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Abstract: In this fundamental work, a series of experiments were performed to define the optimal
amount of dispersant and solid content for feedstock with and without ceramic fibers (Nextel 610).
Based on these fixed conditions, investigations were carried out to discover the effects of binder
system, fiber sizing, and increasing fiber content on mixing and viscosity. In addition, the effects
of kneading temperature and time, fiber sizing, and different binder systems on fiber length were
investigated using a measuring mixer, high-pressure capillary rheometer, and microscopy. Stearic acid,
as a dispersant, modified the particle surface and improved the rheological properties. Moreover,
increasing the solid content in the feedstocks led to an exponential growth of final torque and
relative viscosity, because of the increasing friction between particles. Paraffin wax (PW)- and
polyethylene glycol (PEG)-based feedstocks showed different mixing behaviors and rheological
results with increasing fiber, whereas PEG-based feedstocks had higher final torques and kneading
energies without fibers, whilst PEG feedstocks displayed lower viscosities. Consequently, during
kneading, the amount of fiber has been predominating over fiber length, and the effect of the binder,
the kneading temperature, and time did not cause significant changes.

Keywords: powder injection molding; short fiber reinforcement; ceramic fiber; Nextel 610; kneading;
stearic acid; solid content; fiber content

1. Introduction

Ceramics are used in almost all industrial areas because of their high hardness, good corrosion
and erosion resistance, and excellent high-temperature stability. With the increasing demand for
industrial mass production and complex geometries, the interest in ceramic injection molding (CIM)
has also increased [1–3]. CIM is a subtopic of a more general term, i.e., powder injection molding (PIM),
where the powder could be any material in the periodic system, as long as it is sinterable. The PIM
process is a derivation from plastic injection molding, but includes some extra steps, such as debinding
(solvent, catalysis, and thermal) and sintering, to achieve the desired final parts. The initial step is
the compounding of the selected powder (or powder/powder (fiber) mixture) and a binding system.
The binder is a temporary carrier of solid particles in powder injection molding, and includes more
than one component with specific functions in terms of molding (provide flowability to feedstock) and
binder removal. Several researchers have investigated different formulations of the binding system
because each powder–process–geometry combination could require its particular formulation [1,4–8].

As a part of a binding system, paraffin wax defined the basic flowability of the feedstock and
was mixed with polyethylene to provide green part stability. Furthermore, PEG4000 and PVB (which
are both thermally removable) are the alternative binder components, instead of paraffin wax and
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polyethylene, respectively. On the other hand, stearic acid coats and modifies the solid surface to
create a chemical bridge with the binder to decrease the viscosity or increase the solid content in the
feedstock [9]. After mixing of the solid and binder components, injection molding takes place in the
desired forms, and the green parts should then be debinded and sintered.

Another special variant of the injection molding process is for the short fiber-reinforced plastic
components, and has become a widely used process in industry because of the variety of matrix/fiber
combinations that provide tailored properties for each desired product. There has been increasing
interest by several researchers to investigate the different types of materials, fiber orientations, and their
effects on the properties [8,10–18].

The third aspect of this work was the ceramic matrix composites. These have recently
become more popular because of their promising mechanical stability at high working temperatures,
and because of their lower densities compared to high-temperature-capable metallic super alloys
whose temperature capability is limited to 1150 ◦C. For these reasons, ceramic matrix composites
(CMCs) are applicable as structural materials for aeronautical and other high-temperature applications.
Nowadays, the industrial focus is on cost reduction, increasing efficiency, and durability improvements.
All-oxide CMCs, which have relatively lower production and material costs and are without oxidizing
problems, have become materials of higher interest to industry, even though they have a relatively
lower working temperature and fracture toughness compared to non-oxide ceramic composites.
Both the ceramic matrix and fibers are physically brittle, but their composites may show quasi-ductile
deformations based on mechanisms such as fiber pull-out, crack bridging, or crack deflection. Generally,
the reinforcement mechanism of oxide CMCs is based on a weak-matrix principle (see Figure 1),
in which no coatings are needed to create interfaces. Instead, the quasi-ductility is achieved by creating
a porous weak matrix and weak bonding between the matrix and fibers. This principle also makes the
processing simpler. By choosing weak-matrix composites, the use of submicron powders (alumina
in our case) and suitable additives becomes necessary for shaping and for control of the sintering
behavior [19–22].
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Figure 1. (a) The reinforcement mechanisms for continuous-fiber ceramic composites. (b) Using a fiber 
coating to create a weak interface, (c) creating a weak matrix through fine-scale matrix porosity, and 
(d) using fugitive coatings that will be volatilized by oxidation and leave a narrow space between the 
fiber and matrix, as described in [22]. 

