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Abstract

The wax-based binder system showed discrete transition behavior in capillary structure during debinding due to the rapid redis-
tribution of major binder, e.g. paraffin wax. Depending on the minor binder added, the transition behavior in capillary structure
was significantly altered presumably due to the difference in chemical compatibility between major and minor binders. Limited
chemical compatibility between major and minor binders might promote the funicular to pendular transition because of the segre-
gation of polar minor binder in the nonpolar paraffin wax matrix. It was also demonstrated that the thermal pyrolysis should be
initiated with increased temperature just past the funicular to pendular transition point in order to reduce the total debinding time.
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1. Introduction

Binder removal is a key step for successful ceramic
injection molding [1,2]. The binder must be removed
from the molded part prior to its densification by sin-
tering. Binder systems can consist of several organic
ingredients, each with a markedly different melt viscos-
ity as well as with different decomposition character-
istics. These ingredients must be removed slowly, in a
process that requires the gradual formation of passages
within the part with increasing temperature and time.
These passage allow the major binder ingredient to
escape at higher temperatures without causing the part
to deform or crack [3-6].

Although there are many debinding methods avail-
able [7,8], wicking process that extracts the binder
through capillary action has several advantages [9-12].
It provides additional support, better thermal uni-
formity, reduction in gas partial pressure gradients at
the surface of the part, and homogeneous wicking out
of the binder throughout the part [13—15]. In particular,
the low-pressure injection-molded parts with low melt-
ing point and low viscosity binder are vulnerable to
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deformation and slumping during debinding process
[16-18]. The wicking process is the choice of methods
for the parts of complicated shapes fabricated by low
pressure injection molding.

The debinding process of green bodies is the process
in which the volume occupied by the binder system is
gradually becoming the pore [19,20]. Therefore, the
debinding process may be well described by the varia-
tion of the degree of saturation [21] which is defined by
the ratio of the volume occupied by the binder system to
the available pore volume. Since the mixtures for injec-
tion molding usually contain ceramic powders of less
than the critical volume fraction to achieve an appro-
priate viscosity for forming, green bodies are in the fluid
state at the very beginning of debinding. In addition, the
thermal expansion of the liquid binder induces hydrau-
lic pressure in the capillaries, which enhances binder
removal rate [20]. As the excess amount of the binder
system is removed, the green bodies reach the capillary
state in which the volume of the binder system equals
available pore volume. After the capillary state has been
achieved, actual pores develop in the green bodies, but
the binder system maintains a continuous phase, which
is the funicular state. With further progress of debinding
the binder system becomes isolated around the particles
and pores form a continuous phase, which corresponds
to the pendular state [21-23].
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The authors [24] have already demonstrated from
pore structure evolution during wicking that there occur
several transitions in capillary structure due to the rapid
redistribution of binder. In that study, the polyethylene
wax was used as minor binder with paraffin wax as
major binder. At the wicking temperature, polyethylene
wax has almost two orders of magnitude higher melt
viscosity than paraffin wax. Paraffin wax can be easily
removed through pore channel by capillary attraction
because melt viscosty of Paraffin wax is sufficiently low.
Since polyethylene wax is a kind of saturated hydro-
carbon, it is more compatible with paraffin wax than
minor binder with high polarity such as ethylene—vinyl
acetate copolymer. The difference of chemical affinity
between two polymers may affect the microstructural
properties of mixtures of binder and powder.

The objective of the present study is to investigate the
effect of the type of minor binder on the removal pro-
cess of major binder and the pore structure evolution of
partially debinded body in the course of the wicking of
compression-molded parts.

2. Experimental methods
2.1. Materials and preparation of green bodies

The ceramic powder used in this study was a commer-
cial silicon nitride and the binder system consisted of
paraffin wax, ethylene—vinyl acetate copolymer (EVA),
polyethylene wax (PE wax), and stearic acid. The role
and properties of each component as well as the compo-
sition of the mixture are summarized in Table 1.

