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Abstract

Debinding binders in two stages is critical to maintaining the shape of injected parts; the resulting decomposition affects the strength and
rigidity of a structure. This study determines the optimal debinding process on the basis of a higher binder removal rate and the production of
defect-free parts. The feedstock used was a combination of alumina–zirconia powder with a binder that consists of high-density polyethylene
(HDPE), paraffin wax (PW), and stearic acid (SA). During the first stage, the injected parts were immersed in an n-heptane solution at 50 1C,
60 1C, 65 1C, and 70 1C to remove PW and SA. Binder weight loss was evaluated as a function of time. In the second stage, HDPE was removed
by using thermal debinding. The results show that the optimum solvent debinding process runs for 16 h at 60 1C. The weight loss of the binder
reaches 41.1% and results in the formation of defect-free parts. The binders are degraded at approximately 550 1C during thermal debinding. This
degradation resulted in decomposition of nearly 96.9% of the binders. Low heating rates (1 1C/min to 2 1C/min) prevent defects from forming in
the injected parts.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ceramic injection molding (CIM) is a combination of
powder technology and injection molding. The CIM process
is a near-net shape processing technique that facilitates the
low-cost manufacture of ceramic components with complex
shapes [1–3]. The CIM process involves several stages,
namely, mixing, injection molding, debinding, and sintering.
German and Bose [4] described debinding as a process in
which a binder is removed from injected parts, thereby
producing commonly designated brown parts. The process
must be carefully performed to avoid problems that affect
quality, such as component distortion, cracking, blistering, and
contamination of parts. Debinding involves a long processing
period, thereby prompting the development of different
debinding techniques, including solvent, thermal, wicking,
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evaporation and catalytic debinding, as well as the combina-
tion of these approaches [5,6].
The use of a multi-component binder system enables two-

stage binder removal. German [7] and Liu et al. [8] stated that
binder removal in two stages is important in avoiding defects
in the shape of parts and in reducing total debinding time. The
main binder (backbone component) is usually a thermoplastic
that maintains the shape of the injected parts by confining
ceramic powder particles, which are then thermally removed
during the second debinding stage. Moreover, the support
binder (commonly a wax), which functions as a filler phase, is
eliminated during the first debinding stage by immersing the
injected part in a solvent, such as heptane, hexane, and
kerosene. The low decomposition temperature and molecular
weight of the support binder facilitate debinding at the first
stage, as reported by Iriany [9] and Krauss et al. [10].
Furthermore, pore channels that are formed as a result of filler
removal enable the main binder to seep out of the body
structure [11,12].
Cheng et al. [13] and Thomas-Vielma et al. [14] showed that

combining solvent and thermal debinding techniques successfully
ghts reserved.
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reduces binder decomposition time and prevents defects from
forming in injected parts. However, few researchers have discussed
a debinding process that involves the combination of alumina and
zirconia ceramic powder with a binder that consists of high-density
polyethylene (HDPE), paraffin wax (PW), and stearic acid (SA).
In the current study, an n-heptane solution was used to dissolve
PW and SA during the first debinding stage, and HDPE was
removed by thermal debinding during the second stage. The
debinding profile for thermal elimination was optimized through
thermogravimetric analysis (TGA) of the binder. This study
attempted to determine the optimal debinding process based on
higher binder removal rate and production of defect-free parts in a
multi-component binder system.
2. Materials and methods

2.1. Materials

The feedstock used in this study was a mixture of alumina
and zirconia (3 mol% yttria) powders combined with a multi-
component binder system composed of HDPE, PW, and SA.
The mixture was 80 wt% alumina powder and 20 wt% zirconia
powder. The alumina powder (AL-160SG-1), which has an
average particle size of 0.40 μm and a specific surface area of
7.0 m2/g, was supplied by Showa Denko. The zirconia powder
(KZ-3YF), which has an average particle size of 0.35 μm and a
specific surface area of 9.0 m2/g, was supplied by KCM
Corporation. Before mixing, the ceramic powder was dried
for 1 h in an electric furnace at 110 1C. The alumina and
zirconia powders were then mixed by using dry mixing, which
was performed at 100 rpm for 8 h by using a ball mill. The
ball-to-powder ratio was 5:1. The average size and density of
the alumina–zirconia powder after dry mixing were 0.31 μm
and 4.46 g/cm3, respectively. The morphology of the alumina–
Fig. 1. Morphology of the alumina–zirconia powder.