This work aimed to combine the abovementioned processes and materials to achieve cost-
effective products with tailored properties for certain industrial areas, as well as to reveal the 
processability and reproducibility of fiber-filled feedstocks for injection molding. Additionally, the 
focus was on discovering the effect of the dispersant, solid content, and fiber content on the rheology. 

The effect of processing on fiber length or rupture is a key factor in feedstock preparation, which 
could have a significant influence on the mechanical properties. In other words, our main challenge 
was to develop sustainable, highly fiber-filled feedstocks based on our previous experiences with 
powder injection molding. 

Figure 1. (a) The reinforcement mechanisms for continuous-fiber ceramic composites. (b) Using a fiber
coating to create a weak interface, (c) creating a weak matrix through fine-scale matrix porosity, and (d)
using fugitive coatings that will be volatilized by oxidation and leave a narrow space between the fiber
and matrix, as described in [22].

This work aimed to combine the abovementioned processes and materials to achieve cost-effective
products with tailored properties for certain industrial areas, as well as to reveal the processability
and reproducibility of fiber-filled feedstocks for injection molding. Additionally, the focus was on
discovering the effect of the dispersant, solid content, and fiber content on the rheology.

The effect of processing on fiber length or rupture is a key factor in feedstock preparation, which
could have a significant influence on the mechanical properties. In other words, our main challenge
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was to develop sustainable, highly fiber-filled feedstocks based on our previous experiences with
powder injection molding.

2. Materials and Methods

2.1. Materials and Equipment

In this project, we used alumina powder “TM-DAR” from Taimei Chemicals Co. Ltd., Tokyo,
Japan, which is a high-purity alumina powder (d50 = 0.11 µm) of the low-temperature sinterable
alumina TM-D series, and Nextel 610 chopped alumina fibers with polyvinyl alcohol (PVA) sizing
(~3.2 mm in length and 10 to 11 µm in diameter) from 3M Deutschland GmbH, Neuss, Germany.
We composed the main binding system based on paraffin wax (PW) “Sasolwax® 6403” from Sasol
Performance Chemicals, Hamburg, Germany, that ensures the flowability of the feedstock. In addition,
we chose low-density polyethylene (PE) “Lupolen® 1800H” from LyondellBasell Industries N.V.,
Frankfurt, Germany as a backbone polymer, to provide the required stability for the injection-molded
green parts while also being compatible with Sasolwax® 6403 in terms of complete solubility of all
individual components [4]. The last component was stearic acid (>98%) from Carl Roth GmbH + Co.
KG, Karlsruhe, Germany as a dispersant, which modifies the surface of the solid particles and fibers to
inhibit agglomeration, and serves as a lubricant between solid particles and machine walls, and as a
plasticizer for polymers [23]. In addition to the standard formulation, an alternative binder formulation
was investigated, based on the work by Weber [24], made out of stearic acid, polyvinyl butyral (PVB)
“Mowital® B30H” from Kuraray Europe GmbH, Hattersheim am Main, Germany, and polyethylene
glycol (PEG) “ROTIPURAN® Ph. Eur.” from Carl Roth GmbH + Co. KG.

For small volumes, a laboratory compounder (W50 EHT), provided by Brabender GmbH & Co.,
KG and equipped with gearbox, mixer bowl, roller blades, and front plate, was used and gives the
torque vs. time as a result, in which the torque displays the resistance of materials against the rotating
blades during the mixing process. An example of a kneading curve with the indications of final
torque and three main regions, i.e., filling zone, kneading zone, and equilibrium, is given in Figure 2.
Measuring viscosity is done by using a high-pressure capillary rheometer (HPCR Rheograph 25)
provided by GOETTFERT Werkstoff-Prüfmaschinen GmbH, Buchen, Germany. For this work, we used
a capillary of 2 mm diameter, 25 mm active length, and 90◦ feeding angle. A surface area analyzer
(Gemini VII 2390) from Micromeritics Instrument Corporation, Aachen, Germany, was used for
Brunauer–Emmett–Teller (BET) measurements. An OCA 200 Optical contact angle measuring and
contour analysis system for alumina powder and binders, and a DCAT 25SF dynamic contact angle
measuring device, and tensiometer for fibers, were used to measure the contact angle. Both devices
were produced by DataPhysics Instruments GmbH, Filderstadt, Germany

