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Abstract

Powder injection molding (PIM) is an interesting technique and address of research, in which a thermoplastic polymeric material is used
to form the powder into the desired shape in a closed die. Binders have a crucial importance in the powder metallurgy technology as they
play a vital role to provide efficient powder agglomeration and/or lubrication during shaping. At the same time, they have to be easily
removed from the compacts during initial stages of sintering, using debinding process, without any damaging effect for the base material.
Thermal debinding is a vital process requiring somewhat elevated temperatures to remove binder from the compact. In the current study,
an investigation has been made about the effect of process variables on the debinding of injection molded pieces, by melt wicking. The
debinding process was performed at temperatures ranging from 160- up to-200°C for a time duration varying from 1-up to-27 hours. All
powders used in injection molding feedstock have an inherent packing porosity. Several types of alloy powders (Carbonyl iron steel,
Nickel aluminide, and 316L stainless powders), with various size distributions, particle shapes, and materials are adopted to define the
influence on binder incorporation resulted from this inherent porosity. Results revealed that the increase of debinding time or decrease in
the wicking powder (alumina) particle size lead to an increase in the thickness of the adhered layer of alumina. When the wicking powder
is very fine (0.3 um) or has a wide particle size range (<10 um), it becomes more dense and its debinding efficiency is decreased. At high
debinding temperatures (200 °C) the rate of binder evaporation and removal increased, which leads to decreasing the cohesion of the
samples yielding a shape distortion. In addition, the effect of the wicking powder (Al,O3) sizes and debinding time on the binder weight

loss percentage after debinding process for FeOX, NizAl, and 316L has been investigated.
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1. Introduction

Main advancements in powder processing dealing with particulate
materials are correlated with the potential growth in their shape
complexity and performance levels. Binder-assisted forming tech-
niques are considered, nowadays, an important potential address
of research in the area of powder processing. One of the most
important techniques is the powder injection molding (PIM),
which is based on using a closed die to form the powder into a
desired shape using a thermoplastic polymeric material [1-3];
therefore, it is a combination of conventional plastic molding and
powder metallurgy, which benefits from each in easy shaping and
superior mechanical properties, respectively [4-5]. PIM, as a form-
ing technique for high temperature alloys, has been paid great
attention due to its high potential for producing complex shapes
with large quantities and at low cost [6]. PIM has several steps
beginning with the mix of metal powder with a polymer, followed
by molding the mixed feedstock into shaped parts, going to re-
moving the polymer, and finally the sintering process which aims
at densifying the powder and removing most of the void space left
by the binders [7-8].

The compact obtained, after PIM process, consists of solid parti-
cles held together by binder phase, without pores, where solid
particles are in point contact and the binder forms a continuous
network throughout the compact. Consequently, an extrusion for

the binder must take place, without the distortion or pollution of
the compact, prior to the sintering process [6]. This removal,
which is called debinding, could be done using treatments by
chemicals (solvents) and thermal routes [9-10]. Subsequently, a
sintering process is done for the porous products to a density near
the theoretical required one.

Debinding is a critical core step in eliminating large fraction of the
organic phase, in which defects such as cracking, bloating, or
deforming is avoided [11-12]. Thermal debinding is the first and
the most common utilized method in the PIM industry, due to its
simplicity and low equipment investment. During this process,
decomposition takes place, at first, for some binder components at
low temperatures leaving pore channels behind. Consequently, the
pore network is formed and parts are further heated to pyrolyze
high molecular weight polymers. Important measures, of binder
removal rate and the compact condition after debinding, are de-
pendent on the complex interaction between the pore structure of
the compact, binder chemistry, debinding conditions, processing
cycle, temperature, time, and particle size of the wicking powder
[12-15]. The wicking powder decreases the total debinding time,
where wicking starts to get rid of the binder at a low temperature;
at which, there are less distortion and thermal stresses; therefore,
decreasing the damage chance of compact.

