through kinetic analysis. Outside the recorded reaction
field the level of confidence generally decreases.

In view of the foregoing consideration, the kinetic
analysis must achieve the following: a fit of measure-
ments with different temperature profiles by means of
a common kinetic model.

Model-free methods for determining the activation
energy are helpful in the development of the model.
Fig. 3 shows a corresponding Friedmann analysis
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[14]. The figure depicts the differentiated expansion
vs. the reciprocal temperature. One peak is observed in
the differentiated expansion curve. A possible cause of
this could be competing reactions during the sintering
process. This is confirmed through the fact that there is
a relation between the total shrinkage and heating rate
in the dilatometer measurements (Fig. 2). Such a fact
can even be seen as adequate proof for the existence of
appropriate reaction sequences.

Fig. 4 shows an additional result of the Friedman
analysis, the activation energy as a function of partial-
length change. The curve shows a considerably higher
value at the beginning of the sintering process, i.e. at
lower partial-length-change values. This indicates the
presence of a multiple-step process for which a very
high activation energy must be assumed for the first
step.

Taking these findings into consideration, a fit was
attempted using nonlinear regression with model (1),
where the nth-order (F),) reaction type was used for all
steps of the reaction:

A—»B —:: Cc

D

It was found that the fit quality is significantly
improved if the first step of model 1 is broken down
into two consecutive reactions although such a separa-
tion is not visually observed. With this expanded
model, an excellent fit is possible for all three mea-
surements and the essential characteristic, i.e. the
dependence of the total shrinkage on the heating rate,

is conveyed correctly (Fig. 5). The parameters are
listed in Table 1.
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Fig. 3. Friedman analysis of the measurements at different heating rates.
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Fig. 4. (M) Activation energy E and (#) log A vs. change in partial length, calculated by the Friedman analysis.
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Fig. 5. Kinetic analysis of the measurements at three different heating rates.
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The core of the program is the multivariate non-
linear regression, which works with a hybrid Mar-
quardt—Levenberg process [15]. The initial values for
the iterative computation were taken from the model-
free determination of the activation energy. By setting
secondary conditions, the solution was limited to a
reasonable range. Thus, for example, the parameters
Reaction orders 1 and 2 were set as constant values.

It is interesting to note the result that the first two
formal reaction steps, which determine the start of
sintering with their high activation energy (Ej,
E>>1000 kJ/mol), contribute only slightly to the total
shrinkage (~=4.8%). The actual shrinkage is described

by the competing steps, 3 and 4, whose activation
energies are considerably lower (E3, E4<700 kJ/mol).
This separation of the sintering process into single
stages is in agreement with general observations [16].

The results for the rate controlled sintering mea-
surements at the two predefined threshold values 20
(solid lines) and 30 pm/min (dashed lines) are shown
in Fig. 6. It can be seen that, below the sintering range,
the temperature profiles as well as the thermal expan-
sion curves are equivalent for the two measurements.
Small differences in the expansion behavior can be
explained by material inhomogeneities within the two
samples. At temperatures above ~1200°C, the situa-
tion changes. When the shrinkage rate reaches the
predefined threshold values, heating is stopped and
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Table 1

Kinetic parameters

No. Parameter * Value

1 log A/s™! 40.211

2 E, ® /(kJ/mol) 1149.239

3 Reaction order © 1 2.000 const.
4 log Ay/s ™! 48.363

5 E> °/(kJ/mol) 1446.068

6 Reaction order € 2 4.000 const.
7 log As/s ™! 19.506

8 E; ®/(kJ/mol) 664.544

9 Reaction order © 3 0.693

10 log Ay/s ™! 20.431

11 E,4 ®/(kJ/mol) 695.228

12 Reaction order © 4 0.611

13 Foll. React. ¢ 1 3.187E-03
14 Foll. React. € 2 1.035E-02
15 Comp. React. ' 3 4.123E-04
16 Comp. React. & 4 0.2734
*log A,/s~' — logarithm of the pre-exponential of reaction step n.

" E,/(kJ/mol) — activation energy of reaction step n.

¢ Reaction order n — order of reaction of reaction step n.

4 Foll. React. 1 — portion of total shrinkage of consecutive reaction 1.
¢ Foll. React. 2 — portion of total shrinkage of consecutive reaction 2.
fComp. React. 3 — portion of total shrinkage of competitive
reaction 3, if the reaction follows this path completely.

€ Comp. React. 4 — portion of total shrinkage of competitive
reaction 3, if the reaction follows this path completely.

restarted after the measured shrinkage rate falls below
the threshold value. As aresult, the temperature profile
is modified such that the shrinkage rate of the samples

is approximately constant. Due to the lower threshold
value of the 20 pm/min measurement (solid line), the
resulting average heating rate during sintering is
lower, as well. Therefore, the temperature stays at a
lower level. On the other hand, it is clear that the
sintering time is extended for the lower threshold
value.

In Fig. 7, a comparison is made between the rate-
controlled sintering measurement at the 20 pm/min
threshold value and a prediction of the thermokinetic
software. The actual (measured) shrinkage rate
(0.133%/min) was used as an input parameter for
the simulation. As can be seen, there is practically
no deviation between the measured (circles) and
simulated (dashed line) length change. The calculated
(solid line) and measured (squares) temperature pro-
files are also in good agreement. Only in the time
range above 210 min, where sintering ends, can small
deviations be seen. In most of the sintering range, the
deviation between the measured and predicted tem-
peratures is <6°C.

The deviations between measurements and predic-
tions made using the thermokinetic software can be
explained, for example, by the following. The rate
controlled sintering measurements were carried out in
the start/stop mode. This mode causes a temperature
program that does not increase uniformly during the
sintering process. The kinetic software package, on
the other hand, calculates a stepwise constant heating
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Fig. 6. RCS measurements at predefined threshold values of (solid line) 20 and (dashed line) 30 pm/min.
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Fig. 7. Comparison of change in length and temperature profile of an actual RCS measurement (threshold value: 20 pm/min) and the kinetic

prediction.
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Fig. 8. Comparison of the actual RCS measurement (threshold value: 30 pm/min) and the kinetic prediction.

rate for the sintering range. Therefore, small devia-
tions between the measurement and the prediction can
be expected.

The comparison between the rate controlled sinter-
ing measurement and the prediction for the 30 pm/min
threshold value is presented in Fig. 8. Here again, only
small deviations between the measured (squares) and
predicted (solid line) temperature profiles can be seen.

5. Conclusions

An advanced thermokinetic software package
was used to analyze the sintering process of an
alumina green body. Using the evaluated kinetic
model and its parameters, predictions were possible
regarding the behavior under rate controlled sintering
conditions. Comparisons with actual-rate controlled
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sintering measurements prove the reliability of this
method.

It is to be expected that the model found requires
further refinement, e.g. because reaction steps other
than nth-order reactions may prove to be optimal.
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