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Abstract: Pore structure evolution and binder distribution during both solvent
extraction and wicking were investigated for plastic-formed ceramic bodies. The
solvent extraction rate had a ¢ '? dependence, while the wicking rate varied
depending on the degree of saturation. There existed a debinding front separat-
ing the debinded region (with pendular state) from the undebinded region (with
fluid state) during solvent extraction, while the green body went through
sequential transitions of capillary structure as a whole during wicking with the
help of the rapid re-distribution of the binder system. In fact, the debinding pro-
cess by wicking could be divided into four regimes: (i) the rapidly falling rate
regime up to capillary state, (ii) a constant rate regime up to the funicular state,
(iii) the first slowly falling rate regime to the pendular state, and (iv) the second

slowly falling rate regime by evaporation and diffusion.

1 INTRODUCTION

Recently there has been a major development in
the injection molding process for ceramic parts as
the need for near-net-shape technology has
increased.' Ceramic injection molding usually
includes the following steps: mixing of ceramic
powder with the binder system, shaping, debind-
ing, and sintering.*® The binder system in injec-
tion molding, which accounts for 40-60 vol% of
the mixture, consists of major binder, minor
binder, and various processing aids such as sur-
face modifier and plasticizer.”® Since the binder
system mainly determines the mixing characteris-
tics and the shaping ability of the mixture,>'? the
selection of an appropriate binder system is
critical for the success of the injection molding
process. Usually, the major binder, which controls
the general properties of the mixture and green
bodies, is selected first. Typically thermoplastic
polymers are used in high pressure injection mold-
ing, whereas in low pressure injection molding,
where the injection pressure is less than 1 MPa,
various waxes are most commonly used as the
major binder.>!3

The binder system used for the shaping should
be removed in the debinding step, in which vari-
ous binder removal techniques can be employed,
depending on the type of major binder. When a
polymer with a high melting point is used as the
major binder, thermal and/or oxidative degrada-
tion is usually employed.'*'® In conventional high
pressure injection molding, the minor binder nor-
mally has a lower melting point than that of the
major one. Thus, the minor binder is eliminated
first, leaving continuous pore channels through
which the major binder can be readily removed by
thermal degradation.'’® On the other hand, in
low pressure injection molding in which organic
materials with low melting points such as wax and
oil are used as the major binder, the major binder
is debinded first by wicking or solvent extraction
and the remaining major binder and the minor
binder are removed by thermal and/or oxidative
degradation. The minor binder plays an important
role in retaining the shape and strength of injec-
tion molded bodies during the debinding process.

Regardless of the exact process employed, green
bodies are the most vulnerable to the defect for-
mation during debinding, mainly because a large
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amount of binder system should be removed and
the binder system experiences phase transition of
solid to vapor and/or solid to liquid. Since an
extremely slow rate of debinding is usually
employed to prevent defect generation, the
debinding step consumes most of the processing
time of injection molding.'>?! In the practical sense,
therefore, it is important to determine the optimum
debinding rate for a given binder system. However,
fundamentally it is more important to understand
the kinetics of debinding so that the causes of the
defect formation are apprehended and modifica-
tions of the binder system or process can be made.
In the present study, the kinetics of both wick-
ing and solvent extraction were investigated for
green compacts containing wax as the major
binder. In solvent extraction the controlling step
was usually the interdiffusion of binder and sol-
vent, although it could be dissolution of the binder
or removal of the dissolved binder at the surface of
the sample. When the debinding rate is determined
by interdiffusion, the weight fraction of the major
binder removed, W, changes parabolically with
debinding time as formulated in the following
equation for small diffusivity and short time:*

W = 2(Dt/mL)\2 1)

Here, D 1is interdiffusion diffusivity, ¢ is the
debinding time, and L is the half-thickness of the
green bodies. The rate of removal, dW/dt, is
inversely proportional to the removed amount W:

dwidt = A/W 2)

where A is a constant.

The wicking kinetics for permeation-controlled
cases have also been formulated in previous stud-
ies, for example by German® and by Wright and
Evans.* Although the details of the formulations
were different, both models resulted in parabolic
relationships between the amount of major binder
removed and the wicking time. As for the rate of
removal, they also predicted the same equation as
shown in eqn (2). However, several unrealistic
assumptions were used in these models, resulting
in an over-simplification of the actual wicking
process. For example, a unidirectional flow of
major binder to the powder bed maintaining the
planar front was assumed in the models.?>* Thus,
it ignored the fact that the fluid during the
wicking process experiences three stages, which
are capillary, funicular, and pendular stages. More
importantly, there was no provision in these
models for the redistribution of the major binder
during the wicking process, in which the fluid
moved from coarser to finer pore channels by the
difference in capillary pressure. The redistribution
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of the fluid, which makes the saturation of the
green bodies uniform, has also been observed in
the thermal degradation process, where the binder
system contains a fluid component.>*? Although
these phenomena have not been reflected in the
kinetic equations formulated up to now, Bao and
Evans*™® pointed out that the wicking process
took place in three stages.

