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Abstract

Binder removal was investigated with various oxide
and non-oxide ceramics and different binders. In situ
measuring methods were used to obtain weight loss,
dimensional changes, heat transfer and wetting
properties and to identify evolved gas species during
thermal debinding with conditions similar to pro-
duction furnaces. In addition, gas permeation,
strength and microstructure were investigated in par-
tially debinded and quenched samples. A model free
method was developed allowing prediction of
debinding kinetics based on the experimental data.
With small components weighing up to 100 g maxi-
mum safe rates were determined experimentally.
Using the kinetic model considerable reductions in
debinding times were obtained.

Introduction

During production of ceramics, organic additives such
as binders, plasticizers and deflocculants have to be
added to the inorganic raw materials, to achieve the
required visco-elastic properties for forming and pro-
cessing of the green parts. (In the following the organ-
ic additives are summarized as binder). After forming
and before sintering, binder has to be completely
removed, without affecting the microstructure of the
inorganic components. During thermal debinding,
binder usually is removed via the gas phase. The long
chain binder molecules are thermally split or oxi-
dized, producing CO, and H,O if they degradate com-
pletely [1,2]. The gaseous reaction products have to
reach the components surface via the pore channels.
The flow resistance of the pore channels causes an
overpressure inside the green bodies, when debinding
is too fast, which can lead to cracks and fracture:

P('I'nm» = 1+
L

with P = gas pressure at centre respectively surface of
the part, « = viscosity of gas, k = permeability, R = gas
constant, T = absolute temperature, L = characteristic
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half-length of part (e.g. its smallest radius), r = reac-
tion rate, M = molar mass of gas species [1].

If the binder fills the pores completely, the diffusion
of volatile components within the binder controls the
transfer to the surface of the components. When the
vapor pressure of the volatile components exceeds the
external pressure, blisters are formed within the
binder which can deteriorate the green part [3]. Usu-
ally extremely small heating rates are required to
allow for a release of volatile species through the
binder. The diffusion within the binder can also con-
trol debinding in green components where the pore
channels are partially filled with gas. In that case, the
size of clusters formed by binder and inorganic parti-
cles is critical for the distance which has to be covered
via the slow process by the volatile species [3].

On the other hand, a slow debinding process is expen-
sive in industrial production. Therefore, the fastest
debinding cycle has to be identified, which can be
realized without risking any damage at the compo-
nents. This task is made more difficult due to the fact
that the reaction rates depend on the partial pressure
of the reaction products. In addition permeation and
diffusion of the gaseous molecules in the pore chan-
nels change with temperature as well as with debind-
ing rate. An increasing degree of debinding, raises the
binder free pore volume. Therefore, permeability and
effective diffusion coefficient of gases in the pore
channels increase as well. Further aspects for the opti-
mization of debinding cycles come from the interac-
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Fig. 1 Principle scheme of the TG-DSC-FTIR-MS device
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Fig. 2 Debinding of PZT green parts: Differential Thermogravime-
try (DTG) and Differential Scanning Calorimetry (DSC) at a heat-
ing rate of 5 K/min [a] and 0,5 K/min [b] as well as intensity of the
mass spectrometric signals of different gas species at a heating
rate of 5 K/min [c] and 0,5 K/min [d]

tion of the residual binder with the inorganic parti-
cles. Thus, usually strength is decreasing during
binder burnout, i.e. with proceeding degree of debind-
ing, the acceptable overpressure is decreasing. Further
interactions during debinding can appear with ther-
moplastic binders, because capillary forces can cause
a redistribution of the ceramic particles and redistrib-
ution of the viscous binder in the pore network.

