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ARTICLE INFO ABSTRACT
Keywords: Ceramic injection molding is a widely used manufacturing process for producing high-precision
Industrial waste binder system ceramic components. However, the high cost of traditional binder systems, as well as non-
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ecological aspects of these binders, may limit its broader applications. This study investigates
the potential use of polyvinyl butyral industrial waste containing plasticizer as a sustainable
alternative binder system for ceramic injection molding, utilizing alumina powder with a mean
particle size of 0.7 pm. The mixing behavior of the binder-powder mixture was evaluated through
torque measurements, identifying a critical solid loading point at 56 vol%. The rheological
properties of the feedstocks were characterized, revealing that their viscosity remained below the
recommended threshold of 1000 Pa s, suitable for ceramic injection molding. The activation
energy, ranging from 18 kJ/mol to 45 kJ/mol, demonstrated favorable temperature sensitivity for
the process. Subsequently, the feedstocks were successfully injection molded into test specimens,
followed by the debinding and sintering processes to achieve the final density. Mechanical testing
of the sintered ceramic parts indicated performance comparable to parts produced with tradi-
tional binder systems, with final densities exceeding 4 g/cm®, a bending modulus of approxi-
mately 15000 N/mm?2, and bending strength up to 139 N/mm?2 These findings suggest that
incorporating industrial waste polymer as a binder system is a cost-effective, environmentally
friendly alternative that maintains the quality of molded ceramic parts.

1. Introduction

In the past few decades, the utilization of highly filled polymers with ceramic particles (40-50 vol %) has emerged as a promising
material for the economical and complex production of products with precise tolerances using the ceramic injection molding tech-
nology (CIM), e.g. the process finds its applications in various industries such as aerospace, defense, biomedical, automotive, elec-
tronics, and consumer goods. The Ceramic Injection Molding (CIM) process involves four essential steps commonly used in
manufacturing (Fig. 1). The first step is feedstock preparation, where ceramic powder is mixed with a binder, such as wax or a
thermoplastic polymer. This binder helps hold the ceramic particles together, creating a mixture with the right consistency for
molding. Next, in the injection molding phase, the prepared feedstock is injected into a mold cavity under high pressure using a screw
or plunger. The mold, typically made from steel or aluminum, is designed to shape the ceramic into the desired form, allowing for
precise and accurate production of complex shapes. Following molding, the debinding step occurs. Here, the molded part is heated to
remove the binder material. This process takes place in two stages: first, the part is heated to a temperature where the binder vaporizes,
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leaving behind a porous ceramic green body. In the second stage, the green body is heated further to remove any remaining binder and
initiate pre-sintering of the ceramic particles. Finally, the sintering step involves heating the green body to a high temperature, usually
above 1200 °C, in a furnace. This causes the ceramic particles to bond together, forming a dense, solid ceramic part. Sintering is crucial
for achieving the desired mechanical and physical properties of the final ceramic product.

The feedstock preparation is a critical issue as the choice of polymer binder system affects the entire process. Therefore, the polymer
binder system plays a crucial role in the CIM process, as it must not only adhere well to the ceramic powder but also impart suitable
rheological and mechanical properties to the feedstock. A well-designed binder system should facilitate the formation of a homoge-
neous mixture of the ceramic powder and polymer binder, which is critical for achieving the desired product quality. The successful use
of polymer binder systems in CIM technology is largely dependent on their ability to form a stable feedstock with high solids loading,
low viscosity, and good rheological properties, while also exhibiting good green strength and thermal stability during the debinding
and sintering stages. As a result, at least two-component polymer binder systems are usually employed, where each component serves a
specific purpose [1,2].

