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Abstract

The solvent debinding process has been widely accepted in the ceramic injection molding (CIM) industry process due to its short
debinding cycle. However, the organic solvents most adopted in solvent debinding now are flammable, carcinogenic and not
environmentally acceptable. For eliminating the use of unsound solvents, water-soluble polyethylene glycol (PEG) is used in this
study to modify the pattern of debinding in CIM. The purpose of the investigation was to examine the binder behavior during
solvent debinding based on water extraction for a multi-component PEG binder system. Based on the in situ evaluation results of
dimensional variations, mercury intrusion data and scanning electron microscope (SEM) observations, possible solvent debinding
mechanism for alumina injection molded compacts with water-soluble binders is proposed.
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Keywords: A. Injection molding; B. Porosity; D. Al,O3; Solvent debinding

1. Introduction

Ceramic injection molding is a competitive manu-
facturing technology for producing geometrically com-
plex parts from a wide range of materials [1-4].The
processes including mixing, molding, debinding and
sintering are dependent upon the types of binder used.

Among the debinding methods, thermal debinding is
widely used as the major mean to remove organics
before sintering. However, the evaporation of degraded
products can cause pressure buildup within the green
body and create voids at its center, bloating and cracks at
its surface if thermal debinding is carried out hastily [5-8].

In order to overcome these problems in thermal
debinding, solvent debinding [9,10] has been widely
adopted by the industry. In the solvent debinding pro-
cess, a portion of the binder can be chemically removed
by using solvents like acetone, trichloroethane or hep-
tane. A large amount of open porosities, after solvent
debinding, allows the degraded products to diffuse to
the surface easily. Therefore the subsequent thermal
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removal of insoluble binder components can be finished
as short as 3 or 4 h.

Although solvent extraction is probably the fastest
debinding route, a problem with solvent debinding
concerns the nature of common solvents; the organic
solvents most adopted in solvent debinding now are
flammable, carcinogenic and not environmentally
acceptable. In addition, several types of defect could
still occur during the solvent debinding step. These
defects are mainly caused by the large dimensional
changes when parts are immersed in the solvent, espe-
cially for organic solvents [11,12].

For eliminating the use of unsound solvents, appli-
cation of water-soluble binder to ceramic injection
molding is therefore developing. Rivers [13] and Fanelli
et al. [14], used methyl, ethyl or hydroxypropyl/
hydroxyethyl celluloses or cellulose-derived as agar, and
agarose as water-soluble binders. The gelation charac-
teristics of cellulose by controlling the gel temperature,
gel strength, and the degree of water retention were
applied to form the shapes during injection molding.
Polyethylene glycol (PEG) was used by Hens et al. [15]
and Cao et al. [16] as primary water-soluble binder to
mix with acetal copolymers and polyvinyl buteral (PVB)
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or PMMA, OPEW ectc. as binders for injection molding
of stainless steel or nickel-iron alloy powders.

PEG is a polymer of ethylene oxide with molecular
weight from 200 to 20,000 [17]. The unique charac-
teristics of PEG is water soluble and thermoplastic. In
addition, they are very safe chemicals and are used quite
extensively in food industry.

Considerable efforts have been made to understand
the transport of binder vapor and fluid in the molded
compact during solvent debinding and thermal debinding
[7,18-22]. None of these studies, however, has con-
sidered the debinding mechanism for CIM specimens
during solvent debinding based on water extraction.
The purpose of the investigation was to examine the
binder behavior during solvent debinding based on
water extraction for a multi-component PEG binder
system. Mercury porosimetry and scanning electron
microscopy (SEM) were employed to determine the
pore structure and the binder distribution at different
stages of debinding. In addition, the dimensional varia-
tions of alumina injection-molded compacts containing
polyethylene glycol binder system during water extrac-
tion were also studied. From these results obtained, the
debinding mechanism for CIM specimens during sol-
vent debinding based on water extraction is proposed.

2. Experimental procedure

Commercial purity alumina powder (Japan, Showa
Denko, AL-160-SG4) was used in the study to fabricate
injection-molded specimens. The average particle size
was 0.6 um and specific surface area was 4.1 cm?/g.

A multi-component binder system was used to pre-
pare the alumina feedstock. For these binders, the
major portion was PEG4000, the backbone consisted of
polyethylene wax (PE wax) for good strength during
debinding, and stearic acid (SA) was used for improving
flow ability. The total alumina powder content was 55
vol.%, and the remaining 45 vol.% consisted of the
aforementioned polymers with a weight ratio of
PEG4000: PE wax: SA =65:30:5.