Forming processes like cold isostatic or uniaxial press-
ing only demand a small binder fraction(< 2,5 %).
Thus debinding is relatively unproblematic. To pro-
duce larger components and components of more
complex shape, forming processes like tape casting
and injection molding are increasingly applied. For
that purpose, large fractions of binder in the green
parts are requested. This causes massive problems dur-
ing debinding, mainly in large components. Regard-
ing non-oxide ceramics, such as AN, SiC, BN, MoSi,
or TiC, debinding creates additional problems,
because it has to be performed without oxygen in an
inert atmosphere. During pyrolysis in inert atmos-
phere non-volatile, elemental carbon occurs, which
remains in the components. This residual carbon may
affect sintering and the final quality of the compo-
nents, e.g., it causes discoloration, density gradients
and warpage. It is assumed that the intermediate for-

mation of aromatic hydrocarbons by the reaction of
decomposition from the pyrolysis of the used aliphat-
ic binders is responsible for the formation of elemen-
tary carbon [4].

Temperature gradients inside the green parts also play
an important role for larger components respectively
higher heating rates. A coupled simulation of temper-
ature distribution, reaction rates and gas permeation
was performed using Finite Element methods. Using
this method, the dehydration reactions occurring dur-
ing firing of high voltage insulators were considered
in the optimization of the heating cycle [5]. In princi-
ple the binder removal can be optimized in a similar
way. But considering the complexity of the related
phenomena, many material data are required which
are difficult to obtain. Therefore, simplified and more
efficient models are to be preferred.

The present paper summarizes recent investigations
[6], [7] on debinding of oxide and non-oxide ceram-
ics, where various ceramic systems (PZT, AIN, SiC,
MoSi, as well as a mixed oxide ceramics), and binders
- based on polyvinyl butyral (PVB), polyvinyl alcohol
(PVA) polyethylene glycol and wax emulsion-
were included. At first, measuring methods are pre-
sented, which were essential for a description of
debinding phenomena. Subsequently, strategies for
the development of efficient debinding cycles are dis-
cussed.

Results and Discussion

The most important measuring method for investiga-
tion of binder burnout was Thermogravimetry (TG).
By means of the weight loss, the degree of debinding
was determined in situ very accurately after buoyan-
cy effects have been corrected. Reproducibility was
improved by conditioning of the green parts (previous
storage at defined humidity and temperature) and
maintaining constant sample dimensions. Small sam-
ples (approx. 100 mg) were analyzed with a custom-
ary Thermobalance (Netzsch STA 449c, Selb, Ger-
many). Thereby, the heat of reaction was measured
simultaneously. This was done qualitatively by difter-
ential thermal analysis (DTA) or quantitatively by Dif-
ferential Scanning Calorimetry (DSC) in comparison
to an inert reference sample. In addition, the evolved
gas species during debinding were detected, using
infrared spectroscopic methods FTIR (Bruker Tensor
27, Ettlingen, Germany) as well as mass spectroscopy
(MS, Netzsch QMS 403 C, Selb, Germany) (Fig. 1). MS
and FTIR methods provided additional information
regarding the evolved gas species, for molecules with-
out dipole moment were not IR active and molecules
with equal ratio of ion charge to mass (e.g. CO, and
N,) could not be distinguished by MS. Exemplarily,
measurements of PZT green parts produced by tape
casting with a PVB based binder are shown in Fig. 2.
Reaction rates changed considerably when the heat-
ing rates were varied, e.g., at the lower heating rate of
0,5 K/min, no aromatic hydrocarbons (benzene) were
detected whereas a distinct benzene MS signal was
obtained at 5 K/min. This was attributed to the lower
partial pressure of hydrocarbons for the lower heating
rate that decreases the reaction rate. Thus conclusions
about reaction order could be obtained. More details
on these measurements were given in [6].

Larger samples with approx. 100 g weight were mea-
sured with a special Thermo-Optical Measuring device
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Fig. 3 In situ measuring data during debinding of AIN, measured
using TOM: Loss of weight at variable heating rates [a], change of
lengths (b], thermal diffusivity at a heating rate of 2 K/min [c] and
wetting angle between binder and dense AIN substrate [d]. (All
measurements were performed in nitrogen.)
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(TOM) [8]. The device had a weight sensor, from
which the specimen holder was suspended. Weight
changes were recorded by the shift of natural vibra-
tions of a string that was included in the system.
Simultaneously, dimensional changes of the sample
during binder burnout were detected by an optical
method recording the profile of the sample by a
CMOS camera and a telecentric optic during back
light illumination with a diffuse light source. Crack
formation during binder burnout was detected by
sudden dimensional changes or by sudden weight
changes. The atmospheres in various industrial fur-
naces were reproduced by different natures of heating
element (MoSi, and graphite) and insulating materi-
als (e.g., alumina or carbon fiber board). Thus, binder
burnout in air as well as in inert and reducing atmos-
phere or in atmosphere containing water vapor was
investigated. The latter reproduced the conditions in
gas-fired furnaces [5]. Binder burnout experiments
were also performed in closed crucibles which were
suspended to the weight sensors. This was considered
important, if industrial debinding processes with a
high organic volume compared to the furnace volume
were to be reproduced.

