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Abstract −−−−The conventional debinding process in metal injection molding (MIM) is critical, environmentally unfriendly
and time consuming. On the other hand, supercritical debinding is thought to be an effective method appropriate for
eliminating the aforementioned inconvenience in the prior art. In this paper, supercritical debinding is compared with
the conventional wicking debinding process. The binder removal rates in supercritical CO2 have been measured at
333.15 K, 348.15 K, and 358.15 K in the pressure range from 20 MPa to 28 MPa. After sintering, the surface of the
silver bodies were observed by using SEM. When the supercritical CO2 debinding was carried out at 348.15 K, all the
paraffin wax (71 wt% of binder mixture) was removed in 2 hours under 28 MPa and in 2.5 hours under 25 MPa. We
also studied the cosolvent effects on the binder removal rate in the supercritical CO2 debinding. It was found that the
addition of non-polar cosolvent (n-hexane) dramatically improves the binder removal rate (more than 2 times) for the
paraffin wax-based binder system.
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INTRODUCTION

Metal injection molding (MIM) is used to make metallic parts
that cannot be readily produced by conventional material forming
processes. It is a net-shape process and can be used to produce parts
with complex geometries. In addition to being a cost-effective alter-
native for cast or forged and machined parts, MIM enables one to
mass produce complex-shaped parts that are difficult to machine
by conventional methods [German, 1987; Hens, 1990]. Complex
shapes that are produced using the MIM process can be formed in-
expensively to nearly full-density through the use of a polymer-pow-
der combination. Because high density can be achieved, the MIM
process has the ability to mould high-performance engineering ma-
terials [Tam et al., 1997]. Moreover, those parts are not necessary
to any secondary machining processes. Despite the numerous ad-
vantages offered by the MIM process, several limitations exist that
increase the complexity of the process. The debinding of MIM com-
ponents is time-consuming and brings about defects, which affect
properties of the sintered parts because of capillary force [Chartier
et al., 1995], especially when the sizes of the powders used become
relatively small (<5µm) [Shivashankar and German, 1999]. Further-
more, the production of a thick cross-section causes problems for
the MIM process, in that the removal of the binder can be difficult.

Therefore, alternative techniques are needed to produce defect-
free green bodies and to reduce debinding time. For these pur-
poses, recently, the studies on the debinding method using super-
critical CO2 are intensively investigated [Chartier et al., 1995, 1999;
Shimizu et al., 1996; Milke et al., 2001; Rei et al., 2001]. The ex-

traction of binders by supercritical fluids, which can penetrate qu
ly into the inside of the green metal bodies with high diffusivity a
density, appears to be an interesting alternative to reduce debin
time and to avoid the creation of defects.

In this paper, supercritical debinding method is investigated 
compared with conventional wicking debinding process. Wax-ba
binder system is used in this experiment. The binder removal r
in supercritical CO2 have been measured at 333.15 K, 348.15
and 358.15 K in the pressure range from 20 MPa to 28 MPa. A
sintering, the surfaces of the silver bodies were observed by u
SEM. We also studied the cosolvent effects (methanol, n-hexane)
on the binder removal rate in the supercritical CO2 debinding. The
diffusivities of paraffin wax in supercritical CO2 were calculated
by the Fick’s second law and compared with experimental da

EXPERIMENTAL

The schematic diagram of the equipment used for supercri
debinding is shown in Fig. 1. This apparatus was designed to c
out supercritical debinding experiments in the temperature up
373.15 K and pressure up to 30 MPa. The extraction vessel 
made of 316 stainless steel and had an internal volume of app
mately 300 cm3. In the middle part of the cell, Pyrex glass win
dows of 18 mm thickness was placed to allow visual observa
of the debinding procedure. A duplex high-pressure pump (NP
321, Nihon Seimitsukagaku Co., Ltd., JAPAN; Max. flow rate 
17.4 ml/min) was used to feed CO2 continuously from a liquid CO2
cylinder, via a pre-heater, to the extraction vessel in which the g
part (i.e., injection molded part before debinding) is loaded o
basket. A simple thermostatic air bath was used to maintain the
tem temperature constant within ±0.5 K. The temperature in the 
sel was measured with a K-type thermocouple and a digital ind
tor (OMEGA Co.) which was calibrated by KRISS (Korea Ins
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tute of Standards and Science) with an uncertainty of ±0.1 K. The
pressure in the cell was measured by a pressure transducer (SEN-
SOTEC model TJE/0743-06TJA) and digital indicator (SENSO-
TEC model L20000WM1) which was calibrated by a dead weight
gauge (NAGANO KEIKI PD12) with a measuring accuracy of
±0.005 MPa. The system pressure was regulated within ±0.05 MPa
by using a back-pressure regulator (TESCOM model 26-1722-24)
which is located after the extraction vessel. The samples used in
these binder removal experiments were injection molded metal green
parts of 19 mm length, 3 mm thickness that is used as a milling in-
sert. The green parts were composed of tungsten carbide-10 wt%
cobalt powder (of average size 1.24µm), which were purchased
from Taegu Tec. Ltd., KOREA, and binder materials (5 wt% of the
green part). The composition of the binder materials is given in Table
1. In the extraction vessel, paraffin wax contained in the green part
was dissolved and extracted by the supercritical CO2. Then the sup-

