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Powder injection molding (PIM) is an important net-shape manufacturing process. Thermal debinding
is a common methodology for the final removal of residual polymer from a PIM compact prior to
sintering. This process is an intricate combination of evaporation, liquid and gas migration, pyrolysis
of polymer, and heat transfer in porous media. A better understanding of thermal debinding could
lead to optimization of the process to prevent the formation of defects. Simulation of the process
based on an integrated mathematical model for mass and heat transfer in porous media is proposed.
The mechanisms of mass transport, i.e., liquid flow, gas flow, vapor diffusion, and convection, as
well as the phase transitions of polymer, and their interactions, are included in the model. The
macroscopic partial differential equations are formulated by volume averaging of the microscopic
conservation laws. The basic equations consist of mass conservation and energy conservation and
are solved numerically. Polymer residue, pressure, and temperature distributions are predicted. The
importance of the various mass transfer mechanisms is evaluated. The effects of key mass transfer
parameters on thermal debinding are discussed. It is revealed from the results that the assumed binder
front, which is supposed to recede into the powder compact as removal progresses, does not exist.
The mass flux of polymer liquid is of the same order of the mass flux of polymer vapor in the gas
phase, and the polymer vapor diffusion in the liquid phase is negligible.

I. INTRODUCTION binder and elasticity theory. Evans et al.[6] modeled the
removal of polymer from molded ceramic bodies as anPOWDER injection molding (PIM) is an important net-
unsteady-state diffusion of degradation products in solutionshape manufacturing process and has received much atten-
in the parent polymer and with degradation of polymer, andtion. One of the most critical steps in PIM process is debind-
they evaluated the critical heating rates for the initial stageing. It consumes a major part of the processing time. Failure
of polymer removal process. Mater et al.[7] further developedof the powder compact often results if the process is acceler-
the work of Evans et al. and assumed that there was anated. Thermal debinding is a common methodology for the
undegraded shrinking core (or planar liquid-gas interfacefinal removal of residual polymer from a PIM compact prior
front) that receded into the compact as removal progressedto sintering. During debinding, polymer is heated thermally,
so that the model would be applied not only for the initialmelted into liquid, and decomposed into vapor. The overall
stage of polymer removal process. Their model was extendedremoval of residual polymer is an intricate combination of
to include gas transport in the porous outer layer of theevaporation, liquid and gas migration, pyrolysis of polymer,
compact. Lewis and Galler[8] applied the Monte-Carloand heat transfer in porous media. A successful modeling
method to investigate the diffusion of volatile species in theof thermal debinding provides the potential for optimization
binder phase and the capillary-driven binder redistributionof the process to prevent the formation of defects during the

decomposition of the polymer. As summarized in Table I, processes in the isothermal removal of plasticizer species.
several researchers attempted to model thermal debinding Barone and Ulciny[3] studied the capillary-driven liquid flow
by considering various mass transport mechanisms.[1–9] during the removal of organic binders from injection-molded

German[1] modeled isothermal debinding by two separate ceramic components. They neglected the gas transport phe-
controlling processes: vapor diffusion and vapor permeation. nomenon and deemed that the liquid-phase transport pro-
The pyrolysis of binder and the diffusion of organic species cesses dominate throughout most of the debinding cycle.
within the binder phase, as well as the liquid transport pro- Stangle and Aksay[4] modeled thermal debinding by consid-
cesses, were neglected. The binder-vapor interface was mod- ering the liquid phase transport and gas phase transport in
eled as a planar front, which receded into the compact as porous media and analyzed the internal stresses generated
removal progressed. The effects of particle size, porosity, during binder removal.
and component size on debinding times were assessed. Tsai[5]

Hitherto, one or two mass transfer mechanisms were con-
analyzed the gas pressure buildup and the stresses on the sidered to be dominant during the debinding processes and
powder skeleton during binder burnout based on gas trans- others were ignored. As some mass transfer mechanisms
port in a porous medium combining with the pyrolysis of and their interaction, which might be important to binder

removal, were ignored, the predicted results were not exactly
reliable. For example, experimental evidence indicated that
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Table I. Modeling of Thermal Debinding Process

References Comments

German[1] vapor diffusion in porous media, vapor permeation in porous media
Calver and Cima[2] vapor diffusion in polymer liquid 1 vapor diffusion in porous outer layer
Barone and Ulicny[3] capillary-driven liquid flow in porous media
Stangle and Aksay[4] liquid and gas flow in porous media
Tsai[5] vapor permeation in porous media
Evans et al.[6] vapor diffusion in polymer liquid
Mater et al.[7] vapor diffusion in polyer liquid 1 vapor permeation in porous outer layer
Lewis and Galler[8] vapor diffusion in polymer liquid and liquid redistribution
Maximenko and Biest[9] vapor diffusion and liquid flow in porous media

progressed during thermal debinding[10] and directly ob-
served such processes in two-dimensional binder-filled pore
networks.[11] The calculated times[2] taken for the binder to
burn out were overestimated and the predicted critical heat-
ing rates[6,7,9] were underestimated. Most of the existing work
considered two mass transport mechanisms, i.e., polymer
vapor diffusion in the polymer liquid[2,6–9] and gas flow.[1,4,5]