Table 1
Characterization of the binders.

Binder Supplier Chemical structure Density (g/

HDPE Titan petchem (–CH2–CH2–)n 0.96
PW Emercy oleochemicals C31H64 0.89
SA Emercy oleochemicals C18H36O2 0.88
zirconia powder is shown in Fig. 1. Table 1 shows the
characterization results for the binders. Differential scanning
calorimetry (DSC) analysis and TGA were conducted to
determine the melting and decomposition temperatures of the
binders. DSC and TGA were performed on a Mettler Toledo
DSC 1 STARe System and Netzsch STA 449 F3 Jupiter at a
heating rate of 10 1C/min.
2.2. Feedstock preparation and injection molding

The alumina–zirconia powder was mixed with the binders
by using an internal mixer machine (Brabender W 50 EHT) to
produce the feedstock. Mixing was conducted at 140 1C with
20 rpm velocity for 30 min. The alumina–zirconia powder
loading was 57 vol% (86.5 wt%), and the binder composition
was 50 wt% HDPE, 46 wt% PW, and 4 wt% SA. The
composition and combination of the binders were based on
the method proposed by Thomas-Vielma et al. [14]. The
feedstock, which was appropriately granulated after mixing
(Strong Crusher TSC-5JP), consisted of 18.09 wt% carbon,
30.63 wt% oxygen, 36.74 wt% alumina, and 14.54 wt% zirco-
nia. The elemental content, which refers to the average percent
of elements with different batches of mixing, was determined
by using energy dispersive X-ray spectroscopy (EDX) asso-
ciated with field emission scanning electron microscopy
(SEM) (Hitachi SU8020 FESEM). An SEM image of the
feedstock is shown in Fig. 2. A standard screw-type injection
molding machine (Battenfeld BA 250 CDC) was used to
produce the injected parts. The mold cavity was characterized
by a round bar (∅15� 21 mm2). The injection temperature and
pressure were 160 1C and 110 MPa, respectively. The injection
and holding times were 5 s and 10 s, respectively, and the
molding temperature was 50 1C. The injection molding con-
ditions were optimized according to previous research [15].
cm3) Melting temperature (1C) Decomposition temperature (1C)

131.8 420–550
59.5 200–400
69.8 180–380

Fig. 2. SEM image of the feedstock.
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2.3. Debinding process

A two-stage debinding process, which is a combination of
solvent and thermal debinding, was adopted to remove the multi-
component binder system in the injected parts. Solvent debinding
was performed by immersing the injected parts in an n-heptane
(Merck 104379) solution at different temperatures for specific
periods. The temperature ranged from 50 1C to 70 1C (Medcenter
Venticell III), and the injected parts were immersed in the solution
every 2 h. The sample was subsequently dried before weighing to
obtain the percentage weight loss of the binder. Thermal debinding
was then performed by heating the injected parts in a purified
argon atmosphere. The gas pressure in the furnace (Maju Saintifik
RS800/200/200) was fixed at 1 kg/cm2. The thermal debinding
profile was designed in accordance with the TGA of the binders.
The sample was re-weighed to determine the percentage weight
loss of all the binders after thermal elimination. The defects of the
debound parts were observed by using an Olympus Stereomicro-
scope SZ6. The microstructure and elemental content were
examined by using SEM and EDX (Zeiss Evo MA10 VPSEM
and Hitachi SU8020 FESEM).
Fig. 3. Schematic of the solvent debinding process.

