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Abstract: Low-pressure powder injection molding (LPIM) is a cost-effective technology for producing
intricate small metal parts at high, medium, and low production volumes in applications which,
to date, have involved ceramics or spherical metal powders. Since the use of irregular metal powders
represents a promising way to reduce overall production costs, this study aims to investigate the
potential of manufacturing powder injection molded parts from irregular commercial iron powders
using the LPIM approach. To this end, a low viscosity feedstock was injected into a rectangular mold
cavity, thermally wick-debound using three different pre-sintering temperatures, and finally sintered
using an identical sintering cycle. During debinding, an increase in pre-sintering temperature from
600 to 850 ◦C decreased the number of fine particles. This decreased the sintered density from 6.2 to
5.1 g/cm3, increased the average pore size from 9 to 14 µm, and decreased pore circularity from 67
to 59%.

Keywords: low-pressure powder injection molding (LPIM); debinding; pre-sintering temperature;
sintering; iron powder; irregular particles

1. Introduction

Powder injection molding (PIM) has been emerging as an alternative technology
to conventional powder metallurgy thanks to its numerous strong points, such as high
shape complexity and productivity, good precision, and adequate surface quality [1–3].
In ceramic injection molding (CIM) or metal injection molding (MIM), ceramic or metallic
powders are mixed with a polymeric binder to form molten feedstocks that are injected into
a mold cavity at a given injection pressure. During subsequent debinding and sintering
processes, the binder is removed from the injected components, which are finally densified
to obtain final products [4,5]. Although each processing stage is important, powder-binder
formulation and binder removal are critical steps driving the PIM parts’ final chemical
composition and mechanical properties [6,7].

In conventional high-pressure powder injection molding (HPIM), the binder, which con-
sists of a blend of low- and high-molecular-weight polymers (also called primary and
secondary binders, respectively), is removed in two steps. During the first step, the primary
binder is extracted either by a solvent [8–10], a supercritical fluid such as supercritical car-
bon dioxide [11,12], or a catalyst such as highly concentrated nitric acid [13,14], depending
on the binder system and powder characteristics. During the second step, the secondary
binder, acting as a backbone to retain the shape, is removed during a final burnout cycle be-
fore the sintering process [15,16]. During the MIM process, several chemical reactions such
as oxidation, reduction, carburization, and decarburization may occur during debinding
and sintering, affecting the parts’ magnetic, electric, physical, and mechanical properties.
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Since the carbon content determines the iron-based systems’ properties, debinding and sin-
tering processes need to be carefully designed to minimize undesirable chemical reactions.
Ho et al. [17] investigated the decomposition behavior of a carbonyl iron powder (CIP)
feedstock using one-step thermal and two-step solvent/thermal debinding routes. Using
the same thermal debinding conditions (i.e., debinding at 500 ◦C under a hydrogen atmo-
sphere), they confirmed that the carbon content was better controlled during a two-stage
solvent/thermal debinding, as compared to the one-step thermal debinding route. Apply-
ing a similar two-step debinding approach to an iron-based feedstock, Hwang et al. [18]
successfully extracted the primary soluble binder through a heptane bath, followed by a
final burnout of the backbone polymer during thermal debinding under different N2-H2
atmospheres. They highlighted that an increase in the hydrogen proportion significantly
affects the carbon content, directly impacting the final sintered densities. Lee et al. [19]
studied the effect of debinding parameters, such as the temperature and heating rate,
on the residual carbon content in different neodymium-iron-boron feedstock formulations.
Using a one-step thermal debinding approach, they demonstrated that the use of slower
heating rates (<1 K/min) and higher debinding temperatures (from 270 to 500 ◦C) was
effective in maintaining a low carbon content, which affects the magnetic properties of
sintered specimens.