Some work[3,4] emphasized liquid flow. During the final
removal of residual polymer from a PIM compact by thermal
debinding, however, existing investigations did not provide
a clear understanding on the interaction of various mass
transfer mechanisms and on the role played by the individual

Fig. 1—Geometrical model.mass transfer mechanism. Thus, the major objective of this
investigation is to gain some understanding on the role
played by the various mechanisms of polymer removal.

The present investigation adopts an integrated approach
in that the mechanisms of mass transfer, i.e., liquid and gas
flows, vapor diffusion, and convection, as well as the phase
transitions of solid into liquid and liquid into vapor are
considered simultaneously. A numerical algorithm is devel-
oped to solve the control equations. The polymer residue,
pressure, and temperature distributions in the compact during
thermal debinding are evaluated and analyzed. The effects
of key mass transfer parameters on thermal debinding are
discussed. The simulated results indicated that the polymer
removal is mainly controlled by the degradation of the poly-
mer. The assumed binder front (or liquid-vapor interface), Fig. 2—Macroscopic model.
which is supposed to recede into the powder compact as
removal progresses, does not exist. The polymer liquid flux
is of the same order of the polymer vapor flux in the gas

(the impermeable surface) is considered to be adiabatic andphase, and the polymer vapor diffusion in the liquid phase
impermeable, which could be a plane of symmetry, (Fig-is negligible. The initial opened porosity is conducive to
ure 1).reducing the internal pressure of the compact to prevent the

The macroscopic partial differential equations can beformation of defects.
achieved by volume averaging of the microscopic conserva-
tion laws. Over the averaging volume V, as shown in Figure

II. MATHEMATICAL MODEL 2, three types of averages can be defined, according to Whi-
taker.[12] First, the spatial average of a physical quantity VTo capture the physics of the problem without unnecessary
of species i is defined bycomplication, a one-dimensional problem, i.e., a flat-plate

shape PIM compact, is considered. Consistent with current
^Vi& 5

1
V e

V
VidV [1]technology, other components of the binder system, e.g.,

wax and stearic acid, are assumed to have been removed by
Second, the phase average of the phase j ( j 5 s, l, and g,wicking debinding or solvent extraction prior to thermal
representing solid, liquid, and gas phases, respectively) isdebinding. During debinding, polymer is heated thermally,
defined bymelted into liquid, decomposed into vapor, and removed

from the outer surface of the compact. The effect of the
^Vj& 5

1
V e

v
VjdV [2]deformation of the powder skeleton on mass and heat transfer

is ignored. One surface of the compact (the outer surface)
is exposed to an atmospheric air flux. The other surface Third, the intrinsic phase average is defined by
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To distinguish between the vapor concentration in the gas
^Vi&j 5

1
V j eVj VidV [3] phase and in the liquid phase, the local chemical thermody-

namic equilibrium is assumed and the partitioning concept[14]

It is noted that is adopted:
V 5 V s 1 V l 1 V g [4] ^r bg

l & 5 ^xr bg
g & [18]

where V s, V l, and V g are the volumes of solid, liquid, and ^r bg& 5 ^r bg
g & 1 ^r bg

l & [19]
gas phases, respectively. We define the volume fractions of

where x is the interaction parameter for polymer liquid andsolid, liquid, and gas phases as
vapor system, which can be determined from Henry’s law
constant and solubility relation.ns 5

V s

V
, nl 5

V l

V
, ng 5

V g

V
[5]

The polymer vapor flux in the gas phase can be
expressed as[12]

These volume fractions must sum to unity:

ns 1 nl 1 ng 5 1 [6] ^J bg
g & 5 K r bg

1 1 xLg

^vg&

[20]If we define the porosity of compact as d, then

d 5 1 2ns 5 nl 1 ng [7] 2 ^r g&g Dbgg
eff



x 1K r bg

1 1 xLg

/^r g&g2
In this analysis, the Dalton partial pressure[13] is adopted,

where vg is the velocity of the gas phase and Dbgg
eff is thetherefore,

coefficient of the effective diffusion of polymer vapor and
ng 5 nag 5 nbg 5 d 2 nl [8] atmospheric air in a porous medium. The first term of the

right-hand side of Eq. [20] represents vapor convection withwhere superscripts ag and bg represent atmospheric air and
gas flow, and the second term represents vapor diffusion inpolymer (binder) vapor, respectively. The intrinsic phase
the gas phase.average and spatial average are related by