The objective of the present study is to investi-
gate the debinding kinetics of both wicking and
solvent extraction using either compression molded
or injection molded ceramic samples. The variation
of pore structure with the progress of debinding
will be determined to reveal that green bodies
experience different microstructural evolution dur-
ing wicking and solvent extraction. It will also be
shown that wicking is a more complicated process
than previously proposed models have suggested.

2 EXPERIMENTAL METHODS
2.1 Materials and preparation of green bodies

The ceramic powder used in this study was a com-
mercial silicon nitride and the binder system con-
sisted of paraffin wax, polyethylene wax and
stearic acid. The role and properties of each com-
ponent, as well as the composition of the mixture,
are summarized in Table 1.

The silicon nitride powder and the binder sys-
tem were mixed as follows. The silicon nitride
powder was first coated with the stearic acid by
adding the powder to an ethanol solution of
stearic acid at 50°C, then ethanol was removed by
evaporation. The coated silicon nitride powder
was then mixed sequentially with polyethylene
wax at 100°C and with paraffin wax at 70°C, both
dissolved in toluene.,

The samples for measuring the debinding kinet-
ics were formed by compression molding the mix-
ture at 40°C under a pressure of 150 MPa. The
compression molded samples were rectangular
bars with dimensions of 35 X 8 X 3.5 mm.
Ceramic valves were also molded using a low
pressure injection molding machine (MIGL-28,
Peltsman Co., USA). The mixture was injected
into the mold cavity under a pressure of 0-3 MPa
and a holding pressure of 0-15 MPa was applied
for 20 s. These valves were used to observe both
defect formation and binder distribution during
the debinding.

2.2 Solvent extraction

Solvent extraction was performed at 50°C using n-
butanol as the solvent. At this temperature, the
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Table 1. Composition of the mixtures and their properties

Composition (wt%)

Component Source Properties Compression Injection
molded molded
sample sample

SizN, Ceramic Ube, E10 Average

powder particle size 77-6 74
:0:5 um
Paraffin Major Dongnam Melting
wax binder Petroleum, point: 125 16-9
DP-135 56-58°C

Polyethylene Minor Lion Chem., Meiting point

wax binder L-C 102N :107°C 5.7 5.4

Stearic acid Surfactant Aldrich, 95% Melting point 39 3.7

solubility of paraffin wax in n-butanol® is ~17
g/cm?, while that of polyethylene wax is negligible.
This difference in solubility justifies the selection
of the solvent.

Bar samples were placed at the center of a
beaker which contained ~200 cm’® of nr-butanol
at 50°C. The solvent was stirred during debinding
to remove the dissolved wax quickly from the
surface of the sample. The debinded sample, after
a pre-determined interval, was vacuum-dried at
40°C to evaporate the solvent, and its weight was
measured.

2.3 Wicking debinding

For wicking debinding, the bar samples, embed-
ded in fine alumina powder, were put at the center
of a 200 cm® alumina crucible. The alumina pow-
der (AKP 30, Sumitomo, Japan) used as the pow-
der 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 time
was measured.

2.4 Characterization of debinded bodies

The pore size distributions of both the partially
and completely debinded samples were measured
with a mercury porosimeter (Poresizer 9320,
Mocromeritics, USA). To prepare the completely
debinded sample, either the wicked or solvent
extracted body was further debinded by the
thermal degradation up to 600°C. The heating
rate to 600°C was 1°C/min, and holding periods
were employed at 250°C, 350°C, and 450°C for
5 h at each temperature. The resulting pore size
distributions were presented on a volume basis,

D.(r), which could be defined by the following
equation:

Dry = P/r(dVIdP) 3)

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

The distribution of the remaining binder within
the partially debinded bodies was examined by
using DSC (PLDSC, PL, England). About 45% of
the major binder was removed from the valve
stem by both solvent extraction and wicking, fol-
lowing the aforementioned procedures. The varia-
tions of the DSC peaks were observed for the
peripheral and central regions of the debinded
stems for both samples.