In low-pressure powder injection molding (LPIM), a low viscosity multi-component
binder provides high molding capability while generating suitable powder-binder interac-
tions, feedstock stability, and low segregation occurrence. The binder system, which does
not contain a high melting point backbone polymer, is generally composed of wax-based
carriers, surfactants, and thickening agents providing a feedstock viscosity typically below
20 Pa·s, which requires an injection pressure below 1 MPa (i.e., 50 to 200 times lower
than the pressure required in HPIM) [20]. This low injection pressure streamlines the
production process by decreasing the size of injection machines and the overall tooling size
(as compared to reciprocating screw press and massive molds used in conventional HPIM).
This leads to a cost-effective fabrication of intricate parts, either in low- or high-production
volumes [21,22]. However, in the absence of a backbone binder, one of the main challenges
encountered in the LPIM process is shape retention and a lack of brown strength since all
the binder components are removed in just a single step during a thermal wick debinding
stage. For LPIM feedstock, the approach consists of embedding the injected parts into
a wicking powder bed (e.g., graphite, alumina, or other inert powders) and to heat it to
the pre-sintering temperature under a protective atmosphere. The powder bed acts as
a wicking medium to withdraw the molten binder out of the heated part. As physical
support, it maintains the weak debound structure up to the pre-sintering of powder parti-
cles. In thermal wick debinding, the most critical parameters include a wicking medium
pore size, debinding temperature, heating rate, protective atmosphere, and pre-sintering
temperature, which must be all set to ensure the proper binder extraction, while avoiding
undesirable stresses, distortions, defects, or chemical reactions [23].

As a pioneer in this field, German [24] described the mechanisms governing thermal
wick debinding and the binder’s two distinct structures through the powder network.
On the one hand, a significant amount of the molten state binder is extracted from the
injected parts by capillary forces as a connected liquid (also called the funicular state)
within the porous wicking bed. On the other hand, while binder regions become isolated,
residual binder remains trapped within the part (also called the pendular state). During
a heating ramp-up to pre-sintering temperature, the binder is completely decomposed
regardless of location (i.e., inside the part, as pendular bonds, or outside the part within
the wicking media). Based on this model, an evolution of binder content is expected at
different times of the process (e.g., at different debinding short shots) where the center of
the part becomes poorer in the binder, while the wicking bed becomes richer in the binder.
Using an alumina-based LPIM feedstock, Gorjan et al. [25] experimentally confirmed this
evolution in binder content and the formation of distinct rich and poor binder zones within
the part using interrupted debinding cycles. Following the binder exudation occurring
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at the early debinding stage due to a sudden change in binder volume, they suggested
that a molten binder could be mobile or immobile, depending on the part and wicking
powder pore sizes. However, other experimental data obtained by some research groups
showed few inconsistencies with this model. Somasundram et al. [26] studied the mecha-
nisms of thermal wick debinding for a zirconia-based LPIM commercial feedstock using an
experimental approach. They observed a homogenous distribution of the binder through
the parts during the debinding stage. They concluded that the binder was extracted con-
currently from bigger and smaller pores in the compact regardless of location within the
part. Kim et al. [27] used a commercial silicon nitride based LPIM feedstock to study
additives’ effect on the capillary extraction forces during thermal wick debinding treatment.
They observed that binder systems containing ethylene-vinyl acetate behaved differently
from those containing polyethylene wax in capillary extraction, weight loss, and debinding
rate. The study also concluded that the transition from the funicular to pendular states and
the capillary structure are significantly affected by binder homogeneity regardless of binder
location within the part. According to these approaches used to describe the debinding
mechanisms, there are no universal analytical models that can be directly applied to all
powder/binder systems to predict the physical phenomena occurring during thermal
wick debinding.

