SPECIAL SECTION THERMAL ANALYSIS

Thermoanalytical Characterization

Thermoan a|ytica| irconium dioxide (ZrQ,), better known as zirconia, exists as a mono-
e clinic, tetragonal and cubic crystal modification. The most familiar and
charaqtenzatm_n of : commonly used modification is the cubic form, which occurs for pure
zirconia ceramics during zirconia only at temperatures above 2950 K (4850°F). Other oxides such
hinder burnout and sintering as yttrium oxide (Y,0;), magnesium oxide (MgO) or calcium oxide (CaQ) are
added to stabilize the cubic form at room temperature.
can_ hEl[J manufacturers Zirconia offers high bending and tensile strengths, high fracture toughness,
optlmlze these processes high abrasion and corrosion resistance, low thermal conductivity, a thermal
and improve the quallty Zicpansion simtgar ;o cast iron celmd an elastic modulus similar to steel. Zirconia
g so possesses the ability to conduct oxygen ions at elevated temperatures—a phe-
of their finished ﬂdeUCtS. nomenon that enables it to be used in applications such as measuring the partial
pressures of oxygen or developing solid oxide fuel cells.
by J. Blumm, Ph.D., In the production of oxide ceramics such as yttria-stabilized zirconia, a powder
Physicist, NETZSCH- is mixed with additives and a binder. This formulation is pressed to form a green
Geratebau GmbkH, body and is then sintered at elevated temperatures. For many manufacturers, the
binder burnout and sintering stage is where most quality problems are likely to
occur. Optimum temperature profiles are required to allow binder burnout with-
out damage to the green body and sintering with highest possible density. Ther-
moanalytical instruments can be used to provide detailed insights into the reac-
tions that occur during binder burnout and sintering, thereby helping manufac-
turers optimize these processes.

Selb/Bavaria, Germany

Experiments

To demonstrate how thermoanalytical instruments can be used to measure prop-
erties such as thermal expansion and density change, a partially stabilized zirconia
sample (green body) with a length of approximately 15 mm and a diameter of
6 mm was analyzed with a high-temperature dilatometer* in air (see Figure 1,
p. 30). The sample composition is shown in Table 1 (p. 30).

The dilatometer system included a graphite furnace, an alumina protective
tube and a sample holder, and it allowed measurements to be carried out
between room temperature and 1975 K (2915°F) under oxidizing conditions.
Measurements were carried out ata heating rate of 5 K/min, and temperature
measurements at the sample were obtained using a type S thermocouple. The
system was calibrated using an alumina standard prior to the sample tests, and
the measurements were conducted from room temperature to approximately
1875 K (2915°F).

Simultaneous thermal analysis (STA) measurements** were also carried out to
characterize the mass change and transformation energetics of the sample during

*The NETZSCH model DIL 402 C, supplied by NETZSCH-Gerétebau GmbH, Selb/Bavaria, Germany.
*)\ NETZSCH model STA 409 PC Luxx® simultaneous thermal analyzer was used for this analysis.
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Figure 1. Schematic of the NETZSCH dilatometer DIL 402 C/7.
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Figure 2. Schematic of the NETZSCH STA 409 PC Luxx® simultaneous
thermal analyzer.
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Figure 3. Coupling of an STA to a quadruple mass spectrometer for gas
analysis.
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Table 1. Sample compasition.
91.6 mass % zirconia

5.2 mass % yttrium oxide

3.2 mass % organic binder
<0.02 mass % inorganic contaminants
Average grain size: 0.3 mm

Average size of the microcrystallite: 24 nm

Gas outlet

the binder burnout phase? A schematic
design of the STA instrument is shown in
Figure 2. The system was equipped with a ther-
mogravimetric-differential scanning calorime-
try (TG-DSC) sensor, and the measurements
were carried out between room temperature
and 880 K in a dynamic air atmosphere at a
heating rate of 10 K/minute. Platinum crucibles
with lids were used for the tests.