3 RESULTS

Figures 1(a) and (b) show the variation of weight
loss with debinding time for solvent extraction
and wicking, respectively. The percentage of
weight loss was determined with respect to the
amount of major binder, e.g. parafin wax. In
doing so, the solubility of polyethylene wax in
paraffin wax was neglected, since the mutual solu-
bility. if any, does not appear to have a significant
effect on debinding characteristics such as pore
structure evolution and binder distribution, etc.
When the percentage of weight loss was plotted
against 1", most of the data for the solvent
extraction fell on a straight line with a constant
slope as shown in Fig. 2(a), indicating that the
curve in Fig. 1(a) was indeed a parabolic
one.**?’% However, when the data for wicking
were plotted against 7', the result could not be
represented as a straight line, as shown in Fig.
2(b). In fact, the curve seemed to consist of several
segments with different slopes.
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Fig. 1. Percent weight loss as a function of time during (a) solvent extraction and (b) wicking.

80 L L T
704 .. b
60| j
—_
=
S 50 (a) .
2
& 40 .
=
—
30 g
S
§ 204 ]
10 -
0 1 T T T T
00 05 10 16 20 25 30
Time (h'2)

100 T T T T

90 +4 A q
80 A g
70 At -
0] at (b)
50 E

40 4 ]

30 4 4

Weight Loss (%)

204 A -
104 ,A E

0 T T T

Time (h'?)

Fig. 2. Percent weight loss vs square root time during (a) solvent extraction and (b) wicking.

This difference between the solvent extraction
and the wicking kinetics can be seen more clearly
when the rate of weight loss is plotted as a func-
tion of weight loss, as shown in Fig. 3. The curve
in Fig. 3(a) for the solvent extraction shows that
the extraction rate decreases rather smoothly with
the amount of extraction. The dotted lines are sol-
vent extraction rates calculated by eqn (1), with
diffusivity in the range 10°-107 cm¥s. It is evi-
dent from Fig. 3(a) that the diffusivity is about
10°° cm?/s, which appears reasonable from the lit-
erature'® and the estimation from the slope in Fig.
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2(a). The data for wicking shown in Fig. 3(b)
demonstrated that the process mainly consisted of
four different regimes, not one as in the solvent
extraction. In the first regime the wicking rate
decreased rapidly up to ~18% weight loss of major
binder. Then, there was a regime in which the
wicking rate was constant, which extended up to
~46% weight loss of major binder. This second
regime was followed by two consecutive regimes
with decreasing wicking rate, in which a distinc-
tive change in slope was found at ~67% weight
loss of major binder. The decrease of the wicking

Wicking Rate (%/h)

0

T T T T T T .l T ' T
0 10 20 30 40 50 60 70 80 90 100
Weight Loss (%)

Fig. 3. Debinding rate as a function of percent weight loss during (a) solvent extraction and (b) wicking.
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Fig. 4. Pore size distributions of partially debinded samples prepared by (a) solvent extraction and (b) wicking.

rate was moderate in the third regime, while that
in the fourth regime was very slow.

In order to correlate the debinding kinetics
observed with the microstructural change, the
pore size distributions of partially debinded bodies
were measured using mercury porosimeter. As
shown in Fig. 4(a), the general shape of the pore
size distribution curve and size range of pores did
not change during solvent extraction except that
the volume frequencies for the given pore size
range increased with weight loss. On the other
hand, Fig. 4(b) shows that the median pore size
increased and pore size distribution became nar-
rower with the progress of wicking. The median
pore size during wicking increased initially with
weight loss, then did not change for a weight loss
of ~50% and greater (Fig. 5).

The differences in the debinding behavior
between the solvent extraction and wicking pro-
cesses could be found not only in their pore size
distributions but in the distribution of the major
binder inside the debinded bodies, as shown in
Fig. 6. The two DSC peaks located at 54-60°C
and 90-98°C correspond to the melting of paraffin
wax and polyethylene wax, respectively. From
Fig. 6(a) it is evident that there is a substantial
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Fig. 5. Variation of median pore diameter as a function of
percent weight loss during wicking.

difference in melting temperature, as well as in
specific heat of the first peak between near surface
and central portions of the sample, which is par-
tially debinded by solvent extraction. Both effects
could be attributed to the spatially preferential
removal of paraffin wax during solvent extraction.
The shift of the melting point to ~61°C at the near
surface portion also suggests that stearic acid has
considerable solubility in paraffin wax. On the
other hand, the DSC results were essentially iden-
tical between near surface and central portions in
the wicked sample. This indicates that the compo-
sition and amount of residual binder are relatively
homogeneous throughout the sample partially
debinded by wicking,?*?"?® Therefore, it is believed
that the binder could be readily re-distributed dur-
ing wicking due to the rapid binder flow through
capillaries.