J. Manuf. Mater. Process. 2019, 3, x FOR PEER REVIEW 2 of 18 

 

2. Materials and Methods 

2.1. Materials and Equipment  

In this project, we used alumina powder “TM-DAR” from Taimei Chemicals Co. Ltd., Tokyo, 
Japan, which is a high-purity alumina powder (d50 = 0.11 μm) of the low-temperature sinterable 
alumina TM-D series, and Nextel 610 chopped alumina fibers with polyvinyl alcohol (PVA) sizing 
(~3.2 mm in length and 10 to 11 μm in diameter) from 3M Deutschland GmbH, Neuss, Germany. We 
composed the main binding system based on paraffin wax (PW) “Sasolwax® 6403” from Sasol 
Performance Chemicals,  

against the rotating blades during the mixing process. An example of a kneading curve with the 
indications of final torque and three main regions, i.e., filling zone, kneading zone, and equilibrium, 
is given in Figure 2. Measuring viscosity is done by using a high-pressure capillary rheometer (HPCR 
Rheograph 25) provided by GOETTFERT Werkstoff-Prüfmaschinen GmbH, Buchen, Germany. For 
this work, we used a capillary of 2 mm diameter, 25 mm active length, and 90° feeding angle. A 
surface area analyzer (Gemini VII 2390) from Micromeritics Instrument Corporation, Aachen, 
Germany, was used for Brunauer–Emmett–Teller (BET) measurements. An OCA 200 Optical contact 
angle measuring and contour analysis system for alumina powder and binders, and a DCAT 25SF 
dynamic contact angle measuring device, and tensiometer for fibers, were used to measure the 
contact angle. Both devices were produced by DataPhysics Instruments GmbH, Filderstadt, Germany 

 
Figure 2. Example of kneading results and three main zones: filling (left), kneading (middle), and 
equilibrium (right). 

2.2. Kneading, Parameters, and Filling Sequence 

Before starting, the mixing parameters were set depending on the purpose. The rotational speed 
was always constant at 30  

with adding part of the powder until it fills one-fourth of the chamber. Subsequently, stearic 
acid and binder components were added. After the binder has melted, within about 3 min, the 
remaining powder is added to the mixture. If the feedstock includes fibers after binder melting, we 
continue with adding all fibers slowly, and then add the remaining powder. 

2.3. Defining the Required Amount of Dispersant  

The theory by Li et al. [25] explains the calculations for the least amount of dispersant required 
to cover the surface area of powder particles (provided that they are spherical) by using the projected 
area of the dispersant as seen in Figure 3, where dp is the diameter of the powder and ds is the diameter 
of the dispersant. 

 
 

Figure 2. Example of kneading results and three main zones: filling (left), kneading (middle),
and equilibrium (right).



J. Manuf. Mater. Process. 2019, 3, 9 4 of 18

2.2. Kneading, Parameters, and Filling Sequence

Before starting, the mixing parameters were set depending on the purpose. The rotational speed
was always constant at 30 min−1. For general feedstock preparation, the parameters are as in Table 1.

Table 1. General kneading settings.

Parameter Value Unit

Kneading temperature 125 ◦C
Kneading time 30 min

For fiber length measurements, there are several setting combinations for different binding
systems and amounts of fibers in the feedstocks, as listed in Table 2:

Table 2. Kneading settings for fiber length measurements.

Kneading Temperature (◦C) Kneading Time (min)

125 30
125 60
160 30
160 60

In addition, applying a certain filling sequence is necessary for reliable comparison. Filling starts
with adding part of the powder until it fills one-fourth of the chamber. Subsequently, stearic acid
and binder components were added. After the binder has melted, within about 3 min, the remaining
powder is added to the mixture. If the feedstock includes fibers after binder melting, we continue with
adding all fibers slowly, and then add the remaining powder.