The main component of the binder system, typically a low molecular weight polymer, ensures the flow properties of the feedstock.
Moballegh [3] utilized a binder system based on paraffin wax, which exhibited desirable behavior during injection molding,
debinding, and sintering. Other studies [4]have focused on developing wax-based binder systems filled with cubic yttria-stabilized
zirconia particles to achieve high-density and homogeneous microstructures after sintering. However, it has been reported by
Thomas-Vielma [5] that a high content of paraffin wax in the binder system could lead to poor shape retention of the component during
the initial stage of debinding. Therefore, it is more promising to use semi-crystalline waxes, such as carnauba wax (CW) or acrawax
(AW) [6]. The use of these waxes has also been found to increase the efficiency of the process in terms of energy, time, and con-
sumption of chemicals and media [7].

The second component of the binder system is a high molecular weight polymer, also known as the backbone polymer, which
provides strength to the initial stages of sintering. Traditionally, low-density polyethylene (LDPE) or high-density polyethylene
(HDPE) are used due to their appropriate properties during the injection molding stage [8]. Recent studies [9] have shown that a
binder system comprising of both LDPE and HDPE can result in increased tensile, impact, and bending properties of samples after
debinding. Specifically, the addition of 6 wt% LDPE to the binder system has been found to improve the aforementioned properties by
20 %. Alternatively, the ethylene-vinyl acetate (EVA) copolymer has also been proposed as a potential backbone component of the
binder system [10].

Currently, environmental concerns and non-toxicity have gained significant attention in the field of binder systems, leading many
researchers to investigate the potential of partially water-soluble systems based on polyethylene glycol (PEG) [11-13] that is usually
combined with backbone polymers such as polymethyl methacrylate (PMMA) [14,15] or polyvinyl butyral (PVB) [16]. The growing
interest in PVB as a binder system is primarily due to its ability to blend with other homopolymers, which results from the intra-chain
repulsion between different units within the copolymer, and its insolubility in water [17,18]. Due to strong intramolecular interactions
among its macromolecular chains, PVB exhibits relatively higher viscosity. Despite this, PVB allows for efficient powder wetting and
provides a consistent feedstock. It effectively keeps the powder particles in position and preserves the shape of the material during the
debinding stage [17]. This characteristic enables PVB to provide the required performance in terms of processing feedstock and sample
strength prior to sintering. However, the use of virgin polymers in binder systems is still not considered an environmentally friendly
process in current studies.

Therefore, to address the increasing concerns about environmental sustainability and waste reduction, our study aimed to explore
the potential of using industrial waste polymers as binder systems for ceramic injection molding. Specifically, we investigated the
feasibility of employing PVB industrial waste, which contains plasticizer, as a binder material. The presence of plasticizer is expected to
ensure appropriate viscosity during the injection molding process, eliminating the need for additional components or additives. We
hypothesized that PVB with plasticizer would provide effective adhesion to ceramic particles while delivering the required mechanical
properties and desirable rheological behavior. In conclusion, the findings of this study could have significant implications for the
sustainable production of ceramic parts and the reduction of waste associated with plastic disposal, while also reducing the cost of
production. The proposed use of industrial waste polymer as a binder system, and in particular, the use of PVB containing plasticizer,
presents a promising direction for future research in this area.
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Fig. 1. Processing steps in powder injection molding technology.
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2. Experimental
2.1. Materials

The powder used in this study was aluminum oxide (Al,03) MARTOXID MR70, supplied by ALBEMARLE Corporation (Germany). It
has a particle size distribution ranging from D10: 0.1-0.4 pm, D50: 0.5-0.8 pm, to D90: 1.5-3.0 pm, as specified in the supplier’s
datasheet. The precise particle size distribution was measured using a laser diffraction particle size analyzer Malvern Mastersizer 3000
(UK). The results of the particle size analysis are summarized in Fig. 2. Accurate characterization of the particle size distribution of
aluminum oxide powder is crucial for assessing its suitability in the production of ceramic parts [19,20]. The bi-modal distribution is
often desired, as it allows for increased powder content [21] while simultaneously improving the homogeneity, density, and porosity of
the final product [22].

