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bstract

l2O3-based green bodies were shaped using low-pressure injection moulding. The binder content and the binder distribution during the thermal
ebinding inside a wicking embedment were analyzed. A distinct trailing front, which separates the binder-lean and binder-rich regions, was
bserved. This kind of binder distribution forms suddenly, after the moulded piece is heated above the melting point of the binder and is then cooled
own. Mechanisms that can explain the observations are presented. The non-uniform binder distribution is explained by a capillary extraction of

he binder with two different mobilities, which depend on the size of the pores inside the moulded piece. A sudden loss of binder at the beginning of
he debinding process is the result of exudation, caused by a large thermal expansion of the binder as it melts. During cooling, the binder solidifies,
hich significantly affects the binder distribution due to a contraction of the binder.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Powder injection moulding (PIM) is a net-shape or near-
et-shape forming technique, which is most appropriate for
roducing complex-shaped, low-cost and high-performance
roducts. Low-pressure injection moulding (LPIM) is a vari-
nt of PIM, where lower temperatures (typically <100 ◦C) and
uch lower pressures (<0.7 MPa) are used in comparison with a

onventional high-pressure injection moulding (HPIM), where
emperatures typically in the range of 130–190 ◦C and pressures
rom 1.4 to 60 MPa are used.1 The suspension for LPIM should
ave a low viscosity to allow easy injection into the mould cavity
t low-pressures. This is achieved by using a single-component
inder with a low melting point – typically a paraffin-wax. The
hallenging and time-consuming operation in the PIM process

s removing the binder from the moulded pieces prior to sinter-
ng, without causing any deformation or cracks. This debinding
tep is usually achieved by slowly heating the pieces, caus-
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ng the binder to decompose and vaporize. The difficulties are
specially large in the LPIM variant, since the binder does not
ontain a backbone polymer that would hold the particles firmly
n place during the debinding. Also, because the binder is a
ingle-component, it melts over a narrow temperature range, at
hich point the pieces become soft and deformable. An effec-

ive way of avoiding the formation of defects is to introduce
n additional debinding step – debinding in a wicking embed-
ent (known as wick-debinding). The wicking embedment is a

ighly porous powder that serves as a physical support for the
ieces and also takes an active role in the debinding by capillary
uction of the molten binder. The result is a partially debinded
ody with a developed open porosity. Complete binder removal
an be subsequently achieved during the heating to the sintering
emperature, by burning and evaporation of the residual binder.

Theoretical work has been done on the wick-debinding by
everal authors.2–7 Some of it was based on experiments using
PIM.3,4 However, they are quite general and can also be applied

or the LPIM system. Theoretical work based on experiments

sing a single-component binder, which is characteristic for
PIM, has also been conducted.5–7

The existing theoretical models predict different behaviors
uring the debinding and many contradict each other. In 1987,

dx.doi.org/10.1016/j.jeurceramsoc.2010.07.011
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erman2 proposed a model where he assumed that the binder is
xtracted from a moulded compact as a continuous body in liq-
id form, leaving behind a region with an irreducible amount of
inder. However, the model does not explicitly incorporate any
uantity describing the amount of irreducible binder. A partially
ebinded compact should, therefore, have a characteristic binder
istribution with a binder-saturated region near the contact with
he wicking powder and a region with no binder on the other side.

sharp border between these regions should be present – a sign
f the trailing front of the molten binder. This model is simple
nd has frequently been used as a basis for research in wick-
ebinding. Monte-Carlo simulations of binder removal based on
erman’s assumptions have also been conducted.8,9 The simula-

ions focused on binder penetration in the wicking embedment
nd examined the case where pieces are not completely sur-
ounded by the embedment.8,9 German’s model has, however,
een criticized, on the basis of experimental data. Contradicting
he model, many researchers observed that the binder is uni-
ormly distributed inside the body at all stages of the debinding
rocess.6,7,11,12 Recently a model of wick-debinding has been
resented for LPIM, which agrees well with their experimental
ata for zirconia-wax green bodies. They observed very uni-
orm distribution of the binder within green bodies at all times
f the process. Importantly to note is that they used a very coarse
eramic powders with mean particle size of 47 �m.7