The silicon nitride powder and the binder system were
mixed as follows. The silicon nitride powder was first
coated with the stearic acid by adding the powder in the
ethanol solution of stearic acid at 50°C, then the ethanol
was removed by evaporation. The coated silicon nitride
powder was then mixed sequentially with minor binders
such as ethylene—vinyl acetate copolymer and poly-
ethylene wax at 100°C and with paraffin wax at 70°C.

The samples for measuring the debinding kinetics
were formed by compression molding the mixture at
40°C under the pressure of 150 MPa. The compression

Table 1
Raw materials and its properties and compositions

molded samples were rectangular bars with a dimension
of 35x8x3.5 mm.

2.2. Wicking debinding

For the wicking debinding, the bar samples, embedded
in fine alumina powder, were put at the center of the 200
cm® alumina crucible. The alumina powder (AKP 30,
Sumitomo, Japan) used as the powder bed had an average
particle size of 0.35 um. The whole assembly was tapped
until the fractional density of the powder bed reached 28 %,
and was put in an electrical furnace at 150°C. The variation
of sample weight with debinding time was measured.

2.3. Characterization

The pore size distributions of both the partially and
completely debinded samples were measured with a
mercury porosimeter (Poresizer 9320, Micromeritics,
USA). To prepare the completely debinded sample the
wicked body was further debinded by the thermal pyr-
olysis at 600°C. Resulting pore size distributions were
presented on the volume basis, Dy(r), which could be
defined by the following equation:

Dvy(r) = P/r(dV/dP)

Here, r is the pore size, and V is the volume intruded by
mercury at pressure P.

The strength of compression-molded bodies was mea-
sured by three point bending test by using Universal Test-
ing Machine (Instron Co., 1127, USA). The test condition
was cross speed, 5 mm/min and span length, 25 mm.

In order to examine the interaction between silicon
nitride powder and minor binder, EVA, the adsorption
isotherm by solution depletion method was carried out.
The clear supernatant was obtained by centrifuging at
12,000 rpm for 30 min.

3. Results

Fig. 1 shows weight loss by wicking as a function of
debinding time for the compression-molded parts

Role Raw material Supplier Grade

Particle size (um)

Compositions of compression-molded bodies (wt%)

Ceramic powder  SizNy Ube SN E-10 0.5

Binder system Raw material Supplier Grade

Major binder Paraffin wax
Minor binder PE wax®
Minor binder EVA®?
Surfactant SA?

Dongnam DP-135 57~60
Lion Chemical 102N 108
EIf Atochem 28-25 75
Stearic Acid 17-536-6 6769

Melting point (°C)

Powder  Major binder Minor binder Surfactant
71.9 15.6 2.5 3.8
77.8 14.1 4.1 3.9
71.7 12.5 5.7 3.9

2 PE wax, polyethylene wax; EVA, ethylene—vinyl acetate copolymer; SA, stearic acid.
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Fig. 1. Percent weight loss of major binder as a function of wicking
time for the compression-molded parts containing: [], EVA; and O,
PE wax as a minor binder, respectively.

containing EVA and PE wax as minor binders, respec-
tively. The percentage of weight loss was determined
with respect to the amount of major binder, e.g. paraffin
wax. In doing so, the solubility of PE wax and EVA in
paraffin wax was neglected, since the mutual solubility,
if any, does not appear to have a significant effect on
debinding characteristics such as pore structure evolu-
tion and binder distribution, etc. There is essentially no
difference in the debinding behavior for those parts
containing EVA and PE wax as minor binders.

As previously described by the authors [24], the
wicking rate depends on the capillary structure that is
determined by pore structure as well as binder distribu-
tion. In order to evaluate the effect of the minor binder
on the debinding behavior in detail, it might be instruc-
tive to examine the wicking rate dependency on the
structural change of capillaries. Fig. 2 compares the
debinding rate as a function of percent weight loss of
major binder for the compression-molded parts con-
taining EVA and PE wax. As expected, the variation of
debinding rate with the decrease of remaining major
binder can be generally divided into four regimes which
correspond to various structural change in capillaries. It
has been demonstrated in the previous study that
debinding proceeds uniformly throughout green bodies
with the help of the rapid redistribution of the binder
system, especially paraffin wax [24]. In consequence, it is
believed that the capillaries in the green bodies go
through the structural changes as a whole. In all four
regimes, both parts containing EVA and PE wax as
minor binder shows very similar trend in the structural
transitions of capillaries except the slight discrepancy
found in the second and third regimes.