Mixtures of alumina and binders were prepared by
using a sigma-type blade kneader rotated at 50 r.p.m.
The alumina powder was added first into the kneader
and pre-heated at 100 °C for 30 min to achieve a
homogeneous temperature distribution. The binders
were then subsequently added to mix for 90 min. Gran-
ules were obtained by continuously rotating the blade
during the cooling process to crush the mixture.

Viscosity of the feedstocks was measured in a Rosand
capillary rheometer (RH-14), using the standard procedure
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Fig. 1. The set-up of the dilatometer for measuring the length change of specimens during solvent debinding.
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with temperature control of £0.5 °C. Rectangular test
bars with dimensions of 75x5x4 mm were injection
molded at barrel temperature of 110 °C and die tem-
perature of 40 °C. The test bars were then debound at
30-50 °C with water as solvent. For measuring the PEG
extraction rate, the specimens were debound for different
periods of time (5 min—8 h) and dried at 40 °C for 48 h.

A dilatometer was designed for monitoring the length
changes of compacts in situ, as shown in Fig. 1. In this
setup, a thermocouple was employed for recording the
temperature variations of the specimen during solvent
debinding. The alumina injection molded compact was
fixed at one end and came into contact with the dilato-
meter directly at the other end. The weight of the gra-
phite push rod, as indicated in Fig. 1, was offset by the
microbalance. To simulate the case where the molded
parts were immersed into a preheated water bath, water
was preheated in a water container. Once the tempera-
ture of the water was stable, the preheated water was
introduced into the isothermal sample tank. The length
changes of the specimens were measured by the dilato-
meter as the solvent debinding proceeded.

To analyze the pore structure evolution during sol-
vent debinding, a mercury porosimeter (Autopore II
9220, Micromeritics Instrument Co., USA) was used to
measure the pore size distribution of samples taken at dif-
ferent solvent debinding stages. In addition, the fracture

surface of specimens after being debound for different
periods of time was observed by SEM (Jeol-5200, Jeol,
Japan).

3. Results and discussion
3.1. Rheology and debinding rate

The effect of temperature and shear rate on the visc-
osity of feedstock used in this study is shown in Fig. 2.
It apparently exhibited pseudoplastic flow behavior and
the shear viscosity decrease with the shear rate for all
the working temperature. The decrease in viscosity with
increasing shear rate indicates particle (or binder mole-
cule) orientation and ordering with flow, and may
reflect improved homogeneity. In addition, it has been
suggested that for ceramic injection molding, the shear
rates can vary from 100 to 1000 s~! and the flow rate
during molding requires a viscosity less than 1000 Pa s
[23,24]. Viscosities of feedstocks with PEG binders
match the request.

In the study, water was used as the solvent for
extracting soluble binder PEG from molded compacts.
Fig. 3 shows the effect of debinding temperature on the
extraction of PEG from 30 to 50 °C for various
debinding times. A higher efficiency was achieved as
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Fig. 2. Apparent shear viscosity versus apparent shear rate for feedstock with PEG binder system at different temperatures.
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Fig. 3. Effect of debinding temperature on the weight loss of alumina compact immersed in water for various extractive times.
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Fig. 4. Debinding rate as a function of the debinding time for alumina compacts immersed in water at 30-50 °C.



W.-W. Yang et al. | Ceramics International 29 (2003) 745-756 749

Fig. 5. SEM morphology of cross section near the (a) surface (b) Fig. 7. SEM morphology of cross section near the (a) surface (b)
center for samples as molded. center for samples debound in water at 40 °C for 2 h.

Fig. 6. SEM morphology of cross section near the (a) surface (b) Fig. 8. SEM morphology of cross section near the (a) surface (b)
center for samples debound in water at 40 °C for 5 min. center for samples debound in water at 40 °C for 3 h.
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debinding temperature was increased due to a larger
solubility and diffusivity of PEG in water at higher
temperature. In addition, the debinding rate, deter-
mined from the slopes in Fig. 3, was decreased when the
debinding time increased as showed in Fig. 4.

3.2. SEM observation

Figs. 5-8 show, respectively, the morphology of the
outer edge and center of green part and samples
debound in the water bath at 40 °C for different periods
of time. For 5-min solvent-debound parts, the mor-
phology at the outer edge, as shown in Fig. 6(a),
demonstrates that pores with different sizes were
formed. Some were interparticle pores and some were
within the binders, indicating that the soluble binder
(PEG) had been extracted. Similar examinations were
also made for the center region of fractured specimens.
Fig. 7(b) shows that there was still no pore generated in
the center region of the specimen after being debound
for 2 h, indicating that the PEG still did not dissolve at
this time. Some pores were not observed in the center
region until the end of 3 h debinding, as demonstrated
in Fig. 8(b). The consequences indicate that the PEG

0.16

dissolution started from the surface and progressed
toward the center of the specimen, and 3—4 h were needed
for water to penetrate into the center of the specimen
and interact with the all PEG molecules at 40 °C.