There is also the question of how can the air enter behind the
railing front into the binder-free region if the moulded pieces are
ompletely surrounded by the wick.7 Furthermore, the debind-
ng rate did not correspond well to some experiments.4 It has
lso been observed that the permeability in a wick embedment
an have important effects and can be a limiting factor, rather
han the flow through a sample, as was suggested in German’s

odel.4,7 With more precise examinations of the binder removal
ate it has been confirmed that wick-debinding must take place
ia more than a single mechanism.6,10,11 One clearly observable
ffect is a rapid decrease in the binder content at the beginning
f the process. This has been attributed to the pressure arising
rom the thermal expansion of the binder,10 although the authors
id not explain this effect in detail. The exudation due to ther-
al expansion was considered in the paper of Somasundram et

l.7

In this paper we report on the wick-debinding of low-pressure
njection-moulded alumina parts. A non-uniform binder distri-
ution with a trailing front of melted binder that separates the
inder-rich and binder-lean regions does form in the case of alu-
ina powder and paraffin-wax binder LPIM pieces. This finding

upports some features of German’s original model, but since the
odel cannot fully explain our observations we propose some
odifications to the model. The object of this paper is to recog-

ize and quantify the mechanisms governing the wick-debinding
f the LPIM moulded pieces that could explain all the details of
ur experimental work. In order to verify the theory, we devel-
ped a mathematical model, which can be applied using practical

onditions, such as a gradual increase in the temperature during
he debinding process. Quantities such as the binder content
nd the binder distribution can be calculated and then directly
ompared with the experimental data.

t
d
m
g
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. Experimental procedure

A feedstock was prepared from a powder containing 96% alu-
ina (d10 = 0.7 �m, d50 = 1.9 �m, d10 = 4.2 �m) and 4% steatite

d10 = 0.7 �m, d50 = 4.8 �m, d90 = 9.5 �m) and a paraffin-wax
inder, with a melting point of 60 ◦C. Stearic acid, in the
mount of 0.25%, was added as a surfactant to improve the
heological properties relative to the mass of the powder. Two
uspensions with different solids loadings were prepared: sus-
ension A, with 87.8%; and suspension B, with 88.0% of
owder content. The difference was unintentional. The sec-
nd suspension was prepared after the model was formulated
nd the parameters were set, in order to subsequently test
he predictions of the model. The suspensions were homoge-
ized in a ball mill at 80 ◦C for 4 h. The samples were then
ow-pressure injection-moulded into a cylindrical-shaped mould
ie with a length of 60 mm and a diameter of 10 mm. The
emperature of the suspension during moulding was 65 ◦C
nd the pressure was 0.5 MPa. The temperature of the steel
ould was in the range 25–30 ◦C. The linear shrinkage of

he suspension inside the mould during the solidification was
%.

The thermal wick-debinding was performed in a thin-walled
luminum container, filled with a highly porous alumina embed-
ing powder (d50 (granules) ≈80 �m), with a surface area of
5 m2/g, as measured by the BET method. The samples were
uried inside the embedment. Each sample had at least a 1 cm-
hick embedment in all directions around it. The debinding was
erformed inside a ventilated oven in an air atmosphere in a
ontrolled temperature regime. This temperature regime was
inear:

= T0 + �T

�t
t; for T 〈Tdwell (1a)

= Tdwell; untill the end (1b)

here T[◦C] is the temperature, t[s] is the time, T0 = 25 ◦C is
he starting temperature, �T/�t = 0.7 or 0.2 K/min is the ramp
two different ramps were used) and Tdwell = 130 or 200 ◦C is
he dwell temperature. Two different dwell temperatures were
sed, which means that in total, four different combinations of
amp and dwell temperatures were applied.