9+ O EVA
T O PE Wax

Debinding Rate (%/h)

Weight Loss (%)

Fig. 2. Debinding rate as a function of %wt loss of major binder for the
compression-molded parts containing: [], EVA; and O, PE wax.

In order to compare the discrepancy in the second
and third regimes, Fig. 2 is magnified in the weight loss
of 10-65%. Now, it is quite evident that there is a con-
siderable difference in debinding behavior for those
parts with EVA and PE wax in that there exists another
transition point in the parts with EVA. It has been sug-
gested that the point C is related to the structural
change of capillaries from funicular to pendular state.
Contrary to the parts containing PE wax, those with
EVA shows an additional transition in debinding rate
versus percent weight loss relation corresponding to
point B. It is likely that the type of minor binder has a
significant effect on the structural change in capillaries
during wicking.

In order to correlate the observed discrepancy in
debinding behavior between EVA and PE wax contain-
ing parts, the pore size distributions of partially debin-
ded bodies were compared as shown in Fig. 3. It is
evident that the pore size distributions also show quite a
difference between EVA and PE wax containing bodies
in that the bodies with EVA can reach close to that of
almost fully wicked bodies after removing about 52% of
major binder. The difference in pore structure evolution
in both green bodies after partial debinding shows a
good agreement with the structural changes in capil-
laries observed in Fig. 2. Thus far, although the
debinding behavior of the compression-molded body
was generally described in terms of the amount of
remaining binder and/or debinding time, it might be
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Fig. 3. Pore size distributions of partially debinded bodies for the
compression-molded parts containing: (a) EVA and (b) PE wax.

necessary to take the binder composition and the
mutual compatibility among components.

4. Discussion

In general, the debinding process of the injection-
molded bodies with wax based binders consists of
wicking of major binder and subsequent thermal pyr-
olysis of the residual component including minor bin-
der. In order to reduce total debinding time, it is
necessary to correctly determine the time to switch from
wicking to thermal pyrolysis. As shown in Fig. 2, the
variation of debinding rate as a function of the amount
of major binder removed might provide an insight into
the structural changes in capillaries which is crucial in
determining the time for switching from wicking to
thermal pyrolysis. The wicking process takes place by
capillary flow of major binder as long as the major bin-
der maintains a continuous channel. However, once the
major binder starts to become discontinuous to form
isolated pockets of major binder, the wicking process is
no longer effective for binder removal. Therefore, it is
necessary to activate thermal pyrolysis by raising tem-
perature, which takes place by internal evaporation or
thermal decomposition and subsequent gas diffusion
toward surface. During thermal pyrolysis process, the

gas species produced by internal evaporation and ther-
mal decomposition should escape without pressure
buildup inside the green bodies. Therefore, it is required
to obtain a partially debinded bodies with continuous
pore channels throughout green bodies in order to acti-
vate next debinding process by evaporation and/or
thermal decomposition.

As mentioned previously [24], the major binder, e.g.
paraffin wax, has very low viscosity at the wicking tem-
perature so that it can readily redistribute itself due to
the capillary pressure. In general, the right time to raise
debinding temperature is just after entering the third
regime in Fig. 2 where the capillary structure go
through the transition from funicular to pendular state.
In other words, it is likely that the capillary structure
barely maintains funicular state at the end of the second
regime, with most pore channels connected. Fig. 4
shows the fully debinded rectangular bars, which are
debinded just before and after reaching transition point
C in Fig. 2. The partially debinded parts were heated at
the rate of 5°C/min up to 600°C and held at 600°C for 2
h for thermal decomposition of the residual binders. It
is evident that the green bodies debinded past the point
C in Fig. 2 shows good dimension tolerance without
debinding defects such as distortion and/or cracks.
Therefore, employing the thermal pyrolysis just past the
constant debinding period can substantially reduce total
debinding time without excessive wicking time.