3.3. Pore structure development in debinding

Fig. 9 shows cumulative pore volume vs. pore dia-
meter for samples extracted from the solvent bath at
different periods of time. For green parts, it is observed
that some large pores existed at low mercury pressures.
These cavities were formed due to the pullout of powders
as tensile bars were fractured into smaller pieces. As the
mercury pressure in testing was increased, a series of
small pores were detected.

After debinding for 5 min, as the mercury pressure
was increased, a sharp increase in pore volume was
noted at the pore size of 0.3 um. Following this, there is
a plateau between 0.2 and 0.03 pm, which is the limit of
the detectable pore diameter for the instrument used.
The curve indicates that most pores were between 0.2
and 0.3 um.

When the debinding time increased, the shapes of the
mercury intrusion curves of the samples were similar to
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Fig. 9. Relationship of cumulative pore volume and pore diameter for (a) green part and specimen extracted in water for (b) 5 min, (¢) 30 min, (d) [ h,
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Fig. 10. Relationship of incremental pore volume and pore diameter
for (a) green part and specimen extracted in water for (b) 5 min, (c) 30
min, (d) 1 h, (¢) 2 h, (f)4h, (g) 6 h, (h) 8 h.

that for 5 min debinding. However, the cumulative
volume of pores increased.

Relationship of incremental pore and pore diameter
for specimens extracted in water for different periods of
time is shown in Fig. 10. At the beginning of debinding,
the PEG at the surface of specimen dissolved in water
when alumina compacts were immersed in water, how-
ever, the water did not diffuse into the interior of speci-
men yet, so the distribution of pores was narrow and the
pore size was almost near 0.3 um. [Fig. 10(b)].

As the debinding time increased (30 mins—1 h), as the
results of fine pores generated at the beginning, water
molecules could diffuse into the interior of specimen gra-
dually and some small pores could be observed, however,
the distribution of pores did not broaden obviously.

As the debinding time continued to 2 and 3 h, the
solvent-debound depth increased as observed by SEM,
more water penetrated into the binder and thus more
fine channels were formed. The pore size and pore
volume increase and the distribution of pores broaden
obviously. It showed that the interconnected pore
channel was formed at this moment.

3.4. Dimension change

Fig. 11 shows the length and temperature changes of
alumina specimens after being immersed in water at
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Fig. 11. The changes of length and temperature for alumina compacts immersed in water at 40 °C for different periods of time.
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40 °C for different periods of time. The curve of dimen-
sion change could be divided into four stages. In the
first stage, the parts expanded drastically as soon as they
came into contact with the preheated water. After the
initial sharp expansion, molded compacts expanded
slowly and reached a total expansion of about 0.21%
after 3.5 h debinding. The dimension of the specimen
was unchanged in the third stage. Finally, the parts
shrank drastically when water was drained out.

The sharp dimensional change occurred when the
water was introduced into or drained from the sample
tank corresponding with the temperature change, as
shown in Fig. 11. The sharp increase and decrease at the
beginning and the end of debinding respectively can be
assumed to be as a result of thermal expansion.

In contrast to the thermal expansion in the first stage,
the cause of mild expansion in the second stage could be
related to the debinding. It has been postulated that
dissolution of binder is a slow process that occurs in two
stages [25]. First, solvent molecules slowly diffuse into
the binder to produce a swollen gel. If the molecular
interaction is large because of cross-linking, crystal-
linity, or strong hydrogen bonding, then swelling of the
binder results. If the attraction between the polymer and
solvent is larger than the interaction between polymers,

then the second stage of binder dissolution can take
place. Here the gel gradually disintegrates into a true
solution.

The binder system used in the experiment was com-
posed of PEG4000, PE wax and SA. The effect of SA
was ignored because the quantity of SA was very small.
Fig. 12 shows the length changes of the pure PE wax
specimens after being immersed in water, ranging from
room temperature to 40 °C. There was no swelling
except thermal expansion, the expansion in the second
stage therefore must have been due to the interaction
between PEG and water.

In addition, the dimensional variation as indicated in
Fig. 11, reached a stable value after being debound for
3.5 h. It matched the time needed for water to penetrate
into the center of the specimen and interact with the
PEG molecules as observed by SEM.