The polymer vapor flux in the liquid phase, representing
^V& 5 n j ^V&j [9] the movement of the solute of polymer degradation products

in the solution of polymer liquid, which includes the convec-For the polymer, the mass conservation equations of solid,
tion and diffusion contributions,[15] can be expressed asliquid and vapor can be written as

^r bs&
t

5 2^mls& [10]
^J bg

l & 5 K xr bg

1 1 xL ^vl& 2 Dbgl
eff

K xr bg

1 1 xL
x

[21]
^r bl&

t
1

^Jbl&
x

5 ^mls& 2 ^mgl& [11]
where Dbgl

eff is the coefficient of the effective diffusion of
polymer vapor in the polymer liquid. The first term of the

and right-hand side of Eq. [21] represents vapor convection with
liquid flow, and the second term represents vapor diffusion^r bg&

t
1

^Jbg&
x

5 ^mgl& [12] in the liquid phase.
The velocities of the fluid are obtained using Darcy’s law.

where r bs, r bl, and r bg are the densities of polymer (binder) Gravitational effect is ignored. For the liquid phase,
solid, liquid, and vapor, respectively, J bl and J bg are the
mass fluxes of polymer liquid and vapor, respectively; and ^vl& 5 2

KK l

ml



x
(^pg&g 2 pc) [22]

mls and mgl are the rates of mass transformation of polymer
solid into liquid and liquid into vapor, respectively. Equa- where pg and pc are the gas and capillary pressures, respec-
tions [10] through [12] can be combined to yield tively. The terms K and K l are the intrinsic and relative

permeability, respectively, of the liquid phase; and ml is the
dynamic viscosity of the liquid phase. For the gas phase,

^Rb&
t

1
^J b&

x
5 0 [13]

Darcy’s law can be written as
where Rb is the polymer (binder) residue:

^vg& 5 2
KK g

mg

^pg&g

x
[23]

^Rb& 5 ^r bs& 1 ^r bl& 1 ^r bg& [14]
where K g is the relative permeability of the gas phase andand J b is the net polymer (binder) mass flux, equal to the
mg is the dynamic viscosity of the gas phase.liquid flux plus the vapor flux:

To consider the effect of atmospheric air, the mass conser-
^J b& 5 ^J bl& 1 ^J bg& [15] vation of atmospheric air can be written as[12]

The polymer liquid flux can be written as[12] ^r ag&
t

1


x
(^r ag&g ^vag&) 5 0 [24]

^J bl& 5 r bl ^vl& [16]
wherewhere vl is the velocity of the liquid phase.

^r ag&g ^vag& 5 ^r ag&g ^vg&
[25]

The polymer vapor flux consists of the vapor flux in the
gas phase and in the liquid phase:

2 ^r g&g Dbgg
eff



x
(^r ag&g /^r g&g)^J bg& 5 ^J bg

g & 1 ^J bg
l & [17]
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The gas phase is assumed to be an ideal mixture of perfect
gases; then,

^pbg&g 5 ^r bg&g R^T &/M bg [26]

^pag&g 5 ^r ag&g R^T &/M ag [27]

and

^pg&g 5 ^pbg&g 1 ^pag&g [28]

where Mbg and Mag are the molar masses of polymer (binder)
vapor and atmospheric air, T is the absolute temperature,
and R is the universal gas constant.

Form the Flory–Huggins equation,[16] the polymer vapor
pressure can be expressed as

Fig. 3—Control domain of discretization.

^pbg&g 5 pbg
0

nbg

d
exp Fnbl

d
1 x1nbl

d 2
2G [29]

and the surface evaporation of the polymer liquid is governed
where pbg

0 is the polymer vapor pressure over the pure poly- by Eq. [31]. The prescribed surface temperature condition is
mer liquid and can be estimated using the well-known adopted, which is a good approximation for low heating rate.
Clausius–Clapeyron equation

III. NUMERICAL SOLUTIONln pbg
0 5 2

DHvap

RT
1 I [30]

The finite difference numerical scheme based on the
notion of control domain as described by Patankar[18] iswhere DHvap is the enthalpy of polymer vaporization and I
adopted. The domain of integration constitutes a grid ofis a constant.
points i around which are control volumes (Figure 3). OnThe intrinsic kinetics of polymer thermal degradation is
the surfaces of the compact, half the control domain is con-usually studied using thermal gravimetric analysis (TGA).[17]

sidered and the boundary conditions are imposed. A com-The shape of the pyrolysis curve with powder is similar to
puter code is developed to simulate the thermal debindingthat without powder. Therefore, the mathematical form of
process numerically.polymer thermal degradation is still applicable:

To illustrate the proposed model and numerical scheme,
carbonyl iron is chosen as the metal powder. The polymer^mgl& 5 ^r bl&K0 exp 12