To prepare the feedstock, the Al;03 powder was mixed with a binder system based on post-industrial waste PVB from extrusion of
various security foils for laminated glasses containing corresponding amount (about 20 wt%) of plasticizer, namely triethylene glycol
bis(2-ethylhexanoate) (TEG-EH). The density of the used PVB material, including the TEG-EH, was measured using a gas pycnometer in
nitrogen with a result of 1.065 g/cm3 (Quantachrome Ultrapyc 1200e), while its glass transition temperature was determined to be
29 °C via differential scanning calorimetry (DSC Mettler Toledo DSC 1; 10 °C/min in nitrogen atmosphere).

2.2. Feedstock and samples preparation

The determination of the critical solid loading was carried out using the mixing torque method with a Brabender W50 plastometer
(Germany). The experiment was performed at a temperature of 170 °C and a mixing speed of 150 rpm. Initially, the powder con-
centration was set at 50 vol%, and after the torque reached a steady state, the value was recorded, and the mixing device was cleaned.
Subsequently, the powder concentration was increased by 1 vol% in incremental steps until the mixing torque did not stabilize and
started to increase rapidly, indicating the critical solid loading point. To ensure optimal processing properties, the solid loading for the
feedstock was set at a value lower than the critical solid loading point by 4 vol%, as recommended in Ref. [23]. Therefore, the feedstock
was prepared with a solid loading of 53 vol%, using the same mixing conditions employed for the determination of the critical solid
loading.

In this study, both piston and screw-based injection molding machines were utilized to fabricate CIM samples. The Babyplast 6/10
P-CE injection molding machine (Italy) was employed to manufacture simple round-shaped samples, as shown in Fig. 3a, that are in
accordance with the fundamental specifications of CIM technology [24,25]. These samples underwent subsequent debinding and
sintering testing. Additionally, the Arburg Allrounder 370S injection molding machine (Germany) was utilized to produce test samples
for the three-point bending test, with dimensions of 117 x 12 x 5 before sintering (Fig. 3b).

Table 1 presents the optimized injection molding parameters utilized in this study, which were arrived at through systematic
evaluation and adjustment. The selection of these parameters was aimed at attaining the desired characteristics and performance of the
fabricated samples, including consistent geometry, dimensional accuracy, and structural integrity. The optimized parameters serve as
a basis for further investigations aimed at improving the efficiency and reliability of the injection molding process for CIM applications.

2.3. Rheological investigation
An investigation of the rheological properties of feedstock was conducted using a Goettfert RHEO-GRAPH 50 capillary rheometer
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Fig. 2. Particle size distribution curve of Al;O3 powder.
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Fig. 3. Shape of testing samples for injection molding, debinding, and sintering processes (a) and for three-point bending test (b), including real
injected samples photo.

Table 1

Optimized injection molding parameters.
Injection molding machine Babyplast 6/10P-CE Arburg Allrounder 3708
Temperature — zone 1 180 (°C) 160 (°C)
Temperature — zone 2 190 (°C) 170 (°C)
Temperature — zone 3 - 185 (°C)
Temperature — zone 4 - 190 (°C)
Temperature — nozzle 200 (°C) 200 (°C)
Temperature — mold 30 (°C) 30 (°C)
Injection speed 100 (%) 250 (mm/s)
Injection pressure 132 (bar) 2500 (bar)
Hold pressure/time 100/3.5 (bar/s) 2000/5.0 (bar/s)

(Germany) fitted with a 90° entrance angle conical capillary of size 5/0.5 (in mm) at temperatures of 170, 180, and 190 °C. As
emphasized in a previous studies [20,26], conical capillaries are essential for accurately measuring highly filled polymers. The
commonly used flat capillaries with a 180° entrance angle typically yield overstated rheological values because of the sharp edge at the
entrance that does not correspond to the geometrical requirements during the CIM process.