Additional tests were carried out using an STA coupled to a
quadruple mass spectrometer (QMS) system (see Figure 3)." The
sample chamber of the STA was connected with the QMS ana-
lyzer to allow the evolved gases to be analyzed. The instrument
used in this test features a two-stage orifice system for pressure
reduction (required for the coupling between a QMS and STA
system) directly installed in the STA furnace to heat the orifices
and avoid condensation of the gases evolving from the sample.
Due to the short gas paths, the system’s measuring signals
achieve a good signal-to-noise-ratio.’

Protective tube

Results and Discussion

Length, Volume and Density Changes

Figure 4 shows the length change and rate-of-length change of
the zirconia green body at a heating rate of 5 K/minute. Between
400 and 800 K (260 and 980°F), small oscillations in the rate-of-
length change can be seen. These effects can be explained by the
burnout of the organic binder. Sintering of this material started
at 1237 K (1766°F) (maximum in the thermal expansion). A
length change of 20.63% was detected during sintering, and the
maximum sintering rate occurred at 1666 K (2539°F). Only one
shrinkage step was detected during the sintering between 1237
and 1875 K (1766 and 2915°F).

The volumetric expansion and density changes of the sample
were determined from the measured length change and room-
temperature bulk density of 3.089 g/cm” (see Figure 5). For the den-
sity change, the mass change during binder burnout was also taken
into consideration. (This effect is discussed in detail later in this arti-
cle.) The influence of the binder burnout on both the density and vol-
umetric change can again be seen between 400 and 800 K, and a vol-
ume change of approximately 50% can be seen during sintering, The
density increased to approximately 5.8 g/cm’ between room tempera-
ture and the maximum measurement temperature of 1875 K.

Figure 6 (p. 32) shows the length change and mean coefficient
of thermal expansion (using a reference temperature of 298 K) of

*The NETZSCH model STA 409 C-QMS 403-Skimmer.
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Figure 4. The length change and rate-of-length change of a zirconia green
body at a heating rate of 5 K/minute, measured with the DIL 402 C/7.
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Figure 5. The volumetric change and density change of a zirconia green body
at a heating rate of 5 K/minute (room-temperature density: 3.089 glem?).

the zirconia sample sintered at 1875 K (2915°F). The measure-
ment was carried out in air between room temperature and 1700
K (2600°F). It can be seen that the ceramic expanded almost lin-
early with temperature; no overlapping steps in the length change
were found. Of course, the mean coefficient of thermal expansion
also increased with temperature. The expansion coefficient was in
the typical range (10-12)°10°° 1/K.*

Mass Change and Transformation Energetics

The results of an STA measurement with an initial sample mass
of 76.54 mg are shown in Figure 7 (p. 32). The system influences
(i.e., buoyancy effects on the TG baseline) of the STA were cor-
rected with a baseline measurement. The contribution of the
specific heat of the material on the DSC curve (specific heat
flow rate) was removed from the measured data by subtracting
a curve obtained with a comparative measurement on a debind-
ed material. This enabled a more precise analysis of the influ-
ences of the binder.

At 332 K (137°F) (extrapolated onset), an endothermal effect
with an enthalpy of 1.54 J/g was found in the specific heat flow
rate. The peak temperature was at 337 K (147°F). It can be con-
cluded from the melting temperature that the binder was probably
based on wax or paraffin, or a long-chain polyethylene glycol
(PEG). At 445 K (341°F) (extrapolated onset), the decomposition
or oxidation of the binder was recorded. This decomposition
occurred in two steps, illustrated by the two characteristic temper-
atures (455 and 656 K [359 and 721°F]) seen in the specific heat
flow rate. The exothermal reaction of the binder burnout is associ-
ated with an entire energy of -341 J/g, and the total mass decrease
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Figure 6. The length change and mean coefficient of thermal expansion
(reference temperature: 298 K) of sintered zirconia at a heating rate of
5 K/minute.
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Figure 7. The mass change and specific heat flow rate of a zirconia green body
at a heating rate of 10 K/min. For an easier evaluation, the contribution of the
ceramic’s specific heat to the heat flow rate was subtracted from the curve,

of 3.22% over the investigated temperature range corresponds well
to the manufacturer’s information of an organic amount of 3.2%.5
The mass change curve shows two separate mass-loss steps (1.19
and 2.03%), which correlate well with the two peaks measured in
the specific heat flow rate. Additionally, a small mass increase of
0.02% was measured prior to the actual mass loss steps. This phe-
nomenon can be explained by the adsorption of oxygen that
occurred before the binder molecules decomposed.

