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ABSTRACT

The metal injection mold (MIM) process is the most cost effective, high-

est quality means to produce complex shaped, high performance parts. In

the MIM process, debinding is a key step for successful MIM. However,

the conventional debinding processes, which are thermal debinding and

solvent debinding, have disadvantages that include long product develop-

ment times, and harm to the environment. Therefore, the study of super-

critical CO2 that can be used as solvent for debinding, a new debinding

technology as substitute for a conventional technology, was considered.

In this paper, we used two methods to investigate a method for reducing

debinding time as well as lowering operation condition other than pure
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ORDER                        REPRINTS

supercritical CO2 debinding: the first method was to add cosolvent in

supercritical CO2, the second method was to use the mixture of propaneþ

CO2, as the supercritical solvent. It was found that the addition of cosol-

vents and the use of binary mixture propaneþ CO2 for supercritical

solvent remarkably improved the binder removal rate, in comparison

with using pure supercritical CO2.

Key Words: Supercritical CO2 debinding; Wicking debinding; Metal

injection molding; Cosolvent; Propane.

INTRODUCTION

Metal injection molding (MIM), is a method for the production of real

net-shaped parts from metallic powders.[1,2] Complex shapes produced

using the MIM process can be formed inexpensively to nearly full-density

through the use of a polymer–metal powder combination; therefore, any

secondary machining processes are not necessary. One key component in

the MIM process is the binder used to provide the powders with sufficient

fluidity for injection molding.[3] But binder has to be removed prior to sinter-

ing. This process is called debinding; it is one of the most critical steps in the

MIM process[4] because distortion or cracking of the surface of the molded

part can take place during the debinding process. Therefore, debinding

takes the major part of the processing time and is a serious drawback of the

MIM technology. For these purposes, new debinding technology[5,6] has

been studied in order to find an alternate way to remove the binder from the

MIM parts as fast and environmentally friendly as possible. One of the new

debinding technologies is supercritical CO2 debinding and, recently, its

study is very actively being investigated.[7–9] In general, because a supercriti-

cal fluid has a diffusion speed approaching that of gas, it has good penetrating

and carrying properties, and because it has a strong solvency owing to its den-

sity, which is similar to that of liquid, it is very effective in extracting a binder

from porous materials. In addition, because solvency is varied according to

changes of temperature and pressure, it is possible to selectively extract a bin-

der from other materials.

In this work, the mixture of a paraffin wax of a low molecular weight

(MW), 300–400MW, and low density poly ethylene (LDPE) were used as

the major and minor binder, respectively. Among the binders, paraffin wax

should be removed from a molded part in the debinding process, however,

the LDPE should remain in the molded part after debinding, in order to com-

bine metal powders with each other and maintain the shape of the molded part.

In our investigation, first, the binder removal rates in supercritical CO2 were

Kim et al.1968
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ORDER                        REPRINTS

measured at 333.15, 348.15, and 358.15K in the pressure range from 20 to

28MPa. In addition, we compared the debinding time of the supercritical

CO2 method with that of wicking debinding (one of the conventional debind-

ing methods). Second, we used two methods in order to enhance the binder

removal rate relative to the pure supercritical CO2 debinding method. (1)

We experimented with adding cosolvents in supercritical CO2. One popular

method of enhancing the solvent power of supercritical CO2 is adding a

small amount of organic cosolvent.[10,11] We used cosolvents such as n-

hexane, dichloromethane, methanol, and 1-butanol, in this work. (2) We

used a binary mixture of propaneþ CO2, as supercritical solvent, because pro-

pane has a strong solubility for nonpolar organic materials. Propane has higher

solvent power, but it is relatively expensive and flammable, on the other hand,

CO2 has lower solvent power than propane, but it is nonflammable and inex-

pensive. A binary mixture of the two compounds may have good potential as

alternative supercritical solvent. In this work, the kinetic of supercritical

debinding was explained using Fick’s second law.