After the debinding the samples were broken and the fracture
urfaces were examined with a stereomicroscope. The amount of
inder in the binder-rich and binder-lean regions was determined
rom the mass loss during a complete binder burnout in air at
50 ◦C.

The porosity of the samples (E1) was determined from the
ass and the dimensions of completely debinded parts. The

orosity of the wicking embedment was determined from the
ensity of the powder embedment, determined from volume
easurements using a graduated cylinder. The viscosity of the

araffin-wax was measured with a rheometer in the tempera-

ure range 80–180 ◦C. Newtonian behavior was assumed. The
ensity of the molten paraffin was determined from volume
easurements at different temperatures (60–180 ◦C), using a

raduated cylinder. The density of the solid paraffin was deter-
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Fig. 1. Photographs of the fracture surfaces of moulded pieces at different
L. Gorjan et al. / Journal of the Europ

ined using Archimedes’ method, using pure ethanol as an
mmersing medium.

For comparison, some of the samples were heated above the
elting point of the binder without wick embedment and then

uenched in liquid nitrogen. In this way we could indirectly
bserve what the binder distribution was like when the binder
as in the molten state.

. Experimental results

The fracture surfaces of samples debinded for different
ebinding times, photographed with a stereomicroscope, are
hown in Fig. 1. From the pictures it is clear how the binder
istribution evolved during the debinding. The brighter, inner
art of the fracture surface is a binder-depleted core, surrounded
y a binder-rich region, which can be identified as being darker-
ray in the pictures. The trailing front, which separates the two
egions, is moving towards the edge of the sample during the
ebinding. It is well defined, especially later on in the process.

Degree of saturation, defined as the ratio of the volume occu-
ied by the binder to the available pore volume, was calculated
sing Eq. (2):

= Vbinder

Vpores
= w0m0,sample − msample

ρsE1πLR2 (2)

here S is the degree of saturation, Vbinder [m3] is the volume of
he binder in the sample, Vpores [m3] is the volume of all pores
space between particles) in the sample, w0 is the weight part of
he binder in the sample before debinding, m0,sample [kg] is the

ass of the sample before debinding, msample [kg] is the mass
f the sample after debinding, ρs [kg/m3] is the density of the
inder in the solid state, E1 is the porosity of the sample, L[m]
s length of the sample and R[m] is the radius of the sample.

The degree of saturation was in the range of 92–95% inside
he binder-rich region and 60% in the binder-lean core. The
orosity was calculated from the mass and the volume of the
amples with completely removed binder by burnout at 650 ◦C
n air:

1 = 1 − m′

πLR2ρpowder
(3)

here m′[kg] is the mass of the moulded piece with completely
emoved binder and ρpowder[kg/m3] is the density of the ceramic
owder.

The pore structure in both regions is thus in a funicular state,
hich is typical for a degree of saturation above 24% for poly-
isperse powders.12 The amount of binder in each region was
ound to be constant throughout the progress of the debinding
thus the samples were losing weight due to a decrease in the

hickness of the binder-rich region.
The quenching test revealed that at temperatures above the

elting point of the binder there exists a film of molten binder

n the surface of the moulded pieces. Flakes of mostly pure wax
re visible on the surface of the piece that was quenched from a
emperature above the melting point of the binder (Fig. 2). This
ndicates that the molten binder is exuded from the sample, while

debinding times, (a) 85 min, (b) 150 min, (c) 250 min and (d) 540 min. A linear
temperature regime with a ramp = 0.7 K/min and a dwell temperature = 130 ◦C
were used. There is a clearly seen binder-lean core in the center (light grey),
surrounded by a binder-rich region (darker grey).
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Fig. 2. Picture of the sample that was quenched in liquid nitrogen from a tem-
perature above the melting point of the binder.
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Fig. 4. A sketch of the binder distribution during debinding. When a body with
molten binder is in contact with the wicking powder, capillary suction causes the
mobile part of the binder to move toward the wicking agent. Some of the binder
(the immobile part, marked as dark-gray around the particles) stays behind,
t
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ig. 3. A sketch describing the exudation effect. When a body saturated with
he binder (a) is heated above the melting point, the binder melts and is exuded
nto the surroundings (b).

he sample itself remains undeformed. The sample cracked due
o the thermal shock during quenching.