As an alternative, thermogravimetric analysis (TGA) has been used extensively to
assess binder constituents’ effect and debinding atmosphere on the binder degradation
behavior. Combined with other experimental techniques, the decomposition temperature
ranges obtained with a TGA can be used directly to design thermal debinding cycles.
HWANG and TSOU [28] studied the decomposition behavior and degradation rates of indi-
vidual binder constituents for iron-based feedstock using the TGA to better understand the
decomposition stages and design the thermal debinding process. Xianfeng et al. [29] investi-
gated the thermal degradation behavior and evolution of gaseous species during a thermal
debinding of zirconia-based feedstock. The TGA results confirmed that the chemical nature
of the powder could change the kinetic of binder decomposition. Xie et al. [30] used TGA
coupled with FTIR spectrometry (TG-FTIR analysis) to quantitatively study and design
the thermal debinding cycle for HPIM zirconia-based feedstocks and evaluate the effect
of binder composition, decomposition rate, degradation temperature range, and products
on the quality of debound parts. W.-K. You et al. [31] used the TGA approach to design a
thermal wick debinding cycle adapted to spherical iron-based feedstocks (i.e., to blends of
micrometric and nanometric powders). A few years later, the same research group con-
firmed the debindability of such HPIM spherical iron-based feedstocks using the thermal
wick debinding approach under hydrogen [32]. Although the last decades have seen the
successful development of thermal wick debinding in HPIM using analytical or experimen-
tal models, thermal wick debinding of LPIM ceramic-based feedstocks has received very
little attention. In contrast, metal-based feedstocks containing either spherical or irregular
powders have been simply ignored. Likewise, to the best of the authors’ knowledge, the ef-
fect of the pre-sintering temperature on the sintered properties of LPIM metallic parts has
not been explored. This work aims to demonstrate the capability to debound an irregular
iron-based LPIM feedstock using a thermal wick debinding process and investigate the
effect of the pre-sintering temperature on the density and pore structure of sintered parts.

2. Materials and Methods

The iron powder was provided by Rio Tinto Metal Powders (Sorel-Tracy, QC, Canada).
Following the water atomization process, the powder was high-energy milled, screened
down using a 325 mesh (−45 µm), and measured using a laser diffraction particle sizing
analyzer (Coulter LS13 320 Beckman, Fullerton, CA, USA). The particle size distribution
characterized by a D10, D50, and D90 of about 1.8, 16.6 and 44.1 µm is reported in Figure 1a.
The irregular morphology of the powder-binder mixture’s dry powder and homogeneity
were observed using a Hitachi 3600 scanning electron microscope (SEM)( Hitachi, Tokyo,
Japan), as illustrated in Figure 1b,c. The feedstock was prepared by blending 55 vol.% of
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iron powder with a multi-component binder system containing 42 vol.% of paraffin wax
(PW) used as the main carrier, 2 vol.% of stearic acid (SA) promoting the surfactant effect,
and 1 vol.% of ethylene-vinyl acetate (EVA) used as a thickening agent to avoid the segre-
gation phenomenon. These binder constituents were selected due to their extensive use in
LPIM [33,34]. The solid loading reached in this study represents a typical value for irregular
powders used in LPIM that are mainly reported for ceramic-based feedstocks [35,36].
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The melting point of the feedstock was measured using a Perkin Elmer Pyris 1 differ-
ential scanning calorimeter (DSC) (Perkin Elmer, Waltham, MA, USA) according to ASTM
D3418-03 [37], and the values for the second heating and cooling cycles are presented.
During the test, a specimen of about 10 mg was encapsulated in a standard aluminum pan
and heated to temperatures ranging from 20 to 100 ◦C using a heating rate of 10 ◦C/min
under a protective atmosphere of dry nitrogen gas flow of 50 mL/min. Based on the DSC
measurements, the rheological tests and injections’ temperature was set to about 12 ◦C
above the feedstock melting point to ensure its molten state. The feedstock viscosity
was measured at 70 ◦C using a rotational rheometer (Anton Paar MCR 302, Graz, Austria)
equipped with a concentric-cylinder geometry (CC-17) and a Peltier temperature-controlled
measuring system (C-PTD 200, Anton Paar, Graz, Austria) at shear rates ranging from 0.5
to 1000 s−1. A thermogravimetric analysis (TGA) was performed using a simultaneous
thermal analyzer (STA 8000, Perkin Elmer, Waltham, MA, USA) to obtain the feedstock’s
decomposition temperatures, which were later used to design the debinding cycles. To re-
alize this test, a 10 mg specimen was extracted from the injected part, placed in a standard
platinum pan, and heated from 100 to 600 ◦C using a heating rate of 10 ◦C/min under
argon gas at a flow rate of 60 mL/min.