In addition, there was significant surface frag-
mentation when the injection-molded sample was
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Fig. 6. DSC results obtained from the samples debinded by
(a) solvent extraction and (b) wicking.
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solvent-extracted. The fragmentation appeared to
originate from a lateral crack through the bound-
ary where the capillary structure was discontinu-
ous. That is, the fragmented region is in the
pendular state, presumably with the residual
minor binder, while the unfragmented central
region still remains in the fluid state. Contrary to
the injection molded samples, there was no visible
defect in the compression-molded samples. This
might be attributed to the relatively higher
amount of minor binder, as well as increased fric-
tion between solid particles in the latter samples.

4 DISCUSSION

The debinding of green bodies is the process in
which the volume occupied by the binder system
is gradually replaced by the pore. Therefore, the
debinding process may be well described by the
variation of the degree of saturation, S, which is
defined by the ratio of the volume occupied by the
binder system to the available pore volume.’**
Since the mixtures for compression or injection
molding usually contain ceramic powder of less
than the critical volume fraction to achieve viscos-
ity low enough for forming, green bodies are in
the fluid state (S > 1) at the very beginning of
debinding. As the excess amount of the binder
system is removed, the green bodies reach the cap-
illary state (S = 1) in which the volume of the
binder system equals available pore volume. After
the capillary state, actual pores develop in the
green bodies, but the binder system maintains a
continuous phase, which is the funicular state (S <
1). With further progress of debinding the binder
system becomes isolated around the particle and
pores form a continuous phase, which corre-
sponds to the pendular state (S << 1).

The capillaries containing the binder system in
liquid form experience the aforementioned states
sequentially during debinding. However, the pre-
sent results show that the details of the process,
such as the pore development and the distribution
of the binder system, are dependent on the
debinding process employed. In solvent extraction,
debinding proceeds from the surface to the center
of the sample, with a boundary separating
debinded and undebinded regions. The binder sys-
tem in the debinded region might be completely
removed or exists in pendular state near the sur-
face, whereas that in the undebinded central
region is still intact, e.g. in fluid state. The pres-
ence of the boundary could be directly observed in
the partially debinded samples, and the amount of
major binder on each side of the boundary, shown
in Fig. 6(a), also supports the binder removal
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process described above. The small amount of the
major binder near the surface region might be
attributed to either the adsorbed or the condensed
layer from the solution.

Since the boundary simply moves inwards with
the progress of the debinding by solvent extrac-
tion and the packing density is uniform through-
out the green bodies, the pore size distribution
does not change with the weight loss, as shown in
Fig. 4(a). Solvent extraction in the present case is
probably diffusion-controlled because the paraffin
wax has a relatively high solubility to the solvent
used, n-butanol, and the dissolved wax is removed
continuously by stirring. Evidently, the coinci-
dence of the observed kinetics in Fig. 3(a) with the
calculated curve using diffusivity obtained from
Fig. 2(a) supports the fact that solvent extraction
is indeed a diffusion-controlled process in the pre-
sent case.

Contrary to solvent extraction, the distribution
of the binder system is uniform throughout the
green bodies during wicking, as shown in Fig.
6(b), as long as the binder phase is continuous
through the capillaries. This is caused by the rapid
redistribution of the binder system due to the low
viscosity at the wicking temperature. Therefore,
debinding proceeds uniformly throughout the
green bodies with the help of the rapid redistribu-
tion of the binder system, and the capillaries in
the green bodies go through the structural changes
as a whole. This could be explained by the pro-
gressive change of the pore size distributions as
shown in Fig. 4(b).

Although the redistribution of the paraffin wax
has an important effect on the kinetics of wicking,
the wicking process is more complicated, which
cannot be explained by the redistribution alone.
The first regime in Fig. 3(b) corresponds to the
removal of the paraffin wax in a fluid state. The
green body is under hydraulic pressure in this
regime caused by excess binder system arising
from both the excess binder system in the original
mixture and much higher thermal expansion of
the binder system than that of powder at the
wicking temperature.’® As the hydraulic pressure
decreases rapidly with the removal of the paraffin
wax, so does the wicking rate. At the end of the
first regime the binder system exists in the capil-
lary state.