. Theoretical considerations

Comparing our observations with the predictions of exist-
ng models shows that none of these models can satisfactorily
escribe the particular process. We clearly observed a front-like
ovement of the binder, which is not consistent with the major-

ty of models. In this respect, German’s model2 seems to be
orrect; however, our experiments show that only a minor part
f the binder moves in a front-like movement – a fact that is
ot described by German’s model. Furthermore, an additional
echanism contributes to the debinding process, i.e., the exuda-

ion of the binder due to thermal expansion. We used German’s
odel as a basis, but we took into account additional assump-

ions. The following assumptions reflect mechanisms that are
mportant during the process of wick-debinding:

(i) The powder skeleton of the moulded piece is rigid and does
not deform throughout the process. Also, the piece does not
change in size.

(ii) The binder expands with increasing temperature. A large,

and relatively sudden, expansion occurs when the binder
melts. However, because the powder skeleton does not
deform, this causes the binder to be exuded from the body,
as sketched in Fig. 3. The binder “exudation effect” was

c
m
r
e

rapped inside the fine pores and the particle surfaces. A trailing front, located at
distance r1 from the center, is gradualy moving toward the edge of the moulded
iece.

already observed7,13 and considered7 for the wax-zirconia
system.

iii) A pressure gradient arises due to the wetting of the highly
porous powder embedment. Darcy’s law describes the flow
of a molten binder through the sample and the wick embed-
ment.

(iv) The binder inside the piece is located in two different states:
as a mobile binder in the larger voids between powder par-
ticles, which can flow due to the pressure gradient; and as
an immobile binder located on the surfaces of the particles
and inside the smaller voids, which cannot be moved due
to the capillary suction – it is too strongly bonded to the
powder (see Fig. 4). This differentiation is based only on
position, not on the chemical nature of the binder.

(v) The binder inside the wick embedment is moving as a col-
umn with a sharp leading front. This kind of movement has
been already described by some authors who studied the
movement in wicking embedment in more detail.6,7

vi) When the binder cools and solidifies it contracts. This
causes a significant rearrangement of the binder distri-
bution, because the mobile part can still move before it
completely solidifies.

. Theoretical model

The described assumptions must be explicitly formulated in
rder to construct a mathematical model used to quantitatively

ompare the theory with experiments. The discussion of the
odel is divided into four parts. Two mechanisms of binder

emoval are discussed first, i.e., the capillary extraction and the
xudation effect, which are then combined to obtain a complete
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Fig. 5. A sketch of the binder distribution during thermal debinding as a function
of radial position. Up to the critical degree of saturation (Sk), the binder is immo-
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mmax = ρE1πLR (12)
ile (m1). The mobile part of the binder (m2) is moving from the moulded piece
nto the surrounding wick embedment. The binder that has already penetrated
nto the wicking embedment is marked as m3.

escription of the binder’s removal. Finally, a mechanism of
inder redistribution during cooling is discussed.

.1. The capillary extraction

Capillary extraction can be described using Darcy’s law. The
quation for the cylindrical shape is:

= −2πrL
K

η

dP

dr
(4)

here Q[m3/s] is the volumetric flow, r[m] is the radial distance
rom the center of the moulded piece, L[m] is the length of
he body, K[m2] is the permeability, η[Pa s] is the viscosity and
P/dr[Pa/m] is the pressure gradient.