ercritical fluid containing paraffin wax was expanded to atmosph
pressure after passing through the back-pressure regulator to a
rator. In the separator, the paraffin wax was separated from CO2 gas
and accumulated on the bottom. The amount of CO2 consumed was
determined by a dry gas meter. The flow rate of CO2 gas during
the experiments was fixed to 1 L/min for all runs. In case of the 
perimental runs for investigating the cosolvent effects, n-hexane or
methanol was fed to the extraction vessel by means of a high-p
sure pump (NP-S-321, Nihon Seimitsukagaku Co., Ltd., JAPA
Max. flow rate of 8.7 ml/min). We used n-hexane as a non-polar
cosolvent and methanol as a polar cosolvent. They were purch
from Merck chemical company and their purities were 99.8% a
100%, respectively. The amount of binder removed was determ
by measuring the weight of the debinded sample with a preci
balance (Ohaus, model E04130). Then the brown part (i.e., in
tion molded part after debinding) was sintered at 1,673 K for 2
under vacuum conditions. After sintering, the surface of the si
part (i.e., injection molded part after debinding and sintering), s
as pores and clacks, was observed by using SEM.

RESULTS AND DISCUSSION

1. Comparison of Supercritical Debinding with Wicking De-
binding

Fig. 2 shows the extraction procedure of paraffin waxes fr
injection molded parts to the supercritical CO2. As can be seen in
this figure, liquid wax that looks like an island appeared on the s
face of the green part until 40 minutes under 25 MPa, 348.15
and then it dissolved gradually into solvent (supercritical CO2). After
1 hour, it was shown that the liquid island presented on the sur
entirely disappeared. In Fig. 3, the supercritical CO2 debinding was
compared with the wicking debinding, which is a conventional d
binding. In this figure, the experimental data of wicking debindi
was supplied by Park who works at Ceramic Processing Cent
KIST. As shown in Fig. 3, wicking debinding takes more than 
hours at high temperatures up to 723 K. On the other hand, the
ercritical CO2 debinding needs only 2 hours for the same mold
part at 348 K. Despite the fact that supercritical debinding need
auxiliary process which is carried out in a furnace to remove 
remaining polymer material in the injection molded body, it w
found that the debinding time could be much more reduced c
pared with conventional debinding.
2. Effect of the Solubility on Supercritical Debinding

Fig. 4 shows the comparison of the binder removal rate of bin
A (paraffin- wax based binder system) with binder B (microcry
talline-wax based binder system). As can be seen in this figure, 

Fig. 1. A schematic diagram of the experimental apparatus.
1. CO2 cylinder 9. Air bath
2. High pressure pump 10. Pressure transducer
3. Cooling circulator 11. Rupture
4. Pre-heater 12. Back-pressure regulator
5. Cosolvent reservoir 13. Separator
6. Extraction vessel 14. Rotameter
7. Metal sample 15. Dry gas meter
8. Thermocouple 16. Precision balance

Table 1. Characteristics of polymer and additives in binder A and
binder B

Composition (wt%)
Density
(g/cm3)

Melting
point (K)

Binder A Paraffin waxa 71.3 0.82-0.85 339.15-342.15
LDPEb 23.2 0.90-0.94 371.15-388.15
Stearic acid 5.5 0.84 340.15-342.15

Binder B Microcrystalline waxa 71.3 0.84-0.87 350.15-353.15
LDPEb 23.2 0.90-0.94 371.15-388.15
Stearic acid 5.5 0.84 340.15-342.15

aMajor binder: it should be removed in molded part during debind-
ing.
bMinor binder: it should remain in molded part after debinding.