3.5. Debinding mechanism

According to the above results that water slowly dif-
fused into the PEG to produce a swollen gel at the begin-
ning when water was used as the solvent for extracting
soluble binder PEG. If the attraction between the PEG
and water molecules is larger than the interaction
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Fig. 12. The length changes of pure PE wax compacts immersed in water for different periods of time at different temperatures.
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between polymers, the second stage of binder dissolution
can take place. Here the gel gradually disintegrates into a
true solution and the absorbed water content now could
be defined as equilibrium water content (EWC) [26].

weight of swollen gel — weight of dry gel
weight of swollen gel

EWC =

Surface

Diffusion out of PEG +—

Water content
High

EWC

The PEG starts dissolving when the water concentration
in PEG gel is larger than the EWC of PEG.

Based on the in situ evaluation results of dimensional
variations, mercury intrusion data and SEM obser-
vations as presented earlier, possible solvent debinding
mechanism for alumina injection molded compacts with
water-soluble binders is discussed as follows.

Particle

Binder

(b)

Fig. 13. The schematics of binder distributions at the (a) as-molded and (b) initial of solvent debinding based on water extraction.



754 W.-W. Yang et al. | Ceramics International 29 (2003) 745-756

3.5.1. Initial stage expansion, water diffused into the PEG to produce a

As molded parts were immersed in the solvent bath, swollen gel and the swollen force expands the specimen.
parts expanded drastically as soon as the parts came When the water content in PEG gel was larger than the
into contact with preheated water as a result of the EWC of PEG, the PEG started dissolving. The water
temperature increase. After the initial sharp thermal content decreased with the depth of specimen because

Fine pore channel

Water content

High

Surface Center
(b)

Fig. 14. The schematics of binder distributions at the (a) intermediate and (b) final stages of solvent debinding based on water extraction.
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the water diffused into the specimen from the exterior to
interior slowly through the pores. Only PEG at the sur-
face began dissolving into the solvent at this stage, and
fine pore channels were left behind [Fig. 6(a)]. The dis-
tribution of pores was narrow and the pore size are
almost near 0.3 um [Fig. 10(b)—(d)], as illustrated in
Fig. 13(b).

3.5.2. Intermediate stage

As debinding continued, the PEG molecules would
swell gradually to form gel from the exterior to interior
of the specimen when the PEG molecules came into
contact with water; consequently, the swell forced the
specimen to expand continuously. In addition, the sol-
vent-debound depth increased as observed by SEM.
Fig. 14(a) shows the schematics of binder distributions
at the intermediate stage of solvent debinding. Owing to
the increase of water content in the interior of specimen,
the depth where the water content exceed the EWC
extended and the solvent-debound depth increased with
the debinding time.

Furthermore, new pores continued to form as water
penetrated into the interior of specimen gradually and
provided more binder-solvent interfaces, which could
increase the debinding rate. However, the debinding
rate decreased with the debinding time as shown in
Fig. 4. Since the inter-diffusion distance for the water
and PEG is short in the initial stage, the debinding rate
was quite fast. As debinding proceeded, the pore chan-
nels extended to the inner region of the parts, a longer
diffusion distance slowed down the debinding rate.

3.5.3. Final stage

As the debinding time continued to 2 and 3 h, the
pore size and pore volume increased and the distri-
bution of pores broadened obviously. When water
penetrated into the center of specimen (about 3.5 h) and
the equilibrium between PEG and water was reached,
the total dimensional variation reached the maximum
value and the dimension remained constant (Fig. 11).
Fig. 14(b) shows the schematics of binder distributions
at the final stage of solvent debinding. It shows that the
interconnected pore channels were formed from exterior
to interior, leaving the insoluble binders in the contact
region and the pore channels could serve as escape
paths for decomposed gas during subsequent thermal
debinding for insoluble binders.

4. Conclusions

During solvent debinding based on water extraction,
the molded parts expanded drastically as soon as the
parts came into contact with preheated water as a result
of temperature increase. Then the PEG molecules would
swell gradually to form gel from exterior to interior of

the specimen when the PEG molecules came into con-
tact with water, consequently, the swell forced the spe-
cimen to expand continuously. When the water content
in PEG gel was larger than the EWC of PEG, the PEG
started dissolving.

As debinding continued, owing to the increase of
water content in the interior of specimen, the depth
where the water concentration exceed the EWC extend
and the solvent-debound depth increased with the
debinding time.

As the debinding time continued to 2 and 3 h, the
pore size and pore volume increased and the distri-
bution of pores broadened obviously. When water
penetrated into the center of specimen (about 3.5 h) and
the equilibrium between PEG and water was reached,
the total dimensional variation reached the maximum
value and the dimension remains constant. It shows that
the interconnected pore channels were formed from
exterior to interior, leaving the insoluble binders in the
contact region and the pore channels could serve as
escape paths for decomposed gas during subsequent
thermal debinding for insoluble binders.
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