Injection molding was performed using the LPIM laboratory injection press specially
designed to avoid the segregation that may occur when using a low viscosity feedstock [38].
During the injections into the rectangular mold illustrated in Figure 2a, a constant vol-
umetric flow was maintained at 2.2 cm3/s, producing a maximum injection pressure of
about 0.5 MPa for a mold temperature maintained at 45 ◦C. The injected parts were then
embedded into an inert alpha-phase 99.9% alumina powder bed (Alfa Aesar, Thermo Fisher
Scientific, stock # 42572, Waltham, MA, USA) supported by a stainless-steel boat illustrated
in Figure 2b. This boat was hermetically sealed within a metallic retort before the air was
flushed with argon gas. The retort was placed in a programmable debinding furnace
(Nabertherm L3117S, Lilienthal, Germany) and heated up to different pre-sintering temper-
atures under an inert atmosphere of argon, using a flow rate of 25 L/min. Three debinding
cycles using two distinct stages (debinding and pre-sintering) were used to investigate
the effect of pre-sintering temperature on the final sintered properties (debinding cycles
are detailed in Section 3.2). A chemical analysis of the as-received powder and debound
parts was performed by the infrared absorption method, using an oxygen analyzer (TC-500,
LECO, St. Joseph, MI, USA) and a carbon analyzer (CS-200, LECO, St. Joseph, MI, USA).
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In contrast, the debound structures were observed using a scanning electron microscope
(Hitachi 3600, secondary electron detector, Tokyo, Japan).
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Figure 2. (a) Schematic representation of the rectangular mold and (b) typical arrangement of the
injected parts settled on an alumina powder bed before debinding (top layer of alumina powder is
not shown).

Debound specimens were settled on a dense zirconia plate and sintered in a high-
temperature furnace (CM Furnace, model 1516 GSH2FL, Bloomfield, NJ, USA) using a
typical sintering cycle for iron-based MIM parts [31]. It consisted of heating parts up to
a sintering plateau at 1250 ◦C for 90 min under a reactive atmosphere of pure hydrogen
(gas flow ~30 L/min). The sintering temperature-time profile is shown in Figure 3. The sin-
tered density was measured using the oil-impregnation method based on Archimedes’
principle according to MPIF standard 42 [39]. Metallographic analyses were performed on
cross-sections of the sintered specimens that were vacuum-impregnated with epoxy resin,
cured at 60 ◦C, mirror-polished, and observed using an optical microscope. A quantitative
assessment of average pore size and circularity in sintered specimens was performed using
the open-source image processing software ImageJ [40]. For the microstructure observation,
the specimens were chemically etched in 2 vol.% Nital solution (2 mL of concentrated nitric
acid in 98 mL of ethyl alcohol) and observed using an optical microscope.
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3. Results and Discussion
3.1. Feedstock Properties

The DSC curve presented in Figure 4a manifests two distinct endothermic peaks
corresponding to a multi-constituent binder’s melting point. The feedstock melting point
of 57.7 ◦C was determined using the curve’s last peak as indicated by the black arrow
in Figure 4a. The feedstock rheological profile measured at 70 ◦C (Figure 4b) demon-
strated that at this temperature, a range of typical shear strain rates experienced by a
powder-binder mixture during the injection (10–100 s−1) corresponds to a feedstock vis-
cosity ranging from 1.5 to 3 Pa·s, which is below 20 Pa·s as recommended for the LPIM
processing [20]. This temperature was selected as the feedstock temperature for injections.
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3.2. Debinding
3.2.1. Selection of Debinding and Pre-Sintering Temperatures

Figure 5a presents the TGA profiles obtained for each binder constituent and the
feedstock. The decomposition of individual binders SA, PW, and EVA starts at 150, 160,
and 280 ◦C, and ends at 380, 470, and 480 ◦C, respectively. The EVA decomposition curve
exhibits two steps (the first ranging from 280–370 ◦C and the second, from 400–480 ◦C)
corresponding to acetic acid’s thermal degradation polyethylene-co-acetylene, respec-
tively [41]. The TGA curves confirm that these three binder constituents are completely
decomposed at 480 ◦C. Although the binder is formulated from three constituents, the feed-
stock’s TGA profile exhibits one single but broad decomposition step. The EVA and SA
solubility can explain this change in the thermal decomposition kinetics between single
and multiple binders in PW, which has been reported in previous work [42]. The change
in weight fraction corresponds to the initial (TD1) and final (TD2) temperatures of binder
burnout at 250 and 380 ◦C, respectively. The TGA profile obtained for the feedstock shows
a remaining weight fraction of around 90 wt.%, corresponding to the powder’s relative
weight initially contained in the mixture (i.e., a solid loading equivalent of 55 vol.%).