2.3. Defining the Required Amount of Dispersant

The theory by Li et al. [25] explains the calculations for the least amount of dispersant required to
cover the surface area of powder particles (provided that they are spherical) by using the projected
area of the dispersant as seen in Figure 3, where dp is the diameter of the powder and ds is the diameter
of the dispersant.

J. Manuf. Mater. Process. 2019, 3, x FOR PEER REVIEW 3 of 18 

 

 
 

 
Figure 3. Idealized coverage model of the dispersant on spherical powder [25]. 

The main idea behind this idealized model is to calculate the amount of dispersant, in grams per 
square meter, by using the geometrical calculations for the  
  

Figure 3. Idealized coverage model of the dispersant on spherical powder [25].

The main idea behind this idealized model is to calculate the amount of dispersant, in grams per
square meter, by using the geometrical calculations for the total surface area of the powder. However,
neither the powder nor the fibers have regular shapes, such as spherical or cylindrical and uniform
distributions of particle size, as seen in Figure 4a,b. For these reasons, BET measurements are more
reliable than geometrical calculations to provide the surface area of powder and fibers.
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The surface area of powder, ATP or fiber, ATF can be calculated by using BET measurements for
powder and fibers, as in Equations (1) and (2), where WTPowder and WTFibers are the total weights of the
powder and fibers, in grams, in the given feedstock recipe.

ATP = BETPowder

[
m2·g−1

]
·WTPowder , (1)

ATF = BETFibers

[
m2·g−1

]
·WTFibers . (2)

Equation (3) gives the projected area of the dispersant, As, which is necessary for calculating the
number of dispersant molecules, Ns, depending on the surface area of either powder or fibers as in
Equation (4). The weight of the minimum required dispersant, Ws, can be calculated as in Equation (5)
for powder and fibers separately.

As =
π·d2

s
4

, (3)

Ns =
ATP

(
or ATF

)
As

, (4)

Ws =
Ns·M

NA
=

AT ·M
As·NA

, (5)

where M is the mole mass of the dispersant in (g·mol−1) and NA is the Avogadro number in (mol−1).
In addition, the coverage index, Cs (mg·m−2), as a material property, was calculated by dividing the
weight of the dispersant by the total area of the powder as in Equation (6), which makes the term
independent from the type of the powder in terms of surface area, and constant for each type of
dispersant. On the other hand, the physical and chemical reactions between powder surface and
dispersant should be considered separately for optimal performance:

Cs =
Ws

AT
=

M
As·NA

. (6)

2.4. Experimental Investigation of Dispersant

Parallel to the geometrical calculations for the amount of the dispersant, the effect of the dispersant
was investigated for different feedstocks with 0, 20, 30, 50 vol % fibers in solid content by varying the
concentration of stearic acid from 1.1 to 5.5 mg·m−2. For this experiment, the solid content was held
constant at 50 vol %, depending on the previous experiences.
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2.5. Investigation of Solid Content in Feedstock

A certain amount of dispersant was defined by previous procedures and, by using this,
we prepared feedstocks with 0 to 65 vol % solid content for two variations: first, 0 vol % fibers
(standard feedstock), and second, 50 vol % of fibers in the solid content. The results are given and
evaluated in terms of the final torque, kneading energy (calculated by using Equation (7)), and rheology,
to be able to explain the effects of increasing solid content and to decide on a certain solid content for
further investigations. In addition to that, we applied the Krieger and Dougherty model [26], on relative
viscosity vs. solid content curve, to define the maximum possible solid content as in Equation (8).

E = 2·π· f ·∆t
i=i max

∑
i=1

M(ti), (7)

where E, kneading energy (N·m); f, rotational frequency of blades (s−1); M, torque (N·m); ∆t, integration
time increment (s)

ηrel =
η f

ηm
=

(
1 − ϕ

ϕmax

)−ke ·ϕmax

, (8)

where ηrel, relative viscosity (feedstock viscosity divided by matrix viscosity); ϕ, solid content (vol %);
ϕmax, maximum solid content (vol %); ke, free parameter or intrinsic viscosity (vol %−1); ηf, viscosity of
feedstock; ηm, viscosity of binder without solid particles.