E
RT2 [31]

component in the binder system is chosen to be polyalpha-
methylstyrene, as it degrades exclusively to monomer during

where K0 and E are the specific rate constant and activation thermolysis, and the data required for the modeling of the
energy, respectively, for thermal degradation. These can be degradation and diffusion are available. It is assumed that
obtained from TGA data on a thin film sample or a sample the powder loading is 0.6 volume fraction and the polymer
of the order of a hundred milligrams, where there are no volume fraction of the binder system is 0.5. The other com-
transport limitations. ponents of the binder system are assumed to have been

The energy conservation equation can be expressed in removed by wicking debinding or solvent extraction prior
the form to thermal debinding. The distance between the impermeable

surface and the outer surface of the compact is 5 mm. The

x 1^keff&
^T &
x 2 2 ^r lclvl 1 r gcgvg&

^T &
x

1 ^Q̃&

[32]
atmospheric air is nitrogen, the ambient pressure is atmo-
spheric, and the heating rate is 1 K/min during thermal
debinding. The physical characteristics and the appropriate

5 ^rc&
^T &

t equations with the relevant constants are detailed in the
Appendix.

where keff is the effective thermal conductivity and c is the
specific heat. Depending on temperature, Q̃ is either the rate

IV. RESULTS AND DISCUSSIONSof heat generated by polymer phase transition from solid to
liquid or from liquid to vapor. The second term on the left- Figure 4 shows the total polymer binder residue (remained

polymer mass divided by original polymer mass of the entirehand side of Eq. [32] represents the convective heat flux
caused by the liquid and gas flow. compact) curve during thermal debinding. Before the poly-

mer degrades, the rate of polymer removal is very low. TheThe solution of the system equations required initial and
boundary conditions. Initially, the temperature of the com- rate of polymer removal increases rapidly as the temperature

reaches 290 8C (4.5 hours), which is within the decomposi-pact is constant, i.e., room temperature. The initial opened
porosity is filled with atmospheric air and its pressure is tion temperature range of the polymer. After the binder

residue decreases to 0.18, which corresponds to the irreduc-equal to the ambient pressure. During thermal debinding,
on the impermeable surface (x 5 0), the heat and mass ible liquid saturation of 0.09 (the polymer fraction in the

binder system is assumed to be 0.5; thus, the polymer binderfluxes are null. On the outer surface (x 5 L), the total gas
pressure is equal to the ambient pressure. The polymer liquid residue is approximately double that of the polymer liquid

saturation), the rate of polymer removal becomes slow.flux is equal to zero (as no liquid ‘pumping’ is assumed),
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Fig. 6—Polymer binder residue vs distance.

Fig. 4—Total polymer residue vs time.

Fig. 7—Total gas pressure vs distance.

Fig. 5—Polymer degradation rate vs temperature.

Figure 5 shows the polyalphamethylstyrene polymer deg-
radation rate curves calculated using Eq. [31]. The polymer
degradation rate is very low until the temperature reaches
about 280 8C. Subsequently, the polymer degradation rate
increases rapidly with an increase in temperature. The poly-
mer degradation rate also increases with an increase in poly-
mer liquid saturation. Comparing with the total polymer
residue curve Figure 4, it is revealed that the polymer
removal process is mainly controlled by polymer degrada- Fig. 8—Polymer vapor pressure vs distance.
tion during thermal debinding. The temperature at which
significant removal of polymer in the compact occurs is
slightly retarded (at 290 8C in Figure 4 compared to 280 8C There is little accumulation of polymer at the outer surface

of the compact because the polymer liquid is driven to flowin Figure 5) because of the resistance to mass transport by
a porous medium. to the outer surface by gas pressure. At the later stage of

polymer removal, the peak accumulation of polymer retreatsFigure 6 shows the polymer binder residue (remained
polymer mass divided by original polymer mass) distribution a little from the outer surface of the compact because the

rate of polymer evaporation at the outer surface increasesas a function of distance from the impermeable surface. A
prerequisite assumption of some researchers[1,2,7] is that there rapidly. As the removal process progresses, the difference

between the concentration of polymer at the outer surfaceexists a distinct liquid-gas interface, that recedes into the
compact as removal progresses. The present analysis indi- and the internal regions increases, with the outer surface

region having a higher concentration. This prediction is incates that such a distinct interface does not exist. There is a
continuous change of liquid concentration along the distance agreement with the experimental observations of Sproson

and Messing,[20] Su,[21] and Hwang and Tsou.[22] This phe-from the impermeable surface, and it is in agreement with
the experimental surveys of Barone et al.[19] nomenon is caused by an increase in total gas pressure at

the internal of the compact, as shown in Figure 7.As shown as Figure 6, at the initial stage of polymer
removal, the polymer residue distribution is almost uniform. Figure 8 shows the polymer vapor pressure distribution
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curves. The polymer vapor pressure increases rapidly with
an increase of the accumulation of polymer vapor generated
by polymer degradation in the internal of the compact. It is
important to control the polymer degradation rate to prevent
excessive internal pressure, which is the key cause of com-
pact failure during thermal debinding.