THEORY

Calculation of Critical Temperatures and Pressures of

Propane1CO2 Mixture

In order to use a binary mixture of propaneþ CO2, as supercritical sol-

vent, we had to calculate the critical point of propaneþ CO2 mixtures first.

In this work, we accepted an equation-of-state method[12–15] for calculating

critical pressures using critical temperatures and volumes. By using the

equation of Redlich and Kwong[13] together with the previously established

correlation for critical temperatures and critical volumes, we calculated criti-

cal pressures and compared them with experimental data that are taken from

Poettmann and Katz.[12] The results appear in Fig. 1, the average deviation for

the critical pressure between calculated data and data of Poettmann was 6.5%.

We could know through this figure conditions of this work, pressure ranging

from 15 to 25MPa at 348.15K, satisfied the supercritical condition of binary

mixtures.

Evaluation of Diffusivity

The diffusivity of a soluble wax through a porous injection molded part is

evaluated by the Fick’s diffusion-based model. We assumed that injection

molded part is slab form with thickness l. We also assumed that diffusivity

Removal of Paraffin Wax Binder from MIM 1969
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ORDER                        REPRINTS

of solute is constant and diffusing solute comes out through the slab faces and

a negligible amount through the edges. The diffusion of a solute can be

described according to Crank[16] and Shewmon[17] by Eq. (1)

@C

@t
¼ D

@2C

@x2
ð1Þ

where C is the solute concentration in a green part and D is the diffusivity of

the solute. The boundary conditions to be assumed are

C ¼ C0 for 0 , x , l; at t ¼ 0

C ¼ 0 for x ¼ l and x ¼ 0; at t . 0

In the case of a slab, the local content of solute remaining in a green body after

some time t of extraction can be expressed by

cðx; tÞ ¼
4c0

p

X

1

n¼0

1

2nþ 1
exp

ÿDð2nþ 1Þ2p2t

l2

� �

sin
ð2nþ 1Þpx

l
ð2Þ

Figure 1. Critical locus of propaneþ CO2 and experiment condition of this work.

Key: W, data of Ref. [12]; X and —, predicted.

Kim et al.1970
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ORDER                        REPRINTS

It is often difficult to determine the concentration at various depths, and what

is experimentally determined is the quantity of solute, which has been removed,

or the quantity remaining in an injection-molded part. For this purpose, the aver-

age concentration c̄ is needed. This is obtained by integrating Eq. (2)

cðtÞ ¼
1

l

ðl

0

cðx; tÞdx ¼
8c0

p2

X

1

n¼0

1

ð2nþ 1Þ2
exp

ÿDð2nþ 1Þ2p2t

l2

� �

ð3Þ

c

c0
¼

8

p2

X

1

n¼0

1

ð2nþ 1Þ2
exp

ÿDð2nþ 1Þ2p2t

l2

� �

ð4Þ

for a long duration of supercritical debinding (t � 0), the first term in the right

hand side of Eq. (4) shows much larger than the summation of the remaining

terms, and hence, the fraction can be approximated by

c

c0
¼

8

p2
exp

ÿDp2t

l2

� �

ð5Þ

ln
c

c0

� �

¼ ln
8

p2

� �

ÿ
Dp2

l2

� �

t ð6Þ

A plot of ln(c̄/c0) vs. time, therefore, tends to become linear at longer

times and this expression can be used to determine D values

EXPERIMENTAL APPARATUS AND PROCEDURE

The schematic diagram of the equipment used for supercritical debinding is

shown in Fig. 2. This apparatus was designed to carry out supercritical debind-

ing experiments in temperatures up to 373.15K and pressure up to 30MPa. The

extraction vessel was made of 316 stainless steel and had an internal volume of

approximately 300 cm3. In the middle part of the cell, Pyrex glass windows of

18mm thickness were placed to allow the visual observation of the debinding

procedure. A duplex high-pressure pump (NP-D-321, Nihon Seimitsukagaku

Co., Ltd., Japan; maximum flow rate of 17.4mL/min) was used to feed CO2

continuously from a liquid CO2 cylinder, via a preheater, to the extraction vessel