By means of a laser-flash add on to TOM [8], thermal
diffusivity was determined during binder burnout.
The thermal diffusivity is required to calculate tem-
perature gradients, which can be relevant during heat-
ing of large components. In addition, the effect of
temperature gradients within the setup was investi-
gated using a large granitic cube as sample support.
During constant rate heating the large heat capacity
led to a temperature lag of the support compared to
the sample.

It was shown that with thermoplastic binders, very
high heating rates could be used without damaging
the samples. That suggests, that thermal stresses were
not relevant in the debinding stage when some plas-
ticity of the parts was provided by the binder.
Wetting between the different binders and the ceram-
ics has been investigated also by TOM. For that, a
small portion of the binder was deposited on a dense
substrate of the respective ceramics and heated with a
constant heating rate [9]. The contact angle was deter-
mined from the profile of the droplet which formed
during heating. Fig. 3 shows weight loss, changes of
dimensions, thermal diffusivity and wetting angle,
measured during debinding of dry pressed AIN green
parts. Weight loss started at 100 °C and was enhanced
between 200 °C und 500 °C. Higher heating rates
shifted the weight loss curves to higher temperatures
(Fig. 3a). During debinding a small expansion was
measured (Fig. 3b). Thermal expansion had been cor-
rected by scaling the data with the length of an
already debinded sample measured at the respective
temperatures. Thermal diffusivity stronger decreased
during debinding compared to that of a sintered AIN
sample, measured in the same temperature range (Fig.
3c¢). This was attributed to the removal of the binder
at the particle contacts and the corresponding -
increase of thermal resistance. The wetting angle was
initially larger than 90°, i.e. the binder was non-wet-
ting (Fig. 3d). This could explain the expansion of the
samples during debinding (see Fig. 3b) since a non-
wetting liquid between the particles is well known to
cause swelling of compacts [10]. At temperatures
between 180°C and 240°C, the wetting angle
decreased below 90°. In this temperature range the
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Fig. 4 Permeability of nitrogen through partially debinded and
quenched PZT layer of 0,5 mm thickness measured at ambient
temperature
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Fig. 5 Strength and Young’s modulus for partially debinded green
parts made of mixed oxide ceramic [a] and MoSi, ceramic [b]

maximal weight loss rates were detected. Between
200°C and 330°C gaseous blisters were formed in the
binder, so that no measurement of the wetting angle
was possible. This temperature region was considered
especially critical due to possible damage if the blis-
tering occurred in clusters filled with binder within
the porous compacts.

Permeation and diffusion of gas species through par-
tially debinded samples were measured by pressing
disk samples between two metal sheets with concen-
tric holes in a gas tight environment. Starting from
different pure gases or vacuum on both sides of the
sample, the change of partial pressure was measured
versus time according to the Wicke Kallenbach

Fig. 6 SEM image of a partially debinded green part of mixed
oxide ceramic showing ceramic particles, binders and pores

method [11]. From the data, permeabilities and coef-
ficients for interdiffusion were fitted. These measure-
ments were performed at temperatures up to 300°C
but it was very tedious to avoid leakages at the surface
of the rather fragile samples. Fig. 4 shows the large
change of permeability by seven orders of magnitude
measured during debinding of a tape cast PZT green
sample.