In our case the binder is moving through two different
omains – the moulded piece and the surrounding wick embed-
ent – which have different permeabilities (see the sketch in
ig. 5). The movement of the mobile part (m2) of the binder can
e written as:

R

r1

Q
ηdr

K1r
+

∫ r2

R

Q
ηdr

K2r
= −2π

∫ P2

P1

LdP (5)

here K1[m2] is the permeability inside the moulded piece,
2[m2] is the permeability in the wicking embedment, r1[m]

s the distance of the trailing front from the center, r2[m] is the
istance of the leading front from the center and R[m] is the
adius of the piece.

As a result of integrating Eq. (5) we obtain:[
η

K1
ln

(
R

r1

)
+ η

K2
ln

( r2

R

)]
= −2πL�P (6)

The mass flow can be written in the form of a difference

quation in order to solve it numerically:

= dm3

ρdt
≈ �m3

ρ�t
(7)

w
b
m

eramic Society 30 (2010) 3013–3021 3017

here m3[kg] is the mass of the binder that has penetrated into
he wicking embedment in the small time increment �t[s] and
[kg/m3] is the density of the binder.

From Eqs. (6) and (7) a difference equation for the mass
hange due to capillary pressure is obtained:

mcapillar = − 2πρLK2�P

η[K2/K1 ln (R/r1) + ln (r2/R)]
�t (8)

.2. Exudation of the binder due to thermal expansion

In the beginning of the process the binder occupies all the
vailable space between the particles (S = 1). The mass of the
inder at the beginning of the process is:

0 = ρsE1πLR2 (9)

here ρs[kg/m3] is the density of the solidified binder.
When the binder is in the molten state, two forms of the binder

an be distinguished inside the moulded piece – the mobile and
he immobile part. The immobile part of the binder in the piece is
ocated around the particles and inside the finer pores throughout
he piece. The binder preferentially occupies the smaller pores,
ut if the degree of saturation is above a certain critical level
Sk), then all the positions of the immobile binder are filled and
ome binder is located in larger pores, where it can easily move –
his binder is called the mobile binder. The amount of immobile
inder can be calculated, according to the schematic drawing in
ig. 5:

1 = ρSkE1πLR2 (10)

here m1[kg] is the total mass of the immobile part of the binder,
k[/] is the critical degree of saturation level (the binder above
k is mobile and below Sk is immobile).

Because the total mass of the binder in the system is constant,
he mobile part of the binder can be calculated from the total mass
f the binder (m0) and the masses of the binder located in other
laces, i.e., m1 and m3, as is written in Eq. (11) (see sketch in
ig. 5). Eqs. (9) and (10) are used to further develop Eq. (11):

2 = m0 − m1 − m3 = E1πLR2(ρs − ρSk) − m3 (11)

here m2[kg] is the mass of the mobile part of the binder inside
he piece, m0[kg] is the total mass of the binder and m3[kg] is
he mass of the binder inside the wick embedment (one that has
lready left the piece).

The moulded piece does not change its dimensions during
ebinding, so the volume of the space between the particles is
onstant. There exists a maximum amount of binder that can be
ocated inside this space – when the binder occupies all of the
oids between particles (S = 1). The moulded piece is then fully
aturated with the binder (this is the state at the beginning of the
rocess):

2

here mmax[kg] is the maximum amount of binder that can
e located inside the moulded piece, when the binder is in the
olten state.
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piece, because the solidification is happening from the outside
towards the inside. The immobile part of the binder freezes in its
018 L. Gorjan et al. / Journal of the Europ

If the moulded piece is saturated with the binder (S = 1), the
hermal expansion would build up an excess amount of binder
nside the piece. Because of the incompressibility of the molten
inder the excess of the binder is exuded from the piece:

mexcess = (m1 + m2) − mmax (13)

here �mexcess[kg] is the excess amount of binder inside the
oulded piece that has built up in the time increment of �t[s].
Combining Eq. (13) with Eqs. (10)–(12) we obtain:

mexcess = E1πLR2(ρs − ρ) − m3 (14)