To characterize the evolving gases, a mass spectrometer
(MS) coupled to an STA was used. The initial sample mass was
123.87 mg. The measurement was conducted in synthetic air (80%
nitrogen/20% oxygen) between room temperature and 1200 K
(1700°F) at heating rate of 15 K/minute. The results for the differ-
ent mass numbers detected are shown in Figures 8 through 10.

Figure 8 shows the ion currents of water, as well as the mass
change detected in the mass spectrometer. The fragmentation of
the molecules in the mass spectrometer allows both mass num-
bers 18 (H,0) and 17 (OH) to be seen. It is evident that water
has evolved in both mass-loss steps.

The results for mass number 44 (CO,) are shown in Figure 9,
along with the mass change. As expected for organic binders, the CO,
evolved during decomposition/oxidation, However, mass number 44 is
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Figure 8. The mass change (solid line) and measured ion currents
detected in the mass spectrometer for mass numbers 17 and 18.°
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Figure 8. The mass change (solid line) and measured ion currents
detected in the mass spectrometer for mass number 44.

also typical for other gases, such as a PEG ( polyethylene glycol, C,H,0)
monomer. Since CO, and water are also formed in the decomposition
range during heating of PEG in air, clear proof of the binder composi-
tion could not be obtained through mass number 44, As a result, other
mass numbers had to be evaluated.

Figure 10 shows that mass numbers 41 and 43 evolved during
the two-step decomposition/oxidation of the binder material.
These mass numbers, along with mass number 44, are a typical
fragmentation pattern for PEG and cannot occur for CO,. Taking
the conditions in the sample into account, the PEG monomer also
evolved in the sample due to the lack of oxygen. Since the time
required for the binder to arrive from the sample surface to the
mass spectrometer is not sufficient to completely finish the reaction
with air, non-oxidized binder residuals can be detected directly.

Because of the binder’s high melting point of 332 K
(138°F) (Figure 7), it must be assumed that PEG did not
occur in the binder as a monomer. If PEG were present, the
melting point would have been around 273 K (32°F).6 Long-
chain molecules (chain number 150, with a molecular weight
of approximately 6000), on the other hand, have a consider-
ably higher melting point of approximately 333 K (138°F).¢
However, these long-chain compounds cannot be detected in
the mass spectrometer since there is a reduction of long-
chain molecules in the decomposition range and in the tran-
sition into the gas phase.
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Figure 10. The mass change (solid line) and ion currents detected in the
mass spectrometer for mass numbers 41, 42 and 43.

The DSC, TG and MS results highlighted in this study clearly indi-
cate the presence of PET 6000 as an organic binder in the zirconia sam-
ple. PET 6000 is an ideal binder material as it decomposes completely
under oxidizing or inert atmospheres; no residuals are left inside the
ceramic material. However, careful furnace control is required during
decomposition of the binder to avoid pressure increases inside the
green body, which can cause cracks and part damage.

Optimized Sintering

These tests demonstrate how the binder burnout and sintering
behavior of a green zirconia material can be analyzed using dif-
ferent thermoanalytical testing techniques. The resulting values
for the mass change/transformation energetics during binder
burnout and thermal expansion/ density change during sintering
allow detailed insights into the processes that occur during the
thermal treatment of the material. By understanding these
processes, operators can make any necessary changes to the sinter-
ing profile to ensure complete binder burnout, efficient sinter-
ing—and high-quality finished products. @

For more information about thermoanalytical characterization techniques, contact
NETZSCH-Gerdtebau GmbH, (49) 9287-881-49, e-mail j.blumm@ngb.net-
zsch.com or visit www.ngh.netzsch.com. (U.S. contact: NETZSCH Instruments,
Inc., (781) 272-5353, e-mail info@netzsch.net, www.e-Thermal.com.)
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