in which the metal sample (molded part) is loaded on a basket. In cases using a

mixture of propaneþ CO2, a mixed fluid of supercritical CO2 and propane with

an appropriate mixture ratio was put in a cylinder of the debinding apparatus,

the weight ratio of propane ranged from 10 to 50wt%. A simple thermostatic

air bath was used to maintain the system temperature constant within

+0.5K. The temperature in the vessel was measured with a K-type thermo-

couple and a digital indicator (OMEGA Co.), which was calibrated by

KRISS (Korea Institute of Standards and Science) with an uncertainty of

Removal of Paraffin Wax Binder from MIM 1971
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+0.1K. The pressure in the cell was measured by a pressure transducer (SEN-

SOTEC model TJE/0743-06TJA) and digital indicator (SENSOTEC model

L20000WM1), which were calibrated by a dead weight gauge (NAGANO

KEIKI PD12) with the measuring accuracy of+0.005MPa. The system pres-

sure was regulated within+0.05MPa by using a back-pressure regulator (TES-

COM model 26-1722–24), which is located after the extraction vessel. The

composition of binder materials is given in Table 1. The samples used in

these binder removal experiments were injection molded metal part of 21mm

length, 10mm width, and 3mm thickness, the ratio of the area and thickness

is 70mm, used as a watchband (Fig. 3) and their average weights were about

Figure 2. A schematic diagram of the experimental apparatus.

Table 1. Characteristics of the binder system used.

Composition (wt%)

Density

(g/cm3) Melting point (K) MW

Paraffin waxa (71.3) 0.82–0.85 339.15–342.15 800–900

LDPEb (23.2) 0.90–0.94 371.15–388.15 50,000–100,000

Staric acid (5.5) 0.84 340.15–342.15 284

aMajor binder: it should be removed in during debinding.
bMinor binder: it should remain after debinding.

Kim et al.1972
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2.24 g. The green parts were composed of tungsten carbide (WC)–nickel (Ni)

powder (TaeguTec Ltd., Korea), its particle size was 1.31mm, and binder

materials (5wt% of the molded part), its weight was 0.112+ 0.001 g. In the

extraction vessel, a paraffin wax contained in the molded part was dissolved

and extracted by the supercritical CO2 (in cases using pure supercritical

CO2). Then the supercritical fluid containing a paraffin wax was expanded to

an atmospheric pressure after passing through the back-pressure regulator to a

separator. 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 108 g/hr for all runs. In case of the experimental runs for investigating

the cosolvent effects, n-hexane, dichloromethane, methanol, and 1-butanol were

fed to the extraction vessel by means of a high-pressure pump (NP-S-321,

Nihon Seimitsukagaku Co., Ltd., Japan; maximum flow rate of 8.7mL/min).

We used n-hexane, dichloromethane, methanol, and 1-butanol as cosolvents.

The source and purity of the chemicals used in this study are listed in Table 2.

In this work, we selected the binary mixture propaneþ CO2 in order to use pro-

pane, which has strong solubility for nonpolar organic material (e.g., paraffin

wax). The propane was purchased from MG Industry and its purity was

99.5%. The amount of binder removed was determined bymeasuring the weight

of the debinded sample with a precision balance (Ohaus, model E04130).

Figure 3. Injection molded part (watchband).

Removal of Paraffin Wax Binder from MIM 1973
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RESULTS AND DISCUSSION

Use of Supercritical CO2 in Debinding Process

Comparison of Supercritical Debinding with Wicking Debinding

The supercritical CO2 debinding was compared with the wicking debind-

ing, which is one of the conventional debinding techniques, in Fig. 4. In Fig. 4,

the experimental data of wicking debinding was supplied by Park[18] of the

Ceramic Processing Center in KIST. As shown in Fig. 4, wicking debinding

takes more than 15 hr at high temperatures up to 723K. On the other hand,

the supercritical CO2 debinding needs only 2 hr for the same molded part at

348K and 28MPa. Despite supercritical debinding requiring an auxiliary pro-

cess, which is carried out in a furnace to remove remaining polymer material

in the injection molded part, it was found that the debinding time could be

much more reduced compared to the wicking debinding process in KIST.