In the second regime the wicking rate is con-
stant, which has not been observed by other
researchers.?>?*?728 Although the exact mechanism
is not known at present, the constant flow of the
paraffin wax per unit time might be possible
because of the size difference of capillaries
between the green body and the embedding alumina
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powder bed. Capillaries in this regime exist
presumably in the funicular state. Since the binder
system 1s likely to maintain a continuous channel
in this regime, the pores grow gradually through-
out the sample with the help of rapid redistribu-
tion of binder system as shown in Fig. 4(b) and
also in Fig. 5. As the amount of paraffin wax
decreases to the level that it cannot maintain a
continuous phase in the green bodies, the pendu-
lar state begins to appear with isolated binder
pockets and the wicking rate starts to decrease.
The decrease of the wicking rate in the third
regime is, therefore, caused by the transition of
capillary structure from funicular to pendular
states. When all the pore channels achieve the
pendular state at the end of the third regime,
debinding by wicking is not possible any longer in
the absence of channels for binder flow. In the
fourth regime, debinding is thus believed to take
place only by evaporation and diffusion.

Once all the capillary structures reached the
funicular state in the beginning of the third
regime, neither the shape of the pore size distribu-
tion (Fig. 4(b)) nor the median pore size (Fig. 5)
changed. This reflects that the pore size distribu-
tion approached close to the final form with con-
tinuous increase of pore volume frequency in this
regime, accompanied by the formation of isolated
pockets of residual binder in the pendular state.
Even in this regime, remaining binder is likely to
continue to redistribute itself from coarser to finer
pores due to the difference in capillary pres-
sure.’®* Figure 7 clearly shows that most of the
smaller pores are filled with the binder system,
although about 90% of the paraffin wax is
debinded from the green body. The size distribu-
tion of the pores occupied by the binder system,
including the residual paraffin wax, 1s derived by
subtracting the specific volume frequency of the

T
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Wicked(89%)

Binder Distribution

Specific Volume Frequency (cm3/g—pm)
w
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Fig. 7. Capillary size distribution occupied by the remaining

binder, obtained by subtracting the specific volume frequency

of the 89% wicked sample from that of the completely
debinded sample.
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green body in the fourth regime from that of the
completely debinded body.

The development of pore structures during
debinding suggests that the green body debinded
by solvent extraction is more vulnerable to defect
formation than that debinded by wicking. Since
the former has a more non-uniform pore structure
than the latter during debinding, stress developed
within the green body can cause defect generation.
This is more likely when the shape of the green
bodies becomes more complex, which explains
why the defect is only found in the solvent
extracted valve and not in the wicked valve. How-
ever, the present result also indicates that defect
formation during solvent extraction can be avoided
for green bodies with a simple shape by modifying
the composition of the binder system. When both the
valve stem and compression molded bar samples
are debinded by solvent extraction under the same
conditions, the debinding defect is found only in
the former. Since both samples have rather a simple
shape, the result is probably caused by the differ-
ence in the binder system (Table 1), especially by
the relative amount of minor binder which is
responsible for the structural integrity during
debinding. Therefore, it is noted that more careful
measures should be taken in formulating the
binder system for solvent extraction.

5 CONCLUSIONS

The debinding characteristics of plastic-formed
samples during both solvent extraction and wick-
ing were investigated using mercury porosimetry
and weight loss measurement. The two debinding
methods showed significantly different debinding
behaviors in Kinetics, pore structure evolution,
and binder distribution, all of which were corre-
lated. The front of solvent extraction advanced
from surface to interior regions with a pendular
state left behind, while wicking took place uni-
formly throughout the sample maintaining a
homogeneous distribution of the remaining
binder. The solvent extraction rate decayed with a
t > dependence, indicating that the process could
be described as a diffusion-controlled one. On the
other hand, the variation of wicking rate with
time was divided into four regimes with three
transition points which represented structural
changes in capillaries. The first rapidly falling rate
regime, corresponding to the transition from fluid
to capillary states, was followed by the constant
rate regime, corresponding to the transition from
capillary to funicular states. Subsequently, the
slowly falling rate regime appeared, where the
capillary progressively changed from funicular to
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pendular states, followed by another falling rate
regime during which the debinding took place pre-
dominantly by evaporation and gas diffusion
through the pore channel.

Both uneven binder distribution and discontinu-

ity in capillary structure across the debinding
front during solvent extraction are believed to be
the main causes for the observed defects. There-
fore, the formulation of the binder system, particu-
larly the type and the amount of the minor binder,
is important for successful solvent extraction.
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