Table II shows the orders of magnitude of the maximum
values of various mass transfer quantities during the final
removal of residual polymer from a PIM compact by thermal
debinding. It can be observed that the average gas velocity
is of the order of 1023 to 1024 m/s, four orders of magnitude
greater than the average liquid velocity 1027 to 1028 m/s.

Fig. 9—Temperature vs distance.However, as the polymer liquid density is much greater than
the polymer vapor density, when liquid flow happens, the
average polymer liquid mass flux is of the same order of

final removal of residual polymer from a PIM compact bythe average polymer vapor mass flux in the gas phase. But
thermal debinding.the average polymer vapor mass flux in the liquid phase is

Figure 9 shows the temperature distribution curves duringonly of the order of 1027 to 1028 kg/m2 ? s, four orders of
polymer removal. The temperature distribution is almostmagnitude less than the average polymer vapor flux in the
uniform, and the differences of temperature in the internalgas phase, 1023 to 1024 kg/ m2 ? s. The average polymer
of the compact are of the order of 1021 to 1022 8C. This isvapor diffusion in the liquid phase is of the order of 10215

expected, as the heating rate of the thermal debinding processto 10216 kg/m2 ? s, which is negligible compared to the
is slow and the thickness of the compact is thin. The tempera-average polymer vapor flux in the liquid phase, 1027 to 1028

ture distribution is also related to the thermal properties ofkg/m2 ? s. It is clear that the existing models, which are
the constituent phases, the heat effects of pyrolysis, and thebased mainly on polymer vapor diffusion in the polymer
convective heat flow due to liquid and gas flow. The polymerliquid,[2,6–9] are not suitable for modeling the final removal of
degradation rate and its accompanying heat generation rateresidual polymer from a PIM compact by thermal debinding.
are normally kept low to prevent the generation of a largeThere are three escape routes for the polymer. First, poly-
amount of vapor, a key origin of unfavorable internal stressmer liquid is driven to flow from the internal of the compact
in the powder skeleton. Similarly, since the liquid and gasto the outer surface by pressures, and then it evaporates from
flow rates are usually small, their convective contributionthe outer surface of the compact. Second, polymer degrades
is also small.into vapor in the internal of the compact and the polymer

The flow of polymer liquid is driven by polymer capillaryvapor flows from the internal to the outer surface of the
pressure and gas pressure. Figure 10 shows the polyalpha-compact through convection and diffusion in the gas phase
methylstyrene polymer capillary pressure curves calculatedand is subsequently removed by the atmospheric air stream.

Third, the polymer vapor that is dissolved in the polymer
liquid flows from the internal to the outer surface of the
compact because of convection and diffusion with the poly-
mer liquid, and then it is removed by the atmospheric air
stream.

Until the polymer liquid saturation decreases to the irre-
ducible liquid saturation (0.09), the polymer liquid flow
and the polymer vapor flow of the gas phase dominate the
polymer removal process. Subsequently, the polymer liquid
flow can no longer occur, and the polymer removal process
is dominated by the polymer vapor flow in the gas phase.
The polymer vapor flow in the polymer liquid phase is
negligible, as shown by comparing it with the polymer vapor
flow of the gas phase and the polymer liquid flow. Thus,
models in which gas flow is only considered[1,5] or liquid

Fig. 10—Polymer capillary pressure vs liquid saturation.flow is only considered[3] are not adequate to model the

Table II. Orders of Magnitude of the Maximum Values of Various Mass Transfer Quantities

Mass Transfer Quantity Order of Magnitude

Average liquid velocity (m/s) 1027 to 1028

Average gas velocity (m/s) 1023 to 1024

Average polymer liquid flux (kg/m2 ? s) 1023 to 1025

Average polymer vapor flux in the gas phase (kg/m2 ? s) 1023 to 1024

Average polymer vapor flux in the liquid phase (kg/m2 ? s) 1027 to 1028

Average polymer vapor diffusion in the liquid phase (kg/m2 ? s) 10215 to 10216
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possible but still meet the rheologic requirements for
injection.

V. CONCLUSIONS

An integrated model for the various interactive effects of
various mechanisms of polymer removal from a PIM com-
pact by thermal debinding is proposed. The polymer residue
distribution, pressure distribution, and temperature distribu-
tion can be predicted and the importance of the various
removal mechanisms can be evaluated.