During thermal debinding, the component strength decreases, at
first, due to thermal softening of the polymer; consequently, pol-
ymer loss. Likewise, stresses (thermal, gravitational, residual, and
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other resulted from trapped gases due to polymer degradation)
affect the component, which could lead to cracks or distortion as
the polymer degrades. Other than these macroscopic defects, any
microscopic defect caused during thermal debinding is increased
noticeably during subsequent sintering. Therefore, the saying that
sintering helps in minimizing defects is absolutely wrong and the
total opposite is the actual case. Consequently, non-optimal selec-
tion of process conditions could lead to unwanted results [16].

The aim of this study is to investigate the influence of process
variables on the debinding of injection molded pieces by melt
wicking; where thermal wicking (capillary flow) is used to remove
the binder. Carbonyl iron steel, Nickel aluminide, and 316L stain-
less powders are used in this study, which are known for their
good mechanical properties, corrosion resistance, and behavior
suitable for a wide range of applications [17].

2. Materials and experimental procedure

Different powder alloys are selected to study the thermal debind-
ing process of injection molded parts. Two component binder
systems were used to prepare the powder-binder feedstock consist-
ing of low density polyethylene (PE 520) and ethylenebisteara-
mide (WC). The theoretical mixture density is a linear function of
the volume fraction of solids and could be represented by the fol-
lowing relationships [15], [17- 18]:
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Where: the subscripts p, b denote the powder and the binder; re-
spectively, ¢ is the volumetric loading of powder in the binder, p
is the solid density, p t is the density of the mixture, w is the
weight, X is the weight fraction, f is the fraction tap density, ¢ c is
the critical solids loading, and ¢ is the particle sphericity. The
critical weight fraction of powder loading was calculated for the
powder systems using Equations (1-4) and is presented in Table
(1). The melting temperature and density of the binder used in this
study are listed in Table (2).

The powders with the appropriate amount of binder (PE520 and
WC) were mixed and blended by a mixer in a heated chamber at a
temperature of 160°C for one hour. After mixing, the mixture was
cooled down to room temperature and crushed, which served as
the feedstock.

Table 1: The Materials and Binder Used.

denser viscosity that would result in an incomplete die fulfilment;
On the other hand, too high temperature could lead to diluter vis-
cosity that would induce the two-phase separation of powers and
binders resulting in macroscopic crack and residual flash. Similar-
ly, too high or low injection pressure may also bring defects for
the molded compacts [20]. The effects of injection temperature
and pressure on the shaping of molded compacts were studied and
the optimum values were determined. Table (3) shows the suitable
pressure and temperature of each feedstock for the different pow-
der alloys. This feedstock was then transferred to an injection
molding machine, where cylindrical bar specimens were prepared
with diameters of 20 mm and 100 mm long. Mold samples were
embedded in the aluminum oxide powder (Al,O3) in a stainless
steel container. Different particle sizes of wicking alumina powder
of 0.3, 1, <10, <30, and 50-200 um were used. The debinding was
performed at a temperature range of 160-up to-200 °C for a time
ranging from 1-up to-27 hours. Digital balance with + 0.0001 g
accuracy has been used to weigh each sample before and after
debinding, to determine the weight loss due to the absorbing the
binder by the wick.

Table 3: Pressure and Temperature of the Injection Molding Machine for
Each Feedstock.

Material P, MPa T, °C
NizAl 70 150
FeOX 25 155
316L 50 160

Power Alloy Binder wt.%

Type wt.% WC PE520
NizAl (100-106 um) 95.5 25 2
FeOX (3-4 um) 86 8.6 5.4
316L (22-44 um) 93.22 4.09 2.69

Table 2: Binder Melting Temperatures and Densities.

Binder Type Tm (°C) p (9/ cm3)
PE 520 96 0.924
WC 144 0.927

The dynamic viscosity (n) is measured for each feedstock to de-
termine the suitable pressure and temperature for the injection
molding machine [7, 19]. Too low temperature could lead to a

3. Results and discussion

The binder removal is a very complicated process and depends on
many variables. Such variables include the heating rate, tempera-
ture, and time. In addition, the type and the volume fraction of the
binders; as well as, the particle size of the wicking powder had a
significant influence on the binder removal process. Moreover, the
rate of the binder removal from the green compact is different for
each material and depends on its particle size.