Fig. 4. Differential scanning calorimetry curv
3. Results and discussion

3.1. Solvent debinding

The debinding of the injected parts was implemented in two
stages: solvent and thermal debinding. During the first stage,
solvent debinding was performed by immersing the injected parts
in an n-heptane solution at different temperatures and immersion
periods. This method was selected because PW and SA can be
dissolved through immersion in n-heptane, thereby allowing the
solubility of n-heptane to approach that of the binder component
[9]. This process produced a porous injection part, which facilitated
HDPE diffusion into the second debinding stage. Fig. 3 shows a
schematic view of the solvent debinding process, as well as the
condition of the support binder, which was removed from the
injected part because of capillary forces that occurred when these
parts began to dissolve in the n-heptane solution; this process was
discussed by German [16]. The melting point of the binders, which
is the indicator for the selection of solvent temperature during
debinding, was tested by using DSC analysis (Fig. 4). During
heating, the peak melting temperatures of the multi-component
binder system were 60.2 1C and 127.6 1C. Low melting tempera-
tures were applied to the PW and SA binder components, whereas
a high melting temperature was applied to HDPE. The solubility
and diffusivity of the binders in the solvent (n-heptane) were
directly affected by temperature. Therefore, the temperature for
solvent debinding was determined on the basis of the melting
temperatures of the binders. During the first debinding stage, the
melting temperatures of PW and SA were used as reference. The
combination of PW and SA represented half of the binder content.
Based on such composition, the weight loss of the binder during
the first stage reached up to 50 wt%.
Fig. 5 shows the effect of immersion time and solvent

temperature on the weight loss percentage of the binder. The
changes in these parameters considerably affected the percen-
tage of the binders that diffused from the injected parts. When
an injected part was soaked in the solvent at a prolonged
period, more binders were removed. The debinding rate was
significantly faster in the early stages because the binder was in
e of the multi-component binder system.



Fig. 5. Effect of solvent temperature on the weight loss of binders at various
immersion times.

Fig. 6. SEM images of the injected parts after solvent debindingat 60 1C for
(a) 0 h, (b) 4 h, and (c) 16 h.
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direct contact with the solvent. Subsequently, the solvent
diffused deeply into the injected part before it dissolved the
binder. Therefore, the debinding rate substantially slowed until
it reached a plateau after 16 h. The weight loss of the binders
remained nearly unchanged because a dynamic equilibrium
between the binders and solvent was reached; this phenom-
enon was described by Cheng et al. [13]. In addition, Iriany [9]
reported that the diffusion process is affected by the micro-
structure layout of injected parts. Binders cannot be completely
eliminated in case of dead ends because the porous channel in
microstructures does not interconnect with others. Fig. 6 shows
the SEM microstructure of the injected parts after being
immersed in the n-heptane solution at 60 1C at different
immersion times. At this temperature, the injected parts were
free from defects. The increase in immersion time eliminated
substantial amounts of PW and SA, thereby forming a more
porous structure (as shown in Fig. 6c). Therefore, empty
spaces existed between the ceramic powder and HDPE.

Increase in solvent temperature accelerates debinding. At a
high temperature, the binders rapidly melt, and the rate of solvent
diffusion increases. Experimental results show that at an immer-
sion time of 2 h, nearly 12.6 wt% and 17.2 wt% of the binder
(PW and SA) were eliminated at 50 1C and 60 1C, respectively.
Up to 19.6 wt% and 22.9 wt% of the binders were successfully
removed at immersion temperatures of 65 1C and 70 1C,
respectively. However, a very high immersion temperature was
less suitable for solvent debinding because it caused defects in
the injected parts. According to Murtadhahadi [17] and Tsai and
Chen [18], at a high temperature (exceeding the melting point of
a binder), more binders are melted and diffused rapidly out of the
body structure. This situation causes defects in the injected parts.
However, German and Bose [4] associated cracking to the
swelling of the injected part, which was due to thermal
expansion of the binders as a result of the reaction between
the solvent and the binders at a higher temperature. In the present
study, cracking occurred after immersion at 65 1C and 70 1C.
Cracks initially formed after 2 h of immersion at a higher
temperature. Fig. 7 shows the cracking of the sample after
immersion at 65 1C. Thus, the optimal solvent debinding process
occurred at 60 1C given the high weight loss of the binder. After
16 h of immersion, the weight loss of the binder reached 41.5%,
which resulted in the formation of defect-free parts.