Effect of Temperature and Pressure on Supercritical Debinding

Figure 5 shows the effect of pressure in binder removal at the same

temperature. At constant temperature, the increase in pressure enhances

binder removal rate. Because an increase in pressure while holding temp-

erature results in enhancing the density of supercritical CO2, so the solubi-

lity of wax increases. For 1 hr extraction at 348.15 K under 20, 25, and

28MPa, the amount of binder removal was 52, 60, and 63 wt%, respect-

ively. Figure 6 shows the effect of temperature in binder removal at similar

pressures. This figure shows that the supercritical fluids debinding should

be performed at the temperature higher than the melting point of used

wax (paraffin wax of the melting point about 340 K). It is important to

recognize, if the supercritical fluids debinding temperature is lower than

melting point, the solubility of paraffin wax decreases because paraffin

Table 2. Source, purity, and solubility parameter of the chemicals used in this study.

Chemical Source Purity (%)

Solubility parameter[23]

(J1/2/cm3/2)a

n-Hexane MALLINCKRODT 99.8 7.24

Dichloromethane MALLINCKRODT 99.9 9.93

Methanol J. T. Baker 100 14.28

1-Butanol KANTO 99.0 11.30

aAt 298.15K.

Kim et al.1974
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ORDER                        REPRINTS

wax is not in the liquid state. 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 does not increase as the debinding temperature increased above

348.15 K. From this result, it was found that binder removal rate was

affected by decreasing density of the solvent (supercritical CO2) rather

than increasing volatility of the wax. Figures 5 and 6 show that theoretical

curves calculated with Eq. (4) are in good agreement with the measured

data. In general, binder removal rate is affected by diffusivity of wax,

because solute diffusion will probably govern the overall rate of mass

transfer. Therefore, the diffusion of supercritical CO2 might have relatively

small effect on the rate of mass transfer.[19]

Use of Cosolvent in Supercritical CO2 Debinding

Effect of Changing Cosolvent Identities in Supercritical CO2 Debinding

In the supercritical state, the solvent power could be enhanced by adding

cosolvent due to the modification of density and nature of the solvent. For this

Figure 4. Comparison of the time consumed in debinding between supercritical

debinding and wicking debinding: (—) supercritical debinding (28MPa, 348.15K),

(---) wicking debinding.

Removal of Paraffin Wax Binder from MIM 1975
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ORDER                        REPRINTS

reason, to enhance the extraction efficiency in the supercritical extraction process,

the method of adding cosolvent is widely used. Figure 7 displays the effect of

different cosolvents, which are used for the enhancement of debinding efficien-

cies, on supercritical CO2. For 1 hr debinding at 348.15K, 25MPa, the binder

removal rates were 69.8% (n-hexane), 63.1% (dichloromethane), 36.4%

(1-butanol), and 51.2% (methanol), respectively. As can be seen in Fig. 7,

the addition of cosolvent such as n-hexane and dichloromethane, which behave

primarily through dispersion force, achieved enhancement of binder removal

rate when compared to pure supercritical CO2. However, methanol and 1-buta-

nol, as polar cosolvent, did not achieve enhancement of binder removal rate com-

pared to pure supercritical CO2. Solubilities of nonpolar solute, paraffin waxes, in

supercritical CO2 can be greatly weakened by decreasing their solvating power

via addition of various polar cosolvents. Therefore, n-hexane is shown to be a

much stronger cosolvent for debinding removed paraffin waxes from an injection

molded part than dichloromethane, methanol, and 1-butanol. For example, in

case of addition of 5wt% n-hexane in the supercritical CO2, the debinding rate

was enhanced more than two times comparing to using only pure supercritical

CO2 under 348.13K, 25MPa. We can explain this reason from the characteristic

Figure 5. Effect of the pressure on binder removal rate at constant temperature at

348.15K. Key: X, 28MPa, W, 25MPa; and P, 20MPa;—, calculated by Eq. (4).