Figs. 1 and 2 show the effect of alumina particle size on the thick-
ness of adhered layer of alumina at the debinding temperature of
160 °C on the surface of FeOX and 316L samples, respectively.
From these figures it is clear that the increase of debinding time or
decrease in the alumina particle size resulted in the increase in
thickness of the adhered layer of alumina. Moreover, by observing
Figs. 1 and 2, it could be realized that the wicking powder with
particle sizes of 0.3 and <10 um stick to the compact surface.
Therefore, when the wicking powder is very small (0.3 um) or has
a wide particle size range (<10 um), it becomes more dense and its
debinding efficiency is decreased. This may give a chance for
powder agglomeration and adherence to the compact surface.

As the temperature of the debinding process was increased to 200
°C, it was found that the wicking powder adhered to the surface of
the compact and a shape distortion was noted as shown in Fig. 3.
In addition, at these high debinding temperatures (200 °C), the
rate of binder evaporation and removal may be higher than that of
the capacity of the capillary system formed in the compact. In-
creasing of the binder removal resulted in decreasing of the cohe-
sion of the samples which led to the observed shape distortion. By
comparing Fig. 1 and Fig. 3, it could be concluded that debinding
temperature of 160 °C is suitable for carrying out the debinding
process; on the other hand, a debinding temperature of 200 °C
could be excluded.

The effect of the wicking powder (Al,Os) sizes on the percentage
of binder weight loss after debinding process for FeOX, NizAl,
and 316L are shown in Fig. 4, where it is revealed that the binder
weight loss increased rapidly by increasing the debinding time and
reached a constant value at 9 hours, approximately, for the differ-
ent alloys. A trait that persists in Fig. 4a-to-c, is the presence of
weight-loss stages. The first stage showed high weight loss occur-
ring at debinding time ranging from 5-up to-9 hours; which could
result from the binder water evaporation.
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Fig. 1: The Effect of Alumina Particle Size and Debinding Time on the
Adherence of Al,O; on FeOX Surface at 160 °C for a Time of 3 (A, C)
and 9h (B, D) Using Alumina Size of 0.3 (A, B) and <10 um (C, D).

The maximum weight loss during this stage was recorded for
FeOX alloy (Fig. 4a) at alumina with particle size of 1 pm, and for
Ni3Al and 316L (Fig. 4b and c, respectively) at alumina with par-
ticle sizes of 2.5-3.5 um. On the other hand, very fine alumina (0.3
um) or coarse alumina (<30 or 50-30 um) showed much fewer
amount of binder removal. The second stage showed a lower
weight loss, which could be attributed to the decomposition of the
remaining components with a higher molecular mass. This stage
occurs after a debinding time of 9 hours, in which the binder re-
moval rate is being slightly increased and reaches almost a con-
stant value.

Thermal debinding has an interesting mechanism of actions which
start with heating moulded parts to allow the binder components
of low-temperature to decompose; subsequently, binder viscosity
decreases and turns out to resemble fluid with the temperature
increase. Meanwhile, a built up pressure is formed in the center
region of the part, resulted from gas decomposition, obliging fluid
to surface which would make this region washed-out from binder.
In this case, the lack of binder movement control would lead to
non-constrained particles, due to the decrease in the solid percent-
ages at the surfaces, and a layer rich of binder could be formed;
consequently, after debinding. In addition, other phenomena could
occur such as the outward flow, where the binder sometimes; as a
result of the high negative capillary pressure at these areas, tend to
sweeps and fills all the contacts and fine pores [5]. The final stage-
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Fig. 2: The Effect of Alumina Particle Size and Debinding Time on the
Adherence of Al,0s0n 316L Surface at 160 °C for a Time of 3 (A, C) and
9h (B, D) Using Alumina Size of 0.3 (A, B) and <10 um (C, D).

of the process is reached when binder decomposition occurs at the
outer edges, which would lead to an increase of volume in large
inter-particle pores; at the same time, another binder decomposi-
tion takes place at inter-particle contacts and fine pores, resulting
in a somewhat smaller mean pore size.