Metals 2021, 11, 264 7 of 13

Metals 2021, 11, x FOR PEER REVIEW 7 of 14 
 

 

decomposed at 480 °C. Although the binder is formulated from three constituents, the 

feedstock’s TGA profile exhibits one single but broad decomposition step. The EVA and 

SA solubility can explain this change in the thermal decomposition kinetics between sin-

gle and multiple binders in PW, which has been reported in previous work [42]. The 

change in weight fraction corresponds to the initial (TD1) and final (TD2) temperatures of 

binder burnout at 250 and 380 °C, respectively. The TGA profile obtained for the feedstock 

shows a remaining weight fraction of around 90 wt. %, corresponding to the powder’s 

relative weight initially contained in the mixture (i.e., a solid loading equivalent of 55 vol. 

%).  

The values obtained from the TGA and DSC profiles were used to define the debind-

ing and pre-sintering temperatures shown in Figure 5b. This heat treatment was designed 

to extract the binder from the injected parts and increase the brown strength (i.e., initiate 

particle bonding) required for handling and transfer the samples to the sintering treat-

ment. The temperature for the debinding plateau (i.e., the binder removal phase reported 

as segment #1 in Figure 5b) was set at 250 °C, i.e., between Tm and TD1, to guarantee the 

molten state of the binder while avoiding its thermal decomposition. During segment #2, 

the liquid binder, which was mainly absorbed by the wicking media, was burned out dur-

ing the temperature ramp-up (over 6 to 12 h, according to the pre-sintering temperature) 

starting above TD1 and exceeding TD2. In this work, three pre-sintering temperatures with 

a dwelling time of two hours at 600, 700, and 850 °C were used to study the impact of this 

process parameter on the final sintered density, pore size, and structure (reported as seg-

ment #3 in Figure 5b). Preliminary debinding tests confirmed that a pre-sintering temper-

ature below 600 °C produced a bonding too weak to be handled, i.e., the brown parts were 

still in a near-loose powder state. In another exploratory trial, a pre-sintering temperature 

above 850 °C induced well-developed neck bonding similar to a fully sintered structure 

but did exhibit distortions probably due to the constrained state inherent to samples em-

bedment into the alumina powder bed. Following the pre-sintering plateau, the specimens 

were slowly cooled down at approximately 1.6 °C/min maintaining an argon protective 

atmosphere until room temperature was reached (segment #4 in Figure 5b). The heating 

and cooling rates were kept low to create a gradual binder wicking and minimize the 

temperature gradients through the green parts, which could cause distortions, cracking, 

blistering, or other undesirable defects [43]. Note that the impact of the cooling-heating 

rates on the quality of parts should be studied further to decrease the total cycle time. 

 

Figure 5. (a) TGA profiles of binder constituents (SA: stearic acid; PW: paraffin wax; EVA: ethylene vinyl acetate) and 

feedstock, and (b) thermal wick debinding cycles performed at different pre-sintering temperatures varying from 600 to 

850 °C under argon atmosphere. 

Figure 5. (a) TGA profiles of binder constituents (SA: stearic acid; PW: paraffin wax; EVA: ethylene vinyl acetate) and
feedstock, and (b) thermal wick debinding cycles performed at different pre-sintering temperatures varying from 600 to
850 ◦C under argon atmosphere.