Kim et al.1976
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molecular structure of a paraffin wax. The paraffin wax consists predominantly of

the mixture of straight-chain alkanes. The solubility behavior of a paraffin wax

in terms of molecular interactions will be dominated by its large hydrocarbon

structure (i.e., dispersion interaction). The fact that the solubility of a paraffin wax

is higher in a nonpolar cosolvent than a polar cosolvent indicates that the solubi-

lity of a paraffin wax is affected by the dispersion interactions.[20,21]

Effect Variation of Cosolvent Concentrations and Pressure in

Supercritical CO2 Debinding with Cosolvent

Figure 8 shows the effect of concentrations of dichloromethane, which

behaves as a primarily dispersion force, in supercritical CO2 debinding.

According to Fig. 8, it was found that the debinding time could be further

reduced with increasing concentration of dichloromethane, in other words,

debinding time can be reduced 50% by increasing from 5 to 10wt% concen-

tration of dichloromethane at 348.15K, 25MPa. Table 3 presents values of

diffusivities in each case of variation concentrations under 348.15K,

25MPa. Figure 9 shows the effect of pressure in supercritical CO2 debinding

Figure 6. Effect of the temperature on binder removal rate at 25MPa. Key: X,

358.15K, W, 348.15K; and P, 333.15K;—, calculated by Eq. (4).

Removal of Paraffin Wax Binder from MIM 1977

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

with the constant concentration of a cosolvent. In general, the solvent power

(i.e., solubility of paraffin wax) increases with increasing pressure at constant

temperature, therefore almost all paraffin waxes (71wt% of binder mixture)

were removed in 1 hr at 348.15K, 28MPa, with 10wt% dichloromethane.

Diffusivities in each case of increasing pressure are displayed in Table 4.

This shows that diffusivity will increase with increasing pressure at constant

temperature. This might be explained because higher pressure (density)

enhances the solubility of paraffin wax in the supercritical CO2 and that is

affected by increase solute mass transfer and diffusivity.[22] In Figs. 8 and 9,

solid lines were evaluated by Eq. (4), the experimental results were compared

with theoretical predictions based on the Fick’s diffusion model and the

kinetic of debinding calculated by Fick’s model showed good agreement

with experimental data.

Use of a Binary Supercritical Fluid Mixture

Effect of a Binary Mixture of Propane and CO2, as Supercritical Solvent

Supercritical propane as solvent is more effective than supercritical

CO2; however, it is relatively expensive and flammable. On the other hand,

Figure 7. Effect of cosolvent on binder removal rate in supercritical CO2 debinding

for 1 hr at 348.15K, 25MPa; the concentration of each cosolvent is 5wt%.

Kim et al.1978
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ORDER                        REPRINTS

supercritical CO2 has lower solvent power than supercritical propane, how-

ever, it is nonflammable and very cheap. Therefore, binary mixtures of the

two compounds may have good potential as an alternative supercritical

solvent. The effects of a binary mixture propaneþ CO2 as solvent, which

remove paraffin waxes in metal injection molded part, are depicted in

Fig. 10. In this work, we experimented on various concentration of propane

from 10 to 50wt%. As presented in “Use of supercritical CO2 in debinding

process,” binder removal rate was not enhanced above 348.15K, so tempera-

ture was maintained at 348.15K in this work. Figure 4 shows the effect of pro-

Figure 8. Effect of the concentration of dichloromethane on binder removal rate in

supercritical CO2 debinding at 348.15K, 25MPa; Key: 4, 10wt%, W, 5wt%; X

using the pure SC CO2;—, calculated by Eq. (4).