.3. Combining the debinding mechanisms

Both mechanisms, the capillary extraction and the exudation,
ontribute to the binder loss. Putting it another way, both mecha-
isms cause an increase in the amount of binder that has escaped
nto the wicking embedment (m3):

3(t + �t) = m3(t) + �mcapillar + �mexcess (15)

here m3(t + �t)[kg] is the mass of the binder in the wick after a
mall time increment �t[s] and m3(t) is the mass of the binder in
he wick before the small time increment �t. When we combine
q. (15) with Eqs. (8) and (14) we obtain the central equation
f the model, which describes the kinetics of the mass transport,
onsidering both mechanisms:

3(t + �t) = m3(t) + 2πρLK2�P

η[K2/K1 ln (R/r1) + ln (r2/R)]
�t

+[E1πLR2(ρs − ρ) − m3(t)] (16)

However, the equation has some conditions that we must con-
ider in the calculation. The second part on the right-hand side
f the equation, describing capillary extraction, is only valid
hen there is some amount of mobile part present inside the
iece (if m2 > 0), otherwise it is zero. The last part on the right-
and side of the equation, describing the removing of the binder
ue to exudation, is considered only if it has a positive value,
therwise it is zero; because the last condition, the first part on
he left-hand side of the equation, cannot cancel out with m3(t)
nside the third part.

The trailing front r1, used in Eq. (16), is calculated according
o the sketch in Fig. 5. It is derived from the statement that the

ass of the mobile part (m2) is located between the trailing front
r1) and the edge of the sample (R), inside the space between the
articles that are not already occupied by the immobile binder
m1). Eq. (11) is used to replace m2:

1 =
√

R2 − m2

ρE1(1 − Sk)πL√
E πLR2(ρ − ρS ) − m (t)
= R2 − 1 s k 3

ρE1(1 − Sk)πL
(17) l

s

eramic Society 30 (2010) 3013–3021

The leading front r2, used in Eq. (16), is also calculated
ccording to the sketch in Fig. 5:

2 =
√

R2 + m3(t)

ρE2πL
(18)

The density and the viscosity in Eq. (16) are temperature
ependent. For the viscosity we used the exponent dependency:

= A exp

(
b

T
− c

)
(19)

here A[Pa s], b[◦C] and c are experimentally obtained con-
tants.

A linear regression was used to describe the temperature
ependency of the density of the binder in the molten state:

= ρs; if T < melting point (20a)

= ρ(60 ◦C) + a T ; if T > melting point (20b)

here ρ(60 ◦C) and a [kg/◦C m3] are experimentally obtained
onstants. The temperature (T) is time dependant and is calcu-
ated from Eqs. (1a) and (1b).

The set of Eqs. (16)–(18), together with Eqs. (19), (20a)
nd (20b), constitute the model describing the mass transport
f the binder during thermal wick-debinding. These equations
re solved numerically, calculating Eqs. (16)–(20b) step by step,
iscretely increasing the time for �t in each step, as is evident
rom Eq. (16). The initial conditions, such as m3(0), r1(0), r1(0)
t time t = 0, are known and are obtained experimentally. An
ccurate numerical solution of m3 as a function of time can
e calculated if a small enough �t is used. In our calculations
e used �t = 5 s. The code was written and executed in Scilab

oftware.
For each time a binder content inside the moulded piece can

e calculated:

= m1 + m2

m1 + m2 + mpowder

= m1 + m2

m1 + m2 + ρpowderE1πLR2 (21)

here mpowder[kg] is the mass of ceramic powder inside the
ample and ρpowder is the density of the powder.

.4. Redistribution of the binder during cooling

When the process of thermal debinding is stopped, the
emaining binder cools and then finally solidifies or freezes.
owever, this has no effect on the binder content, but it does
ave a significant effect on the binder distribution inside the
iece.