2.4. Debinding and sintering

In this study, the thermal gravimetric analysis of PVB was utilized to establish the most effective debinding process (TGA TA In-
struments Q500 Germany; measuring conditions: 600 °C, 5 °C/min, air). The heating ramp must be adjusted according to the sample’s
thickness, with a low heating ramp of 0.1 °C/min required for samples with a thickness of several millimeters, and a heating ramp of up
to 5 °C/min for the smallest samples.

The sintering temperature of the Al;O3 sample was determined using the Hesse Instruments EM301 heating microscope (Germany).
The sample was gradually heated to 1650 °C while changes in dimensions and shape were observed to evaluate the sintering tem-
perature. Based on these results, the injected samples were sintered with a 5-h hold in an air atmosphere furnace (Classic 1018S, Czech
Republic).

2.5. Density measurement and mechanical testing

The density of the sintered alumina samples was measured using an UltraFoam 1200e Automatic Gas Pycnometer under nitrogen
gas (Quantachrome Instruments, USA). Each sintering temperature was tested with 10 replicates.

Flexural properties were investigated using a universal tensile testing machine, specifically the M350-5 CT Materials Testing
Machine (Testometric Company, UK). The tests were conducted at a crosshead speed of 2 mm/min with a span length of 68 mm. Each
sample was tested with 5 replicates.

3. Results and discussion
3.1. Critical solid loading

The behavior of the mixing torque during ceramic powder and binder mixing is an important factor to consider for achieving a
homogenous mixture for CIM feedstocks. The critical solid loading refers to the point at which the powder particles are packed as
tightly as possible, with the binder system filling all the spaces between them. At solid loading levels below the critical point, the
mixing torque is generally stable, increasing gradually as the powder concentration in the mixture increases. However, at the critical
solid loading point, the torque increases rapidly due to insufficient binder in the mixture, which causes the friction between the powder
particles to become unstable during mixing, in addition once the critical solid loading point is reached, the sudden increase in torque
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can result in a non-uniform mixture, potentially leading to defects during injection molding [27].

A comprehensive assessment was conducted to evaluate the stability of the mixing torque over time at various levels of solid
loading. Fig. 4 presents representative curves depicting the mixing torque behavior for solid loadings of 50 %, 55 %, and 57 %. Analysis
of the results reveals that the torque remains relatively stable up to a solid loading of 57 %. Beyond this point, the torque exhibits signs
of instability, indicating the attainment of the critical solid loading.

This critical solid loading value was also confirmed by the behavior of the mixing torque as a function of solid loading, the torque
values after stabilization at each solid loading level were plotted in Fig. 5. As can be observed, the mixing torque increased gradually as
the solid loading increased. Once the solid loading reached values around 56 vol%, the torque increased rapidly, indicating the critical
solid loading for the Al;03 feedstock was approximately 56 vol%. The results obtained in this study demonstrate that the critical solid
loading point for the industrial waste polymer-based binder system is similar to traditional binder systems based on PVB and PEG (with
respect of the type, shape and size of used powder) [28,29]. Therefore, the use of industrial waste polymer did not negatively affect the
behavior of the resulting feedstock during mixing, and a stable torque was achieved.

3.2. Rheology

Rheological characterization plays a crucial role in the development of highly filled polymers as it provides valuable information on
the flow behavior of materials and aids in estimating processing conditions for practical applications [30]. An in-depth comprehension
of the rheological properties of such polymeric materials is essential in formulating and processing them effectively. This necessitates a
comprehensive understanding of the key factors that affect the rheological behavior of these composites. One crucial factor is the size
distribution of the particles, which can significantly affect the rheological behavior of the composites. The shape of the particles are
other important considerations that need to be taken into account while analyzing the rheological behavior of highly filled polymers
[20,31]. Due to these requirements, the alumina powder used in this study had been previously evaluated in several researchers. The
powder possesses favorable specifications and properties, rendering it suitable for use in CIM feedstocks [16,32,33].