The values obtained from the TGA and DSC profiles were used to define the debinding
and pre-sintering temperatures shown in Figure 5b. This heat treatment was designed
to extract the binder from the injected parts and increase the brown strength (i.e., initiate
particle bonding) required for handling and transfer the samples to the sintering treatment.
The temperature for the debinding plateau (i.e., the binder removal phase reported as
segment #1 in Figure 5b) was set at 250 ◦C, i.e., between Tm and TD1, to guarantee the
molten state of the binder while avoiding its thermal decomposition. During segment
#2, the liquid binder, which was mainly absorbed by the wicking media, was burned out
during the temperature ramp-up (over 6 to 12 h, according to the pre-sintering temperature)
starting above TD1 and exceeding TD2. In this work, three pre-sintering temperatures with a
dwelling time of two hours at 600, 700, and 850 ◦C were used to study the impact of this pro-
cess parameter on the final sintered density, pore size, and structure (reported as segment
#3 in Figure 5b). Preliminary debinding tests confirmed that a pre-sintering temperature
below 600 ◦C produced a bonding too weak to be handled, i.e., the brown parts were still
in a near-loose powder state. In another exploratory trial, a pre-sintering temperature
above 850 ◦C induced well-developed neck bonding similar to a fully sintered structure
but did exhibit distortions probably due to the constrained state inherent to samples em-
bedment into the alumina powder bed. Following the pre-sintering plateau, the specimens
were slowly cooled down at approximately 1.6 ◦C/min maintaining an argon protective
atmosphere until room temperature was reached (segment #4 in Figure 5b). The heating
and cooling rates were kept low to create a gradual binder wicking and minimize the
temperature gradients through the green parts, which could cause distortions, cracking,
blistering, or other undesirable defects [43]. Note that the impact of the cooling-heating
rates on the quality of parts should be studied further to decrease the total cycle time.

3.2.2. Debound Part Characterization

The as-received powder and debound parts’ carbon and oxygen contents are com-
pared in Figure 6 for different pre-sintering temperatures. As expected, the as-received
powder’s initial carbon and oxygen levels are high due to an intrinsic affinity of water-
atomized iron powders to oxygen, which forms stable iron oxides on particle surfaces [44].
After the debinding process, carbon decreased by a factor of 2, while the amount of oxy-
gen decreased by approximately 10 times. Furthermore, a slight decrease in brown parts’
carbon and oxygen contents was also seen as the pre-sintering temperature increased.
The significant decrease in oxygen content can be explained by this element reaction on
the powder’s surface, with the carbon alloyed inside and the binder found between the
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particles. These results show that to design a proper debinding treatment for the MIM
iron parts, optimizing the pre-sintering temperature is critical since shrinkage, structure,
and mechanical properties are strongly affected by carbon content [45].
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Debound specimens pre-sintered at different temperatures were broken to evaluate
the bonding networks, as shown in Figure 7. After debinding, the center of all the debound
parts exhibits many open channels regardless of the pre-sintering temperature used during
the debinding cycle (Figure 7a–c). An increase in the pre-sintering temperature from 600 to
850 ◦C appears to decrease fine loose powders, which seems to bond on coarse particles.
Since these fine particles play an important role in the activation of sintering, using high
pre-sintering temperatures may negatively affect the sintering driving force, and therefore,
the final part density. Interestingly, large particles in the center of the debound network
do not exhibit clear and well-defined neck bonding but rather, a network similar to loose
powder particles interlocked together.

Looking at the edge of the debound specimens, the SEM observations shown in
Figure 7d–f confirm the presence of three distinct zones. Zone #1 is similar to the one
observed in the specimens’ center, where no apparent bonding is found. Zone #2 is a
sub-surface region where some bonding can be observed under all debinding conditions.
Although these two zones are visible regardless of the pre-sintering temperature, a third
zone exhibiting a dense layer can be observed in Figure 7e,f was only acknowledged in the
specimens debound at high temperatures (i.e., pre-sintered at 700 and 850 ◦C). An explana-
tion for this phenomenon is that an increase in the pre-sintering temperature provides the
thermal activation energy sufficient to sinter the parts’ surface. However, some research
groups have reported a similar surface phenomenon during the thermal wick debind-
ing of different ceramic-based feedstocks formulated from paraffin wax binders [46,47].
Zorzi et al. [48] and Gorjan et al. [49] proposed another explanation, in which this non-
volatile layer was formed during a thermal debinding above 250 ◦C due to an intricate
chemical reaction taking place between paraffin wax and alumina powder at the interface
of the part and the wicking medium, transforming the hydrocarbon binder into a dense
layer. Considering the use of an inert protective atmosphere in our work, this second
hypothesis explaining this dense layer formation could be linked to the quantity of oxygen
and impurities adsorbed. They are usually in the form of an oxide layer on the particles’
surface, which could intensify such an insoluble layer. Although this phenomenon’s study
is beyond the scope of this work, it is interesting to note that the thickness of this dense layer
seems to increase with the pre-sintering temperature. Therefore, the strength observed
after debinding at different pre-sintering temperatures for this irregular powder seems
to be explained by the powder interlocking combined with the occurrence of solid-state
bonds when present on the specimen surface.