During the final removal of residual polymer from a PIM
Fig. 11—Total permeability vs liquid saturation. compact, the polymer removal process is mainly controlled

by polymer thermal degradation. There are three main routes
for the internal polymer escaping away from the compact.
First, polymer liquid is driven to flow from the internal of

using Eq. [A15]. The polymer capillary pressure increases the compact to the outer surface primarily by pressure-forced
with a decrease of polymer liquid saturation. The polymer flow. It subsequently evaporates from the outer surface of
capillary pressure decreases with an increase in temperature. the compact until the polymer liquid saturation decreases to
The temperature distribution of the compact is almost uni- the irreducible liquid saturation. Second, polymer degrades
form, as shown in Figure 9. There is negligible temperature to vapor in the internal of the compact and the polymer
difference within the compact. Thus, the capillary pressure vapor flows from the internal to the outer surface of the
differences caused by the temperature differences are small. compact due to convection and diffusion in the gas phase.
During polymer removal, the capillary pressure differences It is subsequently removed away by the atmospheric air
are mainly caused by polymer liquid saturation differences, stream. Third, the polymer vapor that dissolved in the poly-
i.e., the polymer residue differences. In other words, the mer liquid flows from the internal to the outer surface of
capillary-driven liquid flow is controlled by the polymer the compact because of convection with the polymer liquid
residue differences. It drives the polymer liquid to flow from flow and diffusion in the polymer liquid, and then it is
the point of higher polymer residue to the point of lower removed by the atmospheric air stream. The third route is
polymer residue. The polymer residue distribution shown in negligible in comparison to the first two routes.
Figure 6 indicates that there is accumulation of polymer The initial opened porosity is conducive to reducing the
near the outer surface of the compact. This is caused by the internal pressure of the compact to prevent defects from
higher gas pressure in the internal of the compact and the occurring during the final removal of residual polymer from
lower gas pressure in the outer surface of the compact (Figure a PIM compact by thermal debinding.
7). It is evident that the pressure-forced liquid flow controls
liquid-phase transport and the capillary-driven liquid flow

APPENDIXis minor. Thus, the model of capillary-driven liquid flow[3]

alone is not suitable for the final removal of residual polymer Evaluating equations of coefficients and constants from
from a PIM compact by thermal debinding. the literatures

Figure 11 shows the total permeability (intrinsic perme- Intrinsic permeability:[23]

ability multiplied by relative permeability) curves of liquid
K 5 4.8 3 10213 d 1.3 (1 2 «s)4.8 [A1]and gas calculated using Eqs. [A1] through [A5]. The total

permeability of gas increases linearly and the total perme- where K is in square meters, d is the average diameter of
ability of liquid decreases linearly with a decrease of liquid powder particles in micrometers, and «s is the powder
saturation. After the liquid saturation decreases to the irre- loading.
ducible liquid saturation (0.09), there is no more liquid flow. Carbonyl iron of d 5 6 mm is chosen.
The polymer-wax based binder system normally contains Relative permeability of liquid phase:[24]

one-third polymer. This means that the polymer liquid satura-
K l 5 (S 2 Sir)/(1 2 Sir), S . Sir 5 0.09 [A2]tion is approximately in the range of 0 to 0.3 during the

final removal of residual polymer from a PIM compact by K l 5 0, S , Sir [A3]thermal debinding. In the range of 0 to 0.3 liquid saturation,
the total permeability of gas is greater than the total perme- where S is the liquid saturation defined by S 5 nl/d and Sir is
ability of liquid. Furthermore, gas with lower viscosity tends the irreducible saturation that marks the onset of the pendular
to migrate more rapidly due to its low resistance to flow. state when liquid transport can no longer occur.
Thus, lower liquid saturation is favorable to gas flow. How- Relative permeability of gas phase:
ever, the polymer degradation rate decreases with a decrease

K g 5 1 2 1.1S, S , S8ir 5 1/1.1 [A4]in polymer liquid saturation, as shown in Figure 5. When
gas flow is sufficiently rapid to decrease the accumulation K g 5 0, S . S8ir [A5]
of polymer vapor in the internal of the compact, the vapor
pressure could be reduced to avoid damaging the compact. Enthalpy of vaporization at normal boiling point:[25]

Thus, the initial opened porosity is important for proper
removal of polymer from a PIM compact. In other words, DHvapb 5 1.093RTc 1Tbr

ln Pc 2 1.013
0.930 2 Tbr

2 [A6]
the polymer content of a binder system should be as low as
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where DHvapb is in J/mol; Pc is the critical pressure in bar;, J(S) 5 0.364{1 2 exp [240(1 2 S)]}
[A16]Tc and Tb are the critical temperature and normal boiling

1 0.221(1 2 S) 1 0.005/(S 2 0.09)point, respectively, in Kelvin; and Tbr is the reduced tempera-
ture at the normal boiling point, i.e., Tbr 5 Tb /Tc. and s is the surface tension in N/m,[26]

Alphamethylstyrene:[26] Pc 5 34 bar, Tc 5 654 K, and
s 5 [P2/3

c T 1/3
c Q(1 2 Tr)11/9] 3 1023 [A17]Tb 5 438.5K.