Moreover, the rheological behavior of feedstocks is significantly influenced by the interactions between the particles and the
matrix, particularly the nature of bonding that occurs between them. In the case of PVB as a binder, its high molecular weight and long-
chain structure facilitate strong physical entanglements between the polymer chains and ceramic particles. As a consequence, these
entanglements contribute to enhanced interfacial interactions and improved adhesion between the binder and ceramic particles.

Furthermore, the commercial production of PVB involves an acid-catalyzed condensation reaction between butyraldehyde and
polyvinyl alcohol (PVA), which is typically hydrolyzed to a large extent. As a result, the resulting polymer is a terpolymer comprising
PVB, PVA, and polyvinyl acetate (PVAc) due to incomplete conversion. The presence of residual hydroxyl and acetate groups in the
polymer structure can facilitate the adhesion of the PVB to ceramic surfaces. These functional groups may positively influence the
bonding between the polymer and ceramic particles, thereby affecting the mechanical properties of the composite material prior to the
sintering process [34,35].

Finally, the viscosity of the matrix material itself is another crucial factor that significantly affects the rheological behavior of the
highly filled polymers. Polyvinyl butyral (PVB) is a widely used binder in ceramic injection molding (CIM) and has been evaluated in
previous studies, often in combination with polyethylene glycol (PEG), to achieve appropriate viscosity values for CIM feedstocks [16,
36]. However, in this study, the use of PEG was replaced with TEG-EH that were sourced from industrial waste polymer. The used
plasticizer derived from industrial waste polymer serve as an alternative to PEG and offer several benefits - the use of post-processing
scrap as a source of plasticizer contributes to waste reduction, promoting a more sustainable and environmentally responsible
manufacturing process.

50 T T T T T
vvvvv Solid loading 50
a0 - - - Solid loading 55 |
i —— Solid loading 57
A
il
'J
€304 it 4
Z b
[} [
> b .
o (5
0201 4
[ i
1
1
)
10 E
0 < T T T T T
0 10 20 30 40 50 60
Time (min)
Fig. 4. Mixing torque vs time at different solid loadings.



D. Sanetrnik and T. Sedlacek Heliyon 10 (2024) 39610

8 T T T
n
S
e
0 64 i
b=}
g
o
'—
[ ]
]
]
1 u L] -
4 T T T
50 52 54 56 58

Solid loading (%)

Fig. 5. Mixing torque after stabilization at different solid loadings.

In the literature, it is commonly reported that a viscosity lower than 1000 Pa s is suitable for ceramic injection molding (CIM)
feedstocks under the shear rate conditions typically encountered during injection molding [23]. However, the specific viscosity re-
quirements may vary depending on the particular application and the desired properties and shape of the final product. Therefore,
rheological characterization of the feedstocks is necessary to determine the appropriate viscosity for each individual case. Generally,
the viscosity of CIM feedstocks should be low enough to allow for easy injection of the feedstock into the mold cavity, but high enough
to prevent the particles from separation during injection molding.

The viscosity data for the newly developed feedstocks are presented in Fig. 6. The results show that the viscosity values remain
below the recommended threshold of 1000 Pa s at shear rates exceeding 1000 s [23]. These findings are consistent with the re-
quirements of the CIM process, where shear rates during injection molding typically range in the thousands s-.. Similar viscosity levels
were reported by Medesi [16] for traditional binder systems based on PVB/PEG.

Additionally, Fig. 6 highlights the pseudoplastic behavior of the feedstocks, with viscosity decreasing as shear rate increases. This
characteristic is particularly advantageous for injection molding, as it enhances the flow behavior of the feedstocks within the mold
cavity. Overall, the viscosity data and observed pseudoplastic behavior of the new binder system indicate that it is suitable for use in
CIM technology from a viscosity perspective.

In addition to viscosity, another crucial parameter for assessing the suitability of a feedstock is the flow activation energy (E). The
flow activation energy provides insights into the temperature sensitivity of the feedstock. The flow activation energy can be influenced
by several factors, including the composition and properties of the binders and powders used in the feedstock formulation. A higher
value of flow activation energy indicates that the feedstock is more responsive to temperature variations [37].