Table 3. Comparison of diffusivities calculated by the Fick’s law with concentration

of cosolvent.

Temperature

(K)

Pressure

(MPa)

Concentration

(wt%)

Diffusivity

(m2/sec)

348.15 25 10 5.015 � 10210

348.15 25 5 3.492 � 10210

348.15 25 0 2.735 � 10210

Removal of Paraffin Wax Binder from MIM 1979
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ORDER                        REPRINTS

pane weight ratio on the binder removal rate at the experimental condition of

348.15K and 15MPa. As can bee seen in this figure, except for 10wt%

propane mixture, binder removal rate in case of others enhanced remarkably.

To put it more concretely, all paraffin waxes (71wt% of total binder mixture

contained in injection molded part) were removed in 60, 45, 30, and 15min

when the ratio of propane was 20, 30, 40, and 50wt%, respectively. In

case of increasing pressure up to 20MPa at 348.15K, the supercritical CO2

debinding mixed with only 10wt% propane showed a good efficiency, that

Figure 9. Effect of pressure on binder removal rate in supercritical CO2 debinding

with 10wt% dichloromethane at 348.15K. Key: S, 28MPa, O, 25MPa, W,

20MPa; X using the pure SC CO2 at 25MPa; —, calculated by Eq. (4).

Table 4. Comparison of diffusivities calculated by the Fick’s law with pressure at

constant concentration of cosolvent.

Temperature

(K) Cosolvent

Pressure

(MPa)

Diffusivity

(m2/sec)

348.15 10wt% Dichloromethane 28 6.492 � 10210

348.15 10wt% Dichloromethane 25 5.015 � 10210

348.15 10wt% Dichloromethane 20 4.394 � 10210

348.15 None 25 2.735 � 10210

Kim et al.1980
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ORDER                        REPRINTS

is, most paraffin waxes were removed in 90min. This result appears in Fig. 11.

As can be seen in this figure, in each case of the propane weight ratio 20, 30,

40, and 50wt%, all paraffin waxes (71wt% of total binder mixture contained

in injection molded part) were removed in 40, 30, 15, and 5min, respectively.

The last points of the each data mean the time in which debinding was done.

Moreover, we can predict the kinetics of debinding using the diffusion

equation. Figure 12 shows binder removal rate at 348.15K, 25MPa. As

depicted in this figure, most paraffin waxes were removed in 5min at a mixture

of 40% propane–60% CO2. Furthermore, in case of 50% to 50% mixture,

debinding was completed after the lapse of 4min. The results obtained in

this study demonstrated that using binary mixture propaneþ CO2, as super-

critical solvent, is a very effective method, in comparison with using pure

supercritical CO2. In addition, we calculated diffusivities of paraffin wax by

Fick’s law using Eq. (5) and compared them with experimental data. All the

theoretical curves calculated with Eq. (4) are also shown in Figs. 10–12. As

can be seen in these figures, the calculated values represent relatively good

agreement with the experimental data. Diffusivities calculated by Fick’s

model in temperature, pressure, and concentration of propane are each sum-

marized in Table 5. It was believed to us that the method suggested in this

Figure 10. Comparison of binder removal rate with various concentration of propane

at 348.15K, 15MPa. Key: 5, 10wt%,A, 20wt%,W, 30wt%,4, 40wt%,S, 50wt%;

—, calculated by Eq. (4).
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work, that is, using a binary supercritical fluid mixture of CO2þ propane for

debinding in the MIM process is a unique and outstanding method for use as

an alternative to conventional debinding. The experimental results that were

obtained at 348.15K among previous mentioned results described above are

shown in Fig. 13. We could know through this figure not only the method

to add cosolvent but the method to mix propane and CO2 that could further

decrease debinding time as well as lower operating conditions than those of

pure supercritical CO2 debinding.