Since the transition point of capillary structure from
funicular to pendular state is a good indicator for
switching debinding mechanism from wicking to ther-
mal pyrolysis, the difference in wicking behavior
between EVA and PE wax containing bodies could have
a significant meaning in determining total debinding. Fig.
2 is replotted in a form of debinding rate versus debinding
time in Fig. 5. It takes about 8.3 h for the bodies with EVA
to reach the end point of the constant rate period by
wicking, while it does about 16 hours for those with PE
wax. Assuming that it takes 4 h for thermal pyrolysis after

(@ (b)

Fig. 4. Photographs of the fully debinded bodies which are wicked (a)
just before and (b) just after reaching transition point C in Fig. 2
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Fig. 5. Debinding rate as a function of wicking time for the compres-
sion-molded parts containing: [], EVA; and O, PE wax.
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Fig. 6. Green strength of compression-molded bodies containing: [],
EVA; and O, PE wax as a function of the amount of minor binder
added.

wicking, it is possible to reduce total debinding time by
about 38% just by choosing EVA instead of PE wax as
minor binder.

However, it could not be clearly explained why the
parts with EVA goes though early transition from funi-
cular to pendular state in capillary structure as shown in
Fig. 2. Fig. 6 shows a plot of green strength of com-
pression-molded body containing both EVA and PE
wax as a function of the amount of minor binder added.
When the minor binder was added, the green strength of
compression-molded bodies increased by 50-200%,
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Fig. 7. Isothermal adsorption curve of the mixtures containing EVA.

depending on the type and amount of the minor binder.
In particular, the green strength of compression-molded
body with EVA was much higher than that with PE
wax. The green strength of compression-molded bodies
is dependent on various variables such as binder
strength, adhesion strength between binder and particle
surface, powder characteristic, powder volume fraction,
mixture homogeneity, and so on. The increased strength
with EVA addition might be attributed to the improved
adhesion strength between the acetate group of EVA
and hydroxyl group on particle surface. With respect to
the difference in debinding behavior observed in the
second and third regimes in Fig. 2, the reduced strength
of green bodies with 12.5% EVA addition might be
more instructive and informative. This significant
decrease in green strength could be ascribed to EVA
segregation due to the limited chemical compatibility
between EVA and paraffin wax. This was confirmed by
the adsorption isotherm determined by solution deple-
tion method, as shown in Fig. 7. It can be found that the
saturated amount of adsorbed EVA is about 1.5 mg/m?
SizN4 which corresponds to about 2.6 vol% of total
volume of compression-molded body. Rest of EVA
should be mechanically mixed with paraffin wax, which
is the main reason for chemical incompatibility.

Therefore, it might be suggested that the chemical
incompatibility is the principal reason for the deviation
of debinding behavior of the compression-molded body
containing EVA as minor binder. Even though it is not
clear to which degree the chemical incompatibility can
be allowed in the mixture formulation, it might be a
useful tool for a rapid debinding to utilize the limited
chemical incompatibility in binder formulation for
injection molding.
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5. Conclusions

The chemical compatibility between major and minor
binders has a significant effect on the debinding beha-
vior of the injection-molded body with wax based bin-
ders. In paraffin wax based binder system, the green
bodies containing EVA as minor binder entered struc-
tural changes in capillaries from funicular to pendular
state with the weight loss of about 30%, while those
containing PE wax did with weight loss of about 50%.
It is believed that the earlier completion of the constant
debinding rate period might be beneficial for reducing
total debinding time. Even in the pendular state, there
was an extra transition point in the binder system com-
posed of paraffin wax and EVA. This might be attrib-
uted to the limited chemical compatibility in the
presence of excessive EVA as the amount of the major
binder was preferentially removed by wicking.
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