Understanding the flow activation energy is crucial because it highlights the temperature conditions that can significantly influence
the flow behavior of the feedstock. In ceramic injection molding, precise control of temperature parameters such as injection
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Fig. 6. Relationship between viscosity and shear rate for recycled polymer based feedstock.



D. Sanetrnik and T. Sedlacek Heliyon 10 (2024) 39610

temperature and mold temperature is vital. Variations in these temperatures can have a direct impact on the viscosity, flowability, and
overall processability of the feedstock. Therefore, it is imperative to carefully monitor and control temperature conditions during the
injection molding process, especially when dealing with feedstocks that exhibit high flow activation energy values. Accurate tem-
perature control ensures that the feedstock maintains its desired rheological properties, allowing for successful and consistent molding
operations [38].

The activation energy of our feedstock was observed to exhibit a shear-dependent behavior, with an increase observed at higher
shear rates (Fig. 7). At low shear rates, the activation energy ranged around 18 kJ/mol, whereas at high shear rates, it reached up to 45
kJ/mol. Similar results of activation energy were obtained by Yan et al. [39] or by Hayat et al. [40], who tested feedstocks based on
PEG. Yang et al. reported 50 kJ/mol activation energy at a shear rate 300 s~!, where the dependence in this study is not strong, while
Hayat et al. did not report the shear rate at which the activation energy was obtained. These findings suggest that when optimizing the
injection process, it is advantageous to minimize the injection speed and pressure. This approach helps to reduce the temperature
sensitivity of the feedstock, leading to improved process control and stability.

3.3. Debinding and sintering

Based on the thermogravimetric analysis (TGA) results presented in Fig. 8, the thermal decomposition behavior of the polyvinyl
butyral (PVB) binder system can be characterized by a three decomposition steps. The initial decomposition stage, occurring from
approximately 50 °C-330 °C, accounted for the decomposition of around 25 wt% of the material. This decomposition step primarily
involved the degradation of TEG-EH and hydroxyl groups present in the PVB. Subsequently, the second decomposition step took place
between 330 °C and 400 °C, during which approximately 85 % of the polymer underwent degradation. This stage is attributed to the
degradation of side groups and main chain scission within the PVB polymer structure. Finally, as the temperature increased beyond
400 °C, the decomposition process led usually to the formation of cyclic compounds and oxidation of the carbon residue [41-43].

The thermal debinding process was conducted based on thermogravimetric analysis (TGA) results, employing a series of four
distinct holding temperatures: 150 °C, 250 °C, 350 °C, and 450 °C, with a 2-h holding time. The initial holding temperature of 150 °C
was carefully selected to ensure the effective decomposition of TEG-EH in the binder system, enabling the removal of the plasticizer
without causing damage or deformation to the entire sample. The subsequent holding temperatures were selected to target the
decomposition of different chemical groups within the polyvinyl butyral (PVB) binder, as described previously. It is crucial to adhere to
these prescribed holding temperatures during the debinding process. Failure to meet these temperature requirements can result in
sample deformation, primarily caused by the incomplete degradation of certain components of the binder system prior to further
temperature elevation. Therefore, it is imperative to ensure the complete removal of specific binder chemical groups at each step of the
debinding process to ensure the preservation of the sample’s shape stability [44]. The heating rate employed during the debinding
process is another crucial factor that warrants careful consideration. The selection of an appropriate heating rate is typically influenced
by the size and thickness of the sample. It is important to strike a balance between the desired debinding efficiency and the prevention
of surface deformation. A high heating rate may lead to surface deformation of the sample due to insufficient time for the creation of
pores between the ceramic particles, which are necessary for the uniform release of evolving gases. Conversely, employing a lower
heating rate allows for a more gradual release of gases and facilitates the formation of evenly distributed pores, thereby minimizing the
risk of surface deformation. The controlled evolution of gases and the creation of well-defined pores are crucial for achieving uniform
debinding throughout the sample [5,16]. For round shape samples (thickness 1.8 mm) the heating rate of 3 °C/min was optimal, on the
other hand, the samples with a higher thickness 5 mm intended for bending tests must be debinded by lower hearting rate 0.1 °C/min,
when higher heating rate was set up the samples exhibited surface deformation and cracks. Therefore the heating rate should be
optimized in each production individually according to sample dimension, the same conclusion were found in previous studies dealing
with debinding of highly filled materials [45,46].