Strength was measured at room temperature by the
ball on ring method using disk shaped, partially
debinded samples (Fig. 5) [7]. In addition, Young’s
modulus was determined by means of ultrasonic mea-
surements. As a rule, Young’s modulus decreased with
degree of debinding. For some binder systems, an ini-
tial increase of Young’s modulus was detected after
partial debinding (Fig. Sb). This was attributed to a
thermal curing of the respective binder. A close corre-
lation between Young’s modulus and strength at all
investigated samples was observed. As no absolute
value of strength was needed, the time-consuming
measurements of strength were substituted by mea-
surements of Young’s modulus. The Young’s modulus
can also be determined in situ during debinding to
further reduce the experimental effort [12].

The microscopic distribution of the binder in the
green parts was investigated in the scanning electron
microscope (SEM, Zeiss Ultra, Oberkochen, Germany)
using polished sections. Polished sections were pre-
pared by ion beam etching using 6 keV Ar ions by the
so-called Cross Section Polishing method (CSP, Jeol
SM-09010, Tokyo, Japan). The extremely small angle
of ion incidence prevented a selective etching of the
binder. Fig. 6 shows a SEM image of binder (dark-
grey), ceramic particles (light grey) and pores (black)
in a partially debinded pressed green part made of a
mixed oxide ceramic (Al,O; -TiC/N- ZrO,).

Modeling Debinding Kinetics

The kinetics of binder burnout was determined
according to the so-called Kinetic Field method. For
that, the degree of debinding was measured by means
of TG using different constant heating rates (compare
Fig. 3a). The corresponding weight loss rate was plot-
ted logarithmically versus the inverse absolute tem-
perature in an Arrhenius type diagram (Fig. 7). The
method has been successfully employed for the
description of sintering shrinkage since the early
nineties [13, 14]. It is similar to a method proposed
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Fig. 7 Debinding of AIN green parts: Kinetic Field with iso-weight
loss lines [a] and activation energies determined from their slope
[b]

recently which uses a master curve for the description
of the binder removal kinetics [15]. First, the weight
loss rates increased with temperature, then passed a
maximum at about 300°C and finally declined to very
small values, when binder burnout was finished. At
higher heating rates, the weight loss rate was because
debinding was going on faster (Fig. 7). On the curves
corresponding to the different heating rates, points
belonging to the same weight loss were connected.
They formed one iso-weight loss line respectively. The
iso-weight loss lines could be fitted by polynomials of
second order with all debinding processes. Mostly
even first order polynomials, i.e. straight lines could
be used. From the slope m of the iso weight loss lines,
an apparent activation energy E,, was formally
derived according to: m = - E,/R (with R = gas con-
stant, Fig. 7b). For aluminum nitride with PVB binder
this apparent activation energy was 180 kJ/Mol up to
a weight loss of 1,5 % (Fig. 7b), which is in agreement
to previous investigations [16]. This weight loss was
attributed to the separation of side-chains. Afterwards
an increase in activation energy was found (Fig. 7b)
which indicated a change in the rate controlling
mechanism that was explained by the degradation of
cross linked and cyclic structures [9].

More importantly, the set of iso-weight loss lines was
used to predict the debinding rate for arbitrary
debinding cycles. For a given degree of debinding
M/M, (e.g. a weight loss of 1 % in Fig. 7a) at time t and
temperature T, the corresponding point was identified
in the Kinetic Field diagram. The respective weight
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loss rate d(M/M,))/dt was read off at the ordinate. It
determined the degree of debinding at time t+Jt,
whereas the new temperature was calculated from the
given heating rate a during the respective time inter-
val @t:

M/M,(t+@t) = M/M,(t) + d(M/M,)/dt Bt 2)
T(t+@t) =T+ a - Bt

So the next point was identified in the Kinetic Field
diagram. By successive calculation of the path inte-
gral, the corresponding weight loss M/M,, could be
determined using equation (2) for arbitrary time-tem-
perature cycles. The reverse process was also possible
by specially designed software: Using given weight
loss rates the corresponding time-temperature cycles
were calculated by the computer. The Kinetic Field
method didn’t need any microscopic model which
was considered essential considering the complexity
of microstructural changes.