Metals 2021, 11, 264 9 of 13

Metals 2021, 11, x FOR PEER REVIEW 9 of 14 
 

 

nonvolatile layer was formed during a thermal debinding above 250 °C due to an intricate 

chemical reaction taking place between paraffin wax and alumina powder at the interface 

of the part and the wicking medium, transforming the hydrocarbon binder into a dense 

layer. Considering the use of an inert protective atmosphere in our work, this second hy-

pothesis explaining this dense layer formation could be linked to the quantity of oxygen 

and impurities adsorbed. They are usually in the form of an oxide layer on the particles’ 

surface, which could intensify such an insoluble layer. Although this phenomenon’s study 

is beyond the scope of this work, it is interesting to note that the thickness of this dense 

layer seems to increase with the pre-sintering temperature. Therefore, the strength ob-

served after debinding at different pre-sintering temperatures for this irregular powder 

seems to be explained by the powder interlocking combined with the occurrence of solid-

state bonds when present on the specimen surface. 

 

Figure 7. SEM observations of the debound specimens (a–c) at the center and (d–f) at the speci-

mens’ edge.  
Figure 7. SEM observations of the debound specimens (a–c) at the center and (d–f) at the specimens’ edge.

3.3. Sintered Properties

As observed in Figure 8a, the debinding stage produces no significant shrinkage
as compared to the injected part, since debinding treatment produced no real bonding.
After sintering, a linear shrinkage of about 12% was measured. The sintered density of
the specimens debound at different pre-sintering temperatures is presented in Figure 8b.
Globally, the highest final sintered density, about 80% of the theoretical value, was achieved
for the parts debound-pre-sintered at 600 ◦C. As the pre-sintering temperature increases
from 600 to 850 ◦C, the sintered density decreases from 6.2 to 5.1 g/cm3, which is in line
with the metallographic analysis presented in Figure 9, where the occurrence and size
of interconnected pores increase as the pre-sintering temperature increases. The smallest
volume fraction of pores was obtained with the specimen debound at 600 ◦C, and to a
smaller extent, at 700 ◦C. The well-distributed isolated pores seen in Figure 9a,b confirm
that these low pre-sintering temperatures resulted in a better sinterability that could
be explained by the presence of fine particles observed within the debound network
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of Figure 7a,b, combined with the mitigation of undesirable chemical reactions such as
contamination, interstitial elements, or surface oxidation.
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Figure 9. Optical micrographs of (a–c) as-polished, (d–f) etched specimens sintered at 1250 ◦C
under hydrogen atmosphere following different pre-sintering temperatures.

On the other hand, the optical micrograph of the specimen debound at 850 ◦C
(Figure 9c) exhibits the highest degree of interconnected pores along with several inter-
particle joints. From the metallographic images of sintered microstructures presented in
Figure 9d–f, it was observed that regardless of the debinding-pre-sintering temperature
(PST), these microstructures manifest a bimodal grain size distribution consisting of small
grains with an average size of ~6 µm. White arrows indicate it in Figure 9d–f, and large
grains with an average size of ~30 µm, indicated by red arrows in Figure 9d–f. However,
for PST of 700 ◦C and 850 ◦C, small grains appear to be located mostly at the pore inter-
faces on the densified clusters’ periphery. In contrast, for PST of 600 ◦C, small grains are
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well-distributed throughout the densified material. The specific small grain distributions
observed after high-temperature PST could be due to satellites sintered on large particles
after the debinding process that was apparently not contributing to the sintering driving
force required for further densifying the part.