Green strength on the injected samples was measured using three-point bending. The results demonstrate that a higher TEG-EH
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Fig. 7. Flow activation energy represented as the slopes of linear fit for PVB feedstock.



D. Sanetrnik and T. Sedlacek Heliyon 10 (2024) 39610

100 =T T T T T

60 - \ 4
40 - \ -

Weight (%)

T T T T T
0 100 200 300 400 500 600
Temperature (°C)

Fig. 8. TGA curve of PVB based binder system.

content significantly influences the mechanical properties of the green injected parts. While the bending strength is lower (8.2 + 0.2
MPa) compared to traditional binder systems, which typically exceed 10 MPa, the increased elasticity from the plasticizer compensates
for this by making the parts more flexible and less fragile. The increased elasticity is evident in the extended linear elasticity region
beyond the 15 mm mark (Fig. 9), which is uncommon in conventional systems. This flexibility makes the parts more resistant to
damage during intermediate stages of the CIM process, particularly before sintering. Although the strength is lower, the reduced
fragility can be advantageous for handling and transportation [47,48].

A heating microscope was employed to determine the sintering temperature by gradually heating a pressed Al,O3 powder sample
with a standardized height while measuring its dimensional changes. As the temperature increased, the sample’s height began to
decrease, indicating the onset of sintering due to particle bonding. Through this heating microscopy procedure, it was observed that
the sintering process for the Al-Os samples initiated at approximately 1300 °C (Fig. 10). According to this finding, a series of sintering
experiments was conducted at various temperatures (5 h holding), specifically 1350 °C, 1400 °C, 1450 °C, and 1500 °C. The objective
was to investigate the influence of sintering temperature on the final density and mechanical properties of the ceramic samples.

Table 2 presents a comprehensive summary of the influence of varying sintering temperatures on the final density of the products.
Notably, the outcomes reveal a direct relationship between sintering temperature and the achieved final product density. Among the
investigated sintering temperatures, the highest value, 1500 °C, corresponds to the most substantial density attainment. Specifically,
this sintering temperature yielded a relative density of 99.0 % in relation to the pycnometric density (4.15 g/cm®). In comparison, the
sintering temperature of 1350 °C resulted in a relative density of 95.9 %. The application of high sintering temperatures facilitates the
attainment of heightened material densification. Consequently, the progressive elevation of the sintering temperature within the range
of 1350-1500 °C improving thermal diffusion rate. As a direct consequence, the sintering kinetics are accelerated, leading to highest
material densification. This is in agreement with a similar studies reported in the literature [49,50].

In connection with the density, its higher value also leads to better mechanical properties (Table 3) of the product due to the
removal of porosity and increase in intergranular bonding [51].

Firstly, the significant percentual increase in bending modulus from 1350 °C to 1400 °C suggests that this temperature range plays a
crucial role in enhancing the stiffness and mechanical strength of the ceramic material. This substantial increase may be attributed to
enhanced densification and grain growth within the ceramic matrix [52]. However, as the sintering temperature further increases from
1400 °C to 1450 °C and 1500 °C, the percentual increase in bending modulus becomes less pronounced. This diminishing rate of
improvement suggests that beyond a certain point, additional increases in sintering temperature may yield diminishing returns in
terms of mechanical property enhancement. This phenomenon could be attributed to the onset of grain coarsening and the emergence
of other microstructural defects at higher temperatures, which may offset the benefits of increased densification [53].