Estimation of the enthalpy of vaporization at any tempera- and
ture from a known value at a single temperature:[27]

Q 5 0.1196F1 1
Tbr ln (Pc /1.01325)

1 2 Tbr
G 20.279 [A18]DHvap2

DHvap1
5 11 2 Tr2

1 2 Tr12
0.38

[A7]

where Pc is in bar, and Tc , Tb , and T are in Kelvin.
Dynamic viscosity of liquid phase:[28] Diffusion coefficient for binary gas system:[29]

ln ml 5 A 1
B

T 1 C
[A8] D 5

(3.03 2 0.98/MAB
1/2)T 3/2 3 1023

pMAB
1/2 aAB

2VD
[A19]

where ml is in Pa ? s, T is in Kelvin, A is a dimensionless where D is in cm2/s, T is in Kelvin, p is in bar, and M is in
constant, and B and C are constants (in Kelvin). g/mol,
Polyalphamethylstyrene:[6] A 5 27.355, B 5 494.9 K, and
C 5 2107 K. MAB 5

2MAMB

MA 1 MB
[A20]

Dynamic viscosity of gas phase:[26]

and a is in Angstrom,
mg 5

26.69(MT )1/2

a2Vv
[A9]

aAB 5
aA 1 aB

2
[A21]

where mg is in mP; M is in g/mol; T is in Kelvin; a is the
molecular diameter in Angstrom, The term VD is the dimensionless diffusion collision integral,

a 5 0.809 V 1/3
c [A10]

VD 5
A

(T*)B 1
C

exp (DT*)
1

E
exp (FT*)

[A22]
where Vc is the critical volume in cm3 /mol; and Vv is the
collision integral[29]

1
G

exp (HT*)Vv 5 A (T*)2B 1 C[exp (2DT*)]
[A11]

1 E[exp (2FT*)] where A 5 1.06036, B 5 0.15610, C 5 0.19300, D 5
0.47635, E 5 1.03587, F 5 1.52996, G 5 1.76474, H 5where A 5 1.16145, B 5 0.14874, C 5 0.52487, D 5
3.89411, and T* 5 ûT/«AB, where û is in J/K, T is in Kelvin,0.77320, E 5 2.16178, F 5 2.43787, and T* 5 ûT/«, with
and « is in Joule,« being the characteristic energy in Joule and û the Boltz-

mann’s constant in J/K, «AB 5 («A«B)1/2 [A23]

Effective diffusivity:[31]«
û

5 1.15Tb [A12]

Deff 5 D(1 2 S)2 (ng)4/3 [A24]
where «/û and Tb are in Kelvin.

Diffusion coefficient for polymer-monomer system:[32]
Alphamethylstyrene:[26] M 5 118.179 g/mol and Vc 5

108 cm3/mol. D 5 D01 (1 2 f)2(1 2 2 xf)
[A25]Nitrogen:[26] M 5 28.013 g/mol, Vc 5 89.8 cm3/mol, and

Tb 5 77.4 K.
exp H2[W1V1(0) 1 W2jV2(0)]

Vf /v
JDynamic viscosity of gas mixture:[30]

In addition,mg 5 o
n

i51

yimg
i

o
n

j51
yifij

[A13]

D01 5 D0 exp 12
ED

RT2 [A26]

where mg and mg
i are in mP, yi is the pure component mole

fraction, and f 5
W1V1

W1V1 1 W2V2
[A27]

fij 5
[1 1 (mg

i /mg
j )1/2 (Mi /Mj)1/4]2

[8(1 1 Mi /Mj)]1/2 [A14] and

where M is in g/mol. Vf

v
5

F11

v
W1 [(c2)1 1 T 2 (Tg)1]

[A28]
Capillary pressure:[24]

pc 5 1d
K2

1/2

sJ(S) [A15] 1
F12

v
W2 [(c2)2 1 T 2 (Tg)2]

where D is in m2/s, D0 is the pre-exponential factor forwhere K is in square meters, and
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diffusion in m2/s, ED is the activation energy for diffusion n volume fraction
p pressure, Pain J/mol, R is in J/mol, T is in Kelvin, W1 and W2 are the

weight fractions of monomer and polymer in the polymer- pbg
0 polymer vapor pressure over pure polymer liquid,

Pamonomer system, V1 and V2 are the specific volumes of
monomer and polymer in m3/ kg, V1(0) and V2(0) are the pc capillary pressure, Pa, bar (1 bar 5 105 Pa)