Debinding coefficient could be augmented with the adoption of
elevated temperature, where molecular vibrations are stimulated.
During the first stage, the control of the debinding process was
carried out by the dissolution of binder at the debinding interface,
agreeing with debinding dynamic analysis; consequently, control
was transferred to the diffusion of binder in the connected pores of
the outer layer in debinding state, with the increase in the debind-
ing depth [11]. However, an adequately extended debinding period
was essential due to the prerequisite of the following thermal
debinding, which could only be done when an enough quantity of
binder was solvent in the debinding state for the formation of con-
nected pore nets in the green body.

Generally, the defects generated in the debinding processing can-
not be well eliminated in the post processing. Therefore, the care-
ful design of the debinding processing, to avoid the occurrence of
defects, is of great importance. The relation between binder rate
removal and debinding time for the different alloys at 160 °C,
using different particle sizes of alumina, are shown in Fig. 5,
where it could be realized that the debinding rate of FeOX alloys
has increased by decreasing the pore particle size of the wick
powder, which resulted in a greater capillary attraction by the
wick. Similar trend was observed for the NisAl and 316L alloys.
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Fig. 3: The Effect of Alumina Particle Size and Debinding Time on the
Adherence of Al,0; on FeOX Surface at 200 °C for a Time of 9 (A, C)
and 27h (B, D) Using Alumina Size of 1 (A, B) and <30 um (C, D).

It could be inferred that the removal rate is significantly increased
with the increase of debinding time. In which more than 50 % of
the binder weight might be removed at the debinding time of 5
hours for 316L powder using 1 um and 2.5-3.5 um wick powder,
which agrees with the results found in literature [21]. A similar
trend was observed for FeOX and NizAl alloys, where it was
found that that the continuous increase of debinding time resulted
in a slight increase in the removal rate. This could be attributed to
the intercoupling of debinding time and the concentration of bind-
ers in the moulded compacts. In addition, the debinding rate
showed a continuous decrease with time, in all performed experi-
ments, which could be partially explained by the decrease in pres-
sure head with time.

A representation for debinding by melt wicking could be made as
a competition between the capillary forces due to the pores in the
wick powder (Al,O3) and the pores in the sample. As the material
powder size is increased, the capillary force decreases; conse-
quently, debinding occurs at a faster rate [22]. The addition of
large particles to a small particle matrix would augment the green
density of a powder mixture. The prediction of green density vari-
ation with composition requires information on the fractional
packing density for the large and small powders, the mixture ho-
mogeneity, and the particle size ratio [23].

4. Conclusion

An investigation had been made about the influence of process
variables on the debinding of injection moulded pieces by melt
wicking. FeOX, Ni3Al, and 316L are the powders included in this
study. The following conclusions could be drawn from this work:
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Fig. 4: The Relation between Debinding Time and the Binder Weight Loss
Percent after Debinding Process at 160 °C for (A) FeOX, (B)NisAl, and
(C) 316L Alloy Using Different Particle Size of Wicking Alumina Pow-
der.

1) The increase of debinding time or the decrease in the parti-
cle size of alumina resulted in increasing the thickness of
the adhered layer of alumina.

2) When the wicking powder is very small (0.3 um) or has a
wide particle size range (<10 um), it becomes denser and its
debinding efficiency is decreased.

3) At high debinding temperatures (200 °C), the rate of binder
evaporation and removal increased, which lead to a decrease
in the cohesion of samples resulting in a shape distortion.

4) The binder weight losses increased rapidly by increasing the
debinding time and reached a constant value approximately
at 9 hours.

5) The time required to achieve 50 % of the debinding process
for 316L powders was 5 hours.
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The Relation between Debinding Time and Binder Rate Removal

after Debinding Process at 160 °C for (A) FeOX, (B) NisAl, and (C) 316L
Alloy Using Different Particle Size of Wicking Alumina Powder.
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