Fig. 2. The photographs for the binder removal procedure in sup-
ercritical CO2 debinding process, which were taken through
the windows in extraction vessel (T=348.15 K, P=25 MPa).
Korean J. Chem. Eng.(Vol. 19, No. 6)
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wt% of the binder (i.e., 99.4% of the paraffin wax) was removed
in 2.5 hours, but microcrystalline wax was removed only 36.3 wt%
of the binder (i.e., 51 wt% of the paraffin wax) in 6 hours, at above
its melting point condition (350.15-353.15 K). In a related study,
Takishima et al. [1991] measured the removal rate of paraffin wax
and microcrystalline wax in supercritical CO2 at 343.15 K, 25 MPa.
Their data showed that all the paraffin wax was removed in 2 hours,

while only 20% of the microcrystalline wax was removed at t
same condition. Their results were very similar to ours. These re
could be interpreted by the molecular characteristics of paraffin wa
and microcrystalline waxes. Paraffin waxes consist predomina
of mixtures of straight-chain alkanes. Therefore, dispersion inte
tions with non-polar molecules dominate the solubility behavior [F
ter et al., 1993]. In the case of microcrystalline waxes, it appe
that dispersion interactions are lower than paraffin waxes, bec
they consist of strong-branched isoparaffins and naphthenes
this reason, paraffin wax is much more soluble than microcrys
line wax in non-polar solvent such as supercritical CO2.

Fig. 3. Comparison of the time consumed in debinding diagram
between supercritical debinding and wicking debinding :
(—) supercritical debinding (28 MPa, 348.15 K), (---) wick-
ing debinding.

Fig. 4. Comparison of the binder removal rate of paraffin-wax
based binder system (binder A) with microcrystalline-wax
based binder system (binder B) at 25 MPa: (�), (�) T=
348.15 K; (� ) T=358.15 K.

Fig. 5. Effect of the pressure on binder removal rate at constant
temperature at 348.15 K, binder A system.

Fig. 6. Effect of the temperature on binder removal rate at 25
MPa, binder A system.
November, 2002
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3. Effects of Temperature and Pressure on Supercritical De-
binding

Fig. 5 shows the effect of pressure in binder removal at same tem-
perature. At constant temperature, the increase in pressure enhances
binder removal rate. Because an increase in pressure while holding
temperature results in enhancing the density of supercritical CO2,
so the solubility of wax increases. For 1hour extraction at 348.15 K
under 20, 25 and 28 MPa, the binder removal rate was 52 wt%, 60
wt%, and 63 wt%, respectively. Fig. 6 shows the effect of tempera-
ture in binder removal at same pressure. This figure shows that de-
binding should be performed at a temperature higher than the melt-
ing point of used wax (paraffin wax of the melting point about 340
K). It is important to recognize, if the debinding temperature is lower
than melting point, solubility of paraffin wax decreases because par-
affin wax is not whole liquid state. In the case of polymeric ma-
terials, extractions should be conducted at temperatures greater than
the glass transition temperature at which the polymer free volume is
increased [Taylor, 1996]. But, if the debinding temperature is higher
than the melting point, as the temperature increases binder removal
rate will be affected simultaneously by decreasing density of the
solvent and increasing volatility of the solute. As can be seen in Fig.
6, binder removal rate decreased as the debinding temperature in-
creased above the melting point. From this result, it was found that
binder removal rate was affected by decreasing density of the sol-
vent (supercritical CO2) rather than increasing volatility of the wax.
4. Effect of the Cosolvent on Supercritical Debinding

One popular method of enhancing the solvent power of super-
critical CO2 is adding small amount of organic cosolvent [Muthu-
kumaran et al., 1999; Noh et al., 1995], such as methanol (polar co-
solvent) or n-hexane (non-polar cosolvent). Fig. 7 shows the effect
of cosolvent on binder removal rate in supercritical CO2. As shown
in this figure, supercritical CO2 with 5 wt% n-hexane (increasing
the non-polarity of fluid) removes 69.8 wt% of the binder (i.e., 98%
of the paraffin wax) in 1 hour at 348.15 K, 25 MPa. But, in the case

of using 5 wt% methanol as a cosolvent (increasing the polarity
fluid), the binder removal rate was lower than using supercrit
CO2 only. The paraffin wax consists predominantly of mixtures 
straight-chain alkanes. The solubility behavior of paraffin wax
terms of molecular interactions will be dominated by its large h
drocarbon structure (i.e., dispersion interaction). The fact that
solubility of paraffin wax is higher in n-hexane than methanol in-
dicates that the solubility of paraffin wax is affected by the disp
sion interactions [Dobbs et al., 1987; Foster et al., 1993].
5. The Evaluation of Diffusivity

The diffusivity of a soluble wax through a porous green part w
evaluated by the Fick’s diffusion-based model. We assumed 
green part is slab form with thickness l. Also, under the assumption
that diffusivity of the solute is constant and diffusing solute com
out through the slab faces and a negligible amount through the e
At first, the data analysis followed in the same manner as the 
cedure described by Nishikawa et al. [1991]. The diffusion of a so
can be described according to Crank [1975] and Shewmon [19
by Eq. (1).