Despite this simplification, an appropriate description
of the debinding kinetics for all green parts investi-
gated was obtained. In contrast to the master curve
approach [15], the Kinetic Field method may consid-
er a change of activation energy during debinding.
Many binder systems required this enhanced flexibil-
ity (compare Fig. 7b). It is pointed out that the suc-
cessful transfer of the results to production furnaces
relies on measuring with similar sample dimensions
and furnace atmospheres. Whereas the first can be
solved using special weight sensors the later usually
leads to debinding in closed crucibles. By that, suffi-
ciently high partial pressures of volatile organics were
obtained in the vicinity of the sample. So production

Crack formation
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Fig. 8 Determination of the maximum safe rate for SiC-green
parts: TG measurements at variable heating rates [a] and
destroyed and defect free samples after debinding [b]
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furnaces with a large ratio of parts volume to furnace
volume could be reproduced more realistically.

Optimization of Debinding Processes

The knowledge of the debinding kinetics was used to

" optimize the debinding process. So the maximum

save weight loss rate was determined, when the green
parts were just not damaged. For that, debinding was
measured with TOM on samples having a weight
between 10 g and 200 g at much higher heating rates
as used in production. Damaging was recognized from
sudden changes in dimensions and weight of the sam-
ples (Fig. 8). The corresponding weight loss rate was
multiplied by a safety factor (<1) and then used as
maximum safe rate. Using the Kinetic Field, an opti-
mized time-temperature cycle was calculated which
exactly followed this rate during the entire debinding
process. A similar approach was used for the debind-
ing of multilayer capacitors, but instead of the Kinet-
ic Field method, a feedback control of the furnace
temperature by the measured weight loss rate had
been installed [17]. The Kinetic Field method was con-
sidered superior to the feed back control because the
later led to problems with temperature control and
could not easily be transferred to other weight loss
rates. The maximum safe rate could be increased dur-
ing debinding when an increasing permeability led
to a decrease of overpressure. Vice versa, it was
decreased to consider decreasing strength. If the
geometry of the parts was changed, especially its char-
acteristic length, the maximum save rates had to be
adjusted (compare equation 1). Recently Lombardo
has shown that a general relation between the maxi-
mum safe rate and the component size could not be
derived from modeling debinding [18]. Therefore, it is
suggested to repeat the experimental determination
of the maximum safe rate with the respective compo-
nents.

An alternative route to obtain the maximum safe rate
was provided when a debinding process was already
introduced in production. The respective time-tem-
perature cycle was analyzed in the Kinetic field and its
maximum weight loss rate was identified as the max-
imum safe rate. Then the time-temperature cycle was
shortened by increasing the weight loss rate in the
other heating segments to the level of the maximum
safe rate. Time savings of more than 30 % could be
obtained by this method. Additionally, precautions
considering critical gas formation by other mecha-
nisms - not included in the maximum safe rate - were
considered by adaptations of the heating cycle. E.g.,
the evaporation of volatile binder components
or moisture at low temperatures and the blister for-
mation at higher temperatures required smaller heat-
ing rates in the respective temperature segments.
Using thermoplastic binders, capillary forces can
lead to a redistribution of the binder at temperatures
above the softening point. By that, larger clusters of
neighboring pores can be filled completely with the
binder whereas surrounding pores are depleted. (Seg-
regation of a melt phase within porous powder com-
pacts was investigated in more detail with respect to
liquid-phase sintering [19].) If the binder has non-
wetting properties (compare the low temperature
region of Fig. 3d), thermodynamic driving forces can
even lead to exudation of the binder. It was conclud-
ed, that higher heating rates in the respective temper-

ature segments can be useful to avoid segregation phe-
nomena.

Summary and Outlook

For investigating thermal debinding, in situ measur-
ing methods are available, making it possible to
obtain relevant material data under conditions which
are close to the conditions in production furnaces.
The in situ methods are supplemented by permeation
measurements and microstructural analyses, provid-
ing additional information on partially debinded and
quenched samples. Maximum safe weight loss rates
were identified empirically. The Kinetic Field method
was used to predict debinding cycles according to the
respective maximum safe rate. Existing debinding
processes duration could be reduced considerably by
this method. They were adapted to additional require-
ments resulting from processes accompanying binder
burn out.
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