Pc critical pressure, Pa, bar (1 bar 5 105 Pa)specific volumes of monomer and polymer at 0 K, v is
the dimensionless overlap factor for free volume, j is the Q̃ rate of heat generated by phase transition, J/m3 ? s

R universal gas constant, 8.314 J/mol ? Kdimensionless ratio of critical molar volumes of hopping
units of monomer and polymer, Vf is the average hole free Rb polymer (binder) residue, kg/m3

S liquid saturationvolume per unit mass in m3/kg, F11 and F12 are the free-
volume parameters for monomer and polymer in m3/kg, Sir irreducible liquid saturation for liquid flow

t time, s(c2)1 and (c2)2 are the Williamas–Landel–Ferry constants
for monomer and polymer in Kelvin, and (Tg)1 and (Tg)2 are T temperature, K

Tb normal boiling point, Kthe glass transition temperatures for monomer and polymer
in Kelvin. Tc critical temperature, K

Tr reduced temperatureAlphamethylstyrene:[6] D0 5 6.92 3 1024 m2/s, ED 5
38,370 J/mol, x 5 0.361, j 5 0.54, F11/v 5 1.756 3 (Tg)1 glass transition temperatures for monomer, K

(Tg)2 glass transition temperatures for polymer, K1026m3/kg ? K, F12/v 5 5.127 3 1027 m3/kg ? K, V1(0) 5
8.686 3 1024 m3/kg, V2(0) 5 7.975 3 1024 m3/kg, (c2)1 5 v velocity, m/s

V volume, m313.27K, (c2)2 5 49.3K, (Tg)1 5 120 K, and (Tg)2 5 442 K.
Effective diffusivity:[33] V1 specific volumes of monomer, m3/kg

V1(0) specific volumes of monomer at 0 K, m3/kg
V2 specific volumes of polymer, m3/kgDeff 5

dS
Z

D [A29]
V2(0) specific volumes of polymer at 0 K, m3/kg
Vc critical volume, m3/mol, cm3/molwhere Z is the tortuosity,[34]

Vf average hole free volume per unit mass, m3/kg
W1 weight fractions of monomer in polymer-mono-Z 5

1
d

[A30]
mer system

W2 weight fractions of polymer in polymer-monomer
Thermal degradation parameters of polyalphamethylstyr- system
ene:[6] specific rate constant for thermal degradation K0 5 x coordinate, m
1.67 3 1016 1/s; activation energy for thermal degradation yi pure component mole fraction
E 5 222,000 J/mol. Z tortuosity

a molecular diameter, Å (1 Å 5 10210 m)
d porosity, volume fractionTABLE OF SYMBOLS
« characteristic energy, J

A constant in Eqs. [A8], [A11], and [A22] «s powder loading, volume fraction
B constant in Eq. [A8], K; constant in Eqs. [A11] û Boltzmann’s constant, J/K

and [A22] K intrinsic permeability, m2

c specific heat, J/kg ? K Kg relative permeability of gas phase
(c2)1 Williamas–Landel–Ferry constants for monomer, Kl relative permeability of liquid phase

K m dynamic viscosity, Pa ? s, P (1 P 5 0.1 Pa ? s)
(c2)2 Williamas–Landel–Ferry constants for polymer, K j ratio of critical molar volumes of hopping units of
C constant in Eq. [A8], K; constant in Eqs. [A11] monomer and polymer

and [A22] r density, kg/m3

d average diameter of powder particles, m, mm s surface tension, N/m
D diffusion coefficient, m2/s, cm2/s; constant in Eqs. F11 free-volume parameters for monomer, m3/kg

[A11] and [A22] F12 free-volume parameters for polymer, m3/kg
D0 pre-exponential factor for diffusion, m2/s x interaction parameter for polymer liquid and
E activation energy for thermal degradation, J/mol; vapor system

constant in Eqs. [A11] and [A22] v overlap factor for free volume
ED activation energy for diffusion, J/mol VD diffusion collision integral defined by Eq. [A22]
F constant in Eqs. [A11] and [A22] Vv collision integral defined by Eq. [A11]
G constant in Eq. [A22] ^ & volume averaging operator as defined in Eqs.
H constant in Eq. [A22] [1]–[3]
DHvap enthalpy of vaporization, J/mol
I constant in Eq. [30] Superscripts

ag atmospheric airJ mass flux, kg/m2 ? s
J(S) J function defined by Eq. [A16] bg polymer (binder) vapor

bgg polymer (binder) vapor in the gas phasek thermal conductivity, W/m ? K
K0 specific rate constant for thermal degradation, 1/s bgl polymer (binder) vapor in the liquid phase

bl polymer (binder) liquidm rate of mass alteration, kg/m3 ? s
M molar mass, kg/mol, g/mol bs polymer (binder) solid
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