CONCLUSIONS

The objective of this study was to suggest a supercritical CO2 debinding

and an improved method to supercritical CO2 debinding. In addition, the criti-

cal point of a binary mixture propaneþ CO2 was calculated by the equation-

of-state method, as stated at the theory in the introduction and the diffusivities

were calculated by the Fick’s diffusion model. Good agreement was obtained

between the experimental and the calculated data. It was found from super-

critical CO2 debinding that when the supercritical CO2 debinding was carried

Figure 11. Comparison of binder removal rate with various concentration of propane

at 348.15K, 20MPa. Key: 5, 10wt%,A, 20wt%,W, 30wt%,4, 40wt%,S, 50wt%;

—, calculated by Eq. (4).

Kim et al.1982
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out at 348.15K, almost all paraffin waxes (71wt% of binder mixture) were

removed in 2 hr under 28MPa, and in 2.5 hr under 25MPa, respectively. As

can be seen in results obtained from using an experimental cosolvent, the

supercritical CO2 debinding with n-hexane seems to show the best result

among our results presented in this paper. In this case, almost all waxes

(71wt% of binder mixture) were removed in 1 hr at 348.15K, 25MPa. First

Figure 12. Comparison of binder removal rate with various concentration of propane

at 348.15K, 25MPa. 5, 10wt%, A, 20wt%, W, 30wt%, 4, 40wt%, S, 50wt%, X

using the pure SC CO2; —, calculated by Eq. (4).

Table 5. Diffusivities of paraffin wax versus weight ratio of propane at various

pressures.

Weight ratio of

propane (wt%)

Diffusivity (m2/sec)

15MPa 20MPa 25MPa

10 1.949 � 10210 5.450 � 10210 7.265 � 10210

20 6.656 � 10210 9.538 � 10210 1.469 � 1029

30 9.119 � 10210 1.633 � 1029 3.918 � 1029

40 2.166 � 1029 3.287 � 1029 6.996 � 1029

50 4.208 � 1029 6.744 � 1029 1.042 � 1028
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of all, what is important in this study is to use a binary mixture propaneþ CO2

for supercritical solvent. Under 25MPa, 348.15K, when the mixture of super-

critical propaneþ CO2 is a one to one ratio, dewaxing could be completed in

4min. It was found from this result that binder removal rate was enhanced

more than 30 times in comparison with pure supercritical CO2 debinding at

same condition.

These results lead us to the conclusion that supercritical CO2 debinding

might offer a short debinding time and safety working environment alternative

to the current conventional debinding methods, such as the solvent extraction

or thermal debinding. Also, effective debinding methods of reducing debind-

ing time as well as lowering operation condition would be to add cosolvents

(n-hexane and dichloromethane) to supercritical CO2 and to use the mixture

of propane and CO2, as supercritical solvent, in comparison with using pure

supercritical CO2.

NOMENCLATURE

a energy parameter in Redlich–Kwong EOS (K1/2 bar cm6/
gmol2)

Figure 13. Comparison of an improved SC CO2 debinding with pure SC CO2 debind-

ing when completed debinding at 348.15K.

Kim et al.1984
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ORDER                        REPRINTS

b size parameter in Redlich–Kwong EOS (cm3 gmol)

c, c0 concentration of solute, initial concentration of solute,

respectively (g)

c̄ average concentration of remaining solute (g)

D diffusivity of solute (m2/sec)
l thickness of injection molded part (m)

P pressure (MPa)

Pci, PcT critical pressure of component i, critical pressure of a mixture,

respectively (MPa)

u surface fraction

R ideal gas constant (J/molK)

T temperature (K)

Tci, Tcij, TcT critical temperature of component i, characteristic temperature

of i– j interaction, critical temperature of a mixture,

respectively (K)

t time (sec)

tij correlating parameter for critical temperature (K)

v molar volume (cm3/mol)

vci, vcT, vij critical volume of component i, critical volume of a mixture,

correlating parameter for critical volume, respectively (cm3/
mol)

v acentric factor

Va, Vb dimensionless constants in Redlich–Kwong equation

x mole fraction
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