Conversely, the percentual increase in bending strength exhibits a consistent upward trajectory with ascending sintering tem-
peratures. Despite observing negligible change in bending strength from 1350 °C to 1400 °C, noteworthy increments are discerned at
higher temperatures. Specifically, the bending strength ascends to 132 N/mm? at 1450 °C and further to 139 N/mm? at 1500 °C. This
consistent rise in bending strength with increasing sintering temperature suggests a direct correlation between temperature and
mechanical properties. As the temperature increases, the material increases its density, reducing the porosity, and enhanced inter-
particle bonding, leading to improved mechanical strength. The substantial increase in bending strength from 1400 °C to 1500 °C
indicates a significant enhancement in the material’s ability to resist deformation under applied loads, highlighting the importance of
optimizing sintering parameters for achieving superior mechanical properties in ceramic components.

In general, there is a direct and positive relationship between density and mechanical properties in ceramics, including bending
modulus. As the density of a ceramic material increases, it typically becomes denser and more closely packed. This results in improved
mechanical properties, including increased stiffness (bending modulus) and strength. This relationship is primarily because a denser
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Fig. 9. Three-point bending stress-deflection curves of green injected samples.
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Fig. 10. Heating microscopy analysis of Al,Os.

Density of the final products according the sintering temperature.
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Density (g/cm®)

Relative density (%)

Sintered at 1350 °C

3.98 95.9
Sintered at 1400 °C 4.05 97.6
Sintered at 1450 °C 4.10 98.8
Sintered at 1500 °C 4.11 99.0

Mechanical properties of the final products according the sintering temperature.

Sintering temperatures (°C)

Bending Modulus (N/mm?)

Bending Strength (N/mm?)
1350 11427 + 115 125 +3
1400 14693 + 70 124+ 2
1450 15007 + 98 132+ 2
1500 15021 + 84 139+ 3
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material has fewer defects, such as porosity, which can act as stress concentrators and weaken the material [54]. Hence, it can be
concluded that a sintering temperature of 1450 °C is adequately sufficient to achieve the high sintered density and optimal mechanical
properties. Subsequent increases in sintering temperature result in only marginal enhancements in the final properties of the samples.
However, it is noteworthy that pure dense alumina typically exhibits bending strength values ranging between 400 and 450 MPa.
Nonetheless, several studies evaluating sintered alumina have reported values significantly lower than this range [55,56]. This
discrepancy can be attributed to factors such as large grain size post-sintering, variations in particle size distribution, or failure to
achieve 100 % relative density.

4. Conclusions

This study investigated the feasibility of using industrial waste polyvinyl butyral as a binder system for ceramic injection molding
and demonstrated its potential as a sustainable alternative to conventional binder systems. The presence of plasticizer in the industrial
waste polyvinyl butyral contributed to improved flow properties during the injection molding process. The critical solid loading point
was determined at 56 vol%, and rheological testing revealed that the feedstocks had viscosities below 1000 Pa s at shear rates
exceeding 1000 s~!, which is within the recommended range for ceramic injection molding. The activation energy of the binder system,
ranging between 18 kJ/mol and 45 kJ/mol, indicated suitable temperature sensitivity for the injection molding process. Mechanical
testing of the sintered ceramic parts yielded favorable results, with final density reaching 4.11 g/cm?® a bending modulus of
approximately 15000 N/mm?, and bending strength reaching up to 139 N/mm? at 1500 °C sintering temperature. These properties
were comparable to those achieved using traditional binder systems. Therefore, this study confirms that the use of polyvinyl butyral
industrial waste not only provides an eco-friendly and cost-effective alternative but also maintains the mechanical and processing
properties required for high-quality ceramic injection molding products. This research contributes to the development of sustainable
binder systems, supporting broader efforts toward environmental conservation and resource efficiency in the manufacturing industry.
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