When the binder freezes it contracts, and since the mobile
inder can move, the whole continuous body of the mobile
inder contracts. It contracts towards the edge of the moulded
ocation and does not shift position. The trailing front after the
olidification (r1,s) is calculated using Eq. (22), which is similar
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particular case, a high solids loading of micron sized particles
in the moulded part and a wicking embedment with high spe-
cific surface was used, resulting in very strong capillary suction.
L. Gorjan et al. / Journal of the Europ

o Eq. (17), except that the density of the binder (ρ) is changed
o the density in the solid state (ρs). Because ρs is larger than
, it follows that r1,s is larger than r1; the frozen trailing front

s located closer to the edge of the sample than was the trailing
ront in the molten state:

1,s =
√

R2 − m2

ρsE1(1 − Sk)πL
(22)

here r1,s[m] is the distance of the frozen trailing front from
he centre of the sample. The thickness of the binder-rich region
fter the solidification (d[m]) is:

= R − r1,s (23)

. Discussion

In order to verify our model, we quantitatively compared the
xperimental data and the model. The binder content and the
hickness of the binder-rich region vs. time were compared with
he model’s prediction. The input parameters used in the model
ere: E1 = 0.372 or 0.368 (for the suspension A with 87.8% and

uspension B with 88.0% suspensions, respectively), E2 = 0.70
nd the binder melting point = 60 ◦C. The density of the ceramic
owder was 3900 kg/m3. The density of the binder below the
elting point (ρs) is 920 kg/m3, while the density above the
elting point was interpolated with Eq. (20b), based on the

raduated cylinder measurements. The parameters used to best
t the data were ρ(60 ◦C) = 815 kg/m3 and a = 0.58 kg/(◦C m3).
he viscosity of the binder above the melting point was inter-
olated with Eq. (19), based on the rheometer measurements.
he parameters used to best fit the experimental data were
= 0.0095 Pa s, b = 195 ◦C and c = 3. Two of the parameters,
P × K2 = 7 × 10−15 Pa m2 and Sk = 0.75, were chosen to best
t the experimental data of the binder content obtained from
ebinding tests with suspension A (87.8% powder). The best fit-
ing occurred when the permeability of sample was much larger
han the permeability of the embedment (ratio K2/K1 → 0). The
ame values were then used to simulate the debinding of suspen-
ion B (88.0% powder), for all the temperature regimes. Both
f these parameters are difficult to determine experimentally
ith sufficient accuracy. Those parameters actually present the

esult of the theoretical analysis and, taking into account the
odel, gives us information about the conditions inside the

ample during the process, which is very difficult to observe
xperimentally.

The moulded pieces retained their size and shape after the
ebinding cycle. The technical linear shrinkage was below 0.1%.
his is consistent with the work of Wright et al.14 who observed

hat the shrinkage is inversely related to the ceramic volume
raction and that very little shrinkage occurs at a volume fraction
f around 64%.

The model predictions are presented on graphs as lines,
ogether with the experimentally obtained values, marked as

iamond-shaped points (each point represents one sample). We
ound that, according to the model, the permeability is far
reater in the ceramic body than in the wicking embedment.
herefore, all the resistance to flow is in the wick embed-

F
d
1

ig. 6. Binder content as a function of the time of debinding. The time when
he temperature reached the dwell temperature of 130 ◦C is marked for both
emperature regimes.

ent, and the resistance inside the moulded pieces can be
eglected.

The model confirms that the discrete loss of binder at the
eginning is caused by the exudation of the binder during melt-
ng. The density of the binder decreases from 0.92 g/cm3 in the
olid state to 0.783 g/cm3 just above the melting point, which
auses the binder to exude out of the sample. The amount of
inder loss due to this effect agrees well with the experiments.
he effect is seen in a discrete, sudden drop in the amount of
inder content at the beginning (Figs. 6 and 8). This effect also
as consequences for the binder distribution – a binder-depleted
ore forms as the binder solidifies. This is seen as a drop in
he thickness of the binder-rich region at the beginning (in the
eginning the thickness of the binder-rich region is equal to the
ample radius) (Figs. 7 and 9). Again, the model calculations
atch well with the experimental data. Our observations, that