3.2. Thermal debinding

Solvent debinding was followed by thermal debinding.
The debinding profile for thermal elimination was optimized
on the basis of the TGA of the binders. Fig. 8 shows the TGA
results for the feedstock and pure binders at a heating rate of
10 1C/min in purified argon at a temperature range of 30 1
C–600 1C. The pure binders decomposed in one step; however,
the multi-component binder system in the feedstock required
an additional step in the process. The PW and SA decomposed
at approximately 180 1C–200 1C and were completely elimi-
nated at approximately 380 1C–400 1C. The main binder,
HDPE, decomposed once the temperature exceeded 420 1C
and was completely decomposed at approximately 550 1C.
The multi-component binder system gradually decomposed at
a wide temperature range, beginning at 1801C and completely



Fig. 7. Images of cracks after solvent debinding at 65 1C

Fig. 8. Thermogravimetric analysis of the (a) feedstock and (b) pure binders.

Fig. 9. Optimized thermal debinding profile.
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decomposing at approximately 550 1C. This wide temperature
range during thermal debinding helps to prevent defect
formation and leaves behind a porous channel to allow the
outflow of gaseous matter [13].

Fig. 9 shows the optimized thermal debinding profile. At the
first stage, a heating rate of 2 1C/min was used from room
temperature and increased to 420 1C. At this point, the PW and
SA residuals were completely eliminated, thereby forming a porous
structure. At a temperature range of 420 1C–550 1C, a slower
heating rate was employed, which triggered the decomposition of
the HDPE binder. Decomposition gases were released through the
porous body structure. Thomas-Vielma et al. [14] revealed that a
high heating rate can cause pressure build-up and temperature
gradients inside the injected parts. This situation can form defects,
such as cracking and blistering, in the injected parts. Fig. 10a
shows the SEM image of the injected parts at the second debinding
stage with a 1 h holding time. Experimental results show that
nearly 90.5 wt% of the binder was decomposed. The relatively
large sizes of the injected parts resulted in HDPE residues, which
can be observed at the center of the injected parts, as shown in
Fig. 10b. After the holding time was extended to 3 h, nearly
96.9 wt% of the binder was successfully removed (Fig. 11).
According to Mohd Foudzi et al. [3], the remaining binder of
2 wt%–6 wt% was used to sustain the shape prior to sintering. The
sizes of the injected parts did not change significantly after solvent
debinding due to the higher of powder loading. After debinding,
the elemental content of the injected parts included 2.77 wt%
carbon, 40.29 wt% oxygen, 41.24 wt% alumina, and 15.70 wt%
zirconia. The results show that the available carbon content
decreases; since the majority of the binders originally consisted
of the carbon element. The remaining binder was completely
removed after sintering.
4. Conclusions

Two-stage debinding was performed to determine the
optimal debinding process for injected parts. Temperature
and immersion time significantly affect binder weight loss
during solvent debinding. Immersion at 60 1C for 16 h is
considered the optimum condition for solvent debinding



Fig. 10. SEM images of (a) the injected part after thermal debinding at 1 h holding time and (b) the residue of HDPE.

Fig. 11. SEM image of the injected part after thermal debinding at 3 h
holding time.
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because of the increased rate of binder weight loss and the
resulting defect-free parts. Moreover, TGA of the data facil-
itates acquisition of the optimal thermal debinding profile.
During thermal debinding, nearly 96.9% of the binder is
removed. Low heating rate and a long holding time allow
complete diffusion of the binders. All the binders in the
injected parts are successfully eliminated by the combination
of solvent and thermal debinding techniques, thereby prevent-
ing the formation of defects in the injected parts.
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