Figure 10 illustrates the evolution of average pore size and circularity as functions
of the pre-sintering temperature. It could be observed that the higher the pre-sintering
temperature, the larger the pore size (an increase in the average size from 9 to 14 µm)
and the lower the pore circularity (a decrease in average circularity from 67 to 59%).
Such increased pore size and decrease in pore circularity produce a reduction in the MIM
parts’ mechanical properties. Moreover, since fine particles observed during debinding-
pre-sintering at 600 ◦C can be considered as the major sintering driving force (presented in
Figure 7a,b), it can be concluded that the pre-sintering temperature must be kept as low
as possible to prevent their annihilation while minimizing undesirable chemical reactions
during debinding. In this respect, the sintering process (heating ramp, oxide reduction
temperature, sintering temperature, dwell time, etc.) must be optimized to confirm whether
the final density can be improved.

Metals 2021, 11, x FOR PEER REVIEW 11 of 14 
 

 

 

Figure 9. Optical micrographs of (a–c) as-polished, (d–f) etched specimens sintered at 1250 °C un-

der hydrogen atmosphere following different pre-sintering temperatures. 

Figure 10 illustrates the evolution of average pore size and circularity as functions of 

the pre-sintering temperature. It could be observed that the higher the pre-sintering tem-

perature, the larger the pore size (an increase in the average size from 9 to 14 µm) and the 

lower the pore circularity (a decrease in average circularity from 67 to 59%). Such in-

creased pore size and decrease in pore circularity produce a reduction in the MIM parts' 

mechanical properties. Moreover, since fine particles observed during debinding-pre-sin-

tering at 600 °C can be considered as the major sintering driving force (presented in Figure 

7a,b), it can be concluded that the pre-sintering temperature must be kept as low as pos-

sible to prevent their annihilation while minimizing undesirable chemical reactions dur-

ing debinding. In this respect, the sintering process (heating ramp, oxide reduction tem-

perature, sintering temperature, dwell time, etc.) must be optimized to confirm whether 

the final density can be improved. 

 

Figure 10. Average pore size and circularity as functions of pre-sintering temperature.  Figure 10. Average pore size and circularity as functions of pre-sintering temperature.

4. Conclusions

A low-pressure powder injection molding (LPIM) approach was used to inject an
irregular iron-based feedstock, which was finally debound and sintered. A low viscosity
feedstock was formulated from one irregular iron-based powder (D50 = 16.6 µm) and
one wax-based binder system (paraffin wax, stearic acid, and ethylene-vinyl acetate) at
a solid loading of 55 vol.% and injected into a rectangular mold cavity. The green parts
were thermally wick-debound using three different pre-sintering temperatures (600, 700,
and 850 ◦C), and finally sintered using the same profile at 1250 ◦C under a hydrogen
atmosphere for 90 min. The conclusions are summarized as follows:

• The low viscosity (<3 Pa·s at 10 s−1) and low melting point (~58 ◦C) confirm that a
powder-binder mixture formulated from irregular iron powder at a solid loading of
55 vol.% is suitable for the LPIM process.

• The debinding process decreased the amount of oxygen by 10 times and the amount of
carbon by factor 2 compared to the as-received powder. Furthermore, a slight decrease
in carbon and oxygen content was observed as the pre-sintering temperature increased.

• An increase in pre-sintering temperature from 600 to 850 ◦C decreases the occurrence
of fine loose powder distributed within the debound network. It promotes bonding at
the surface (dense layer) and the sub-surface (particles bonding) regions. The decrease
in sintered density from 6.2 to 5.1 g/cm3, along with a higher degree of interconnected
pores observed with an increase in the pre-sintering temperature, confirms that this
debinding parameter is important and must be kept as low as possible during thermal
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wick debinding. In this respect, thermal wick debinding using a low pre-sintering
temperature produced no clear bonding on this irregular iron powder (i.e., a network
similar to loose powder interlocked together), leading to no significant shrinkage,
as compared to the as-injected part.

• To the best of the authors’ knowledge, this study represents for the first time the
capability to debound metallic-based LPIM feedstock using a thermal wick debinding
approach that has been presented.
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