(1)

Where C is the solute concentration in green part and D is
diffusivity of the solute. The boundary conditions to be assum
are

C=C0 for 0<x<l, at t=0
C=0 for x=l and x=0, at t>0

In the case of a slab, the local content of solute remaining in
green body after some time t of extraction can be expressed

(2)

It is often difficult to determine the concentration at various dep
and what is experimentally determined is the quantity of solute, w
has been extracted, or the quantity remaining in the green part
this purpose the average concentration  is needed, and is obt
by intergrating Eq. (2):

(3)

For a long duration of supercritical debinding (t>>0), the fir
term in the right hand side of Eq. (3) shows much larger than
summation of the remaining terms, and hence, the fraction ca
approximated by Eq. (4).

(4)

The values of D are determined by using Eq. (4) by inserting
perimental values of average concentration ( ) at time t and ln(0)
plotting with time. Then the diffusivities (D) can be obtained fro
the slope of the plot. Table 2 shows the densities and the diffu
ties determined in this work at supercritical conditions. The den
of pure CO2 at a given temperature and pressure was calculated 

∂C
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Fig. 7. Effect of the cosolvent on binder removal rate in supercrit-
ical debinding at 348.15 K, 25 MPa.
Korean J. Chem. Eng.(Vol. 19, No. 6)
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the equation of state by Angus et al. [1976]. This shows that dif-
fusivity increases with an increase in pressure at constant tempera-
ture. Fig. 5 and Fig. 6 show that theoretical curves calculated with
Eq. (3) by inserting diffusivities (D) obtained above are in good agree-
ment with the measured data. In general, binder removal rate is af-
fected by the diffusivity of wax, because solute diffusion will proba-
bly govern the overall rate of mass transfer. Therefore, the diffu-
sion of supercritical CO2 might have relatively small effect on the
rate of mass transfer [McHugh and Krukonis, 1994].
6. The Analysis of the Sintered Parts Surfaces

After debinding of the two samples--one is debinded by super-

critical method and the other one is by wicking method--they w
sintered at 1,673 K for 2 hours under vacuum conditions. The 
crographs of two surfaces of the silver parts are compared in F
As can be seen in these figures, the sample from wicking deb
ing has a few pores or cracks but that from supercritical debind
has no defects.

CONCLUSION

In this paper, supercritical debinding is compared with conv
tional wicking debinding process. Wax-based binder system is u
in this experiment. The binder removal rate in supercritical CO2 has
been measured at 333.15 K 348.15 K, and 358.15 in the pres
range from 20 MPa to 28 MPa. After sintering, the surface of 
silver bodies was observed by using SEM. When the supercri
CO2 debinding was carried out at 348.15K, almost all the wax (ab
71 wt% of binder) was removed in 2 hours under 28 MPa, and
hrs under 25 MPa. We also studied the cosolvent effects (meth
n-hexane) on the binder removal rate in the supercritical CO2 de-
binding. It was found that the addition of non-polar cosolvent n-
hexane) dramatically improves the binder removal rate (more t
2 times) for the paraffin wax-based binder system. The diffusivi
of paraffin wax in supercritical CO2 were calculated by Fick’s dif-

Table 2. Density-diffusivity relationship for binder removal in
supercritical debinding

Temp.
(K)

Pressure
(MPa)

Binder
removal for
1 hr (wt%)

Density of
supercritical
CO2 (g/cm3)

Diffusivity
(m2/s)

348.15 28 63.44 0.74595 3.65×10−10

348.15 25 59.93 0.71292 2.74×10−10

348.15 20 51.94 0.62824 1.82×10−10

358.15 25 60.19 0.66247 2.24×10−10

333.15 25 22.64 0.78774 5.29×10−11

Fig. 8. SEM micrographs for the surfaces of the silver parts sintered at 1,673 K for 2 hrs. The silver part debinded by (a) wicking method;
(b) supercritical method.
November, 2002
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fusion model.
In conclusion, supercritical CO2 debinding may offer a short de-

binding time and safe working environment as an alternative to the
current conventional debinding methods, such as the solvent extrac-
tion or thermal debinding.
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