nly a relatively small part of the binder moves due to the cap-
llary suctions, is quantitatively determined using the model –
nly 25% of the molten binder moves and 75% (Sk = 0.75) of
he binder is immobile. Sk depends on the pore size distribu-
ion in moulded parts and in the wicking embedment. In our
ig. 7. The thickness of the binder-rich region (d) as a function of the time of
ebinding. The time when the temperature reached the dwell temperature of
30 ◦C is marked for both temperature regimes.
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Fig. 8. Binder content as a function of the time of debinding. The time when
the temperature reached the dwell temperature of 200 ◦C is marked for both
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emperature regimes. The time when temperature 180 ◦C was reached is also
arked; above this temperature the oxidation process prevails as a debinding
echanism.

uch a combination was not used by some researchers and this
s presumably the reason why they7 did not observe front-like
xtraction. After the initial phenomena, connected with the melt-
ng of the binder, a gradual decrease in the binder content and
he thickness of the binder-rich region takes place, which is con-
istent with capillary extraction, described by Darcy’s law. This
olds for all kinds of temperature regimes until the temperature
s below 180 ◦C. We found that if the temperature during debind-
ng exceeds 180 ◦C an exothermic reaction takes place, which
ignificantly accelerates the binder removal rate. At higher tem-
eratures the binder oxidizes in a complex chemical reaction;
t is partially transformed into a volatile product and partially
nto a non-volatile, brown-colored, solid substance.15 Since the

odel does not describe such a phenomenon, the calculated
ines deviate from the experimental data when the temperature
xceeds 180 ◦C. This can be seen in Figs. 8 and 9 where the
well temperature was 200 ◦C.

The chemical reaction has an important role in the debind-

ng process, especially in the final stage of debinding, in which

complete removal of the binder must occur before the sin-
ering takes place. But partial capillary extraction must first be

ig. 9. The thickness of the binder-rich region (d) as a function of the time of
ebinding. The time when the temperature reached the dwell temperature of
00 ◦C is marked for both temperature regimes. The time when the temperature
f 180 ◦C was reached is also marked; above this temperature the oxidation
rocess prevails as a debinding mechanism.

b
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ompleted, so that open porosity is introduced into the moulded
iece. Without that porosity, the volatile products of oxidation
ould not be able to escape quickly enough and the pieces would
e damaged. However, the details of this are beyond the scope
f this paper.

. Conclusions

Our experimental work confirms that in a system of fine
l2O3 ceramic powder and a paraffin-based binder a char-

cteristic binder distribution with a binder-rich region below
he surface, surrounding an inner, binder-depleted region, does
ctually form during the thermal wick-debinding. The border
etween the regions is sharp. We also observed a large decrease
n the binder content at the beginning of the process, where the
emperature just exceeds the melting point of the binder. Based
n the observed data, mechanisms of thermal wick-debinding
ere proposed and a model was constructed to test the mech-

nisms. Because the model predictions are consistent with the
xperimental data, this argues in favor of the correctness of the
roposed mechanisms.

This means that the single-component binder inside the
oulded pieces exists in two different forms – as an immobile

inder, strongly bonded by the powder inside the finer pores,
nd as a relatively mobile binder, located in the larger pores.
nly the mobile part of the binder can move due to capillary

uction; according to our model this amount is 25%. The model
lso indicates that the resistance to flow of the molten binder
s far greater in the wick embedment than inside the moulded
iece. The large drop in the binder content at the beginning of
he process is explained by a change in the density of the binder
hen it melts. Because the powder skeleton is rigid and does not
eform, the expanding binder is exuded from the moulded piece.
urthermore, if the temperature during the debinding exceeds
80 ◦C, an oxidation reaction prevails as a mechanism of the
inder removal.
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