2.6. Investigating the Effects of Increasing Fiber Content, Fiber Coating, and Alternative Binding Systems on
the Rheological Properties

After setting the dispersant and solid content to constant values, the feedstocks based on
polyethylene and paraffin wax without fiber sizing were kneaded for 30 min at 125 ◦C. Additionally,
it is advised to burn out the PVA sizing on the fibers before use, because of possible intermediate
processes like prepregging with resin, or insulating applications [27]. In this fundamental work,
however, there is no limitation to using the fibers with PVA sizing. This is why these feedstocks were
also prepared without heat cleaning the fibers for comparison. Alternatively, we prepared a series of
selected PEG-based feedstocks with 0, 30, and 50 vol % fibers, in solid content, for further evaluations.
This follows a similar path to the solid content investigations by using final torque, kneading energy,
and viscosity.

2.7. Effect of Kneading Time, Temperature, and Binding System on the Fiber Length

Fiber length is one of the most determinant factors, especially as regards the mechanical properties.
Therefore, it is essential to investigate the effects of processing parameters and define the critical
influences on fiber length for further process improvements. For this purpose, a series of feedstocks
were prepared at constant stearic acid, 3.3 mg·m−2, and solid content, 50 vol %, by varying the
fiber content (with/out fiber sizing), kneading time and temperature, and binding system. Small
samples were taken from different regions of each feedstock, softened on thin glass specimen plates,
and pressed lightly with another glass plate, which made the fibers visible on the surface and allowed
us to measure them under light microscope. For each variation, there are at least 5 images available.
On these images, about 30,000 fiber lengths were measured, in total, to discover the effects of kneading
conditions on fiber rupture statistically.

3. Results

3.1. Calculating Stearic Acid and Its Effects

The coverage index Cs is dependent on the molecular weight and projected area, and is equal to
2.3 mg·m−2 for stearic acid. At this point, measuring or defining the powder surface area as accurately
as possible becomes critical for feedstock development.



J. Manuf. Mater. Process. 2019, 3, 9 7 of 18

One feedstock preparation without fibers contains 88.88 g TM-DAR powder, and the BET surface
area is 11.8735 m2·g−1. According to the BET measurements, the surface area of the powder for a given
recipe, ATP , equals to 1055.317 m2, and the corresponding amount of stearic acid is 2.43 g by using Cs.
On the other hand, the BET surface area of the fibers is 0.1201 m2·g−1, so that the total surface area of
the fibers, ATF for the feedstock with 50 vol % fibers is 5269 m2, which is much smaller than for the
powder. In Table 3, the total stearic acid quantities and the weight fractions of SA for powder and
fibers, based on BET measurements, are given for each feedstock with different fiber contents and
stearic acid concentrations. It is clear that the required amount of stearic acid for fibers is much lower
than for the powder, and varies from 0.25 to 1.03 weight percentage of the total required stearic acid
for the relevant feedstock.

Table 3. The stearic acid quantities based on BET measurements for various feedstocks, and the weight
fractions for powder and fibers.

*F: Fraction
Volume Fraction of Fibers in Solid

Content in vol %

0 20 30 50

Stearic acid (SA)
concentrations in mg·m−2

1.1
Total SA in Feedstock g 1.16 0.93 0.82 0.59

*F Powder weight % 100 99.75 99.64 98.98
*F Fiber weight % 0 0.25 0.36 1.02

2.2
Total SA in Feedstock g 2.29 1.86 1.63 1.17

*F Powder weight % 100 99.75 99.57 98.97
*F Fiber weight % 0 0.25 0.43 1.03

3.3
Total SA in Feedstock g 3.48 2.79 2.45 1.76

*F Powder weight % 100 99.75 99.59 99.03
*F Fiber weight % 0 0.25 0.41 0.97

4.4
Total SA in Feedstock g 4.64 3.72 3.26 2.35

*F Powder weight % 100 99.75 99.57 99.02
*F Fiber weight % 0 0.25 0.43 0.98

5.5
Total SA in Feedstock g 5.80 4.66 4.08 2.93

*F Powder weight % 100 99.74 99.58 99.01
*F Fiber weight % 0 0.26 0.42 0.99

Further experiments include investigations on the effects of different dispersant concentrations
from 1.1 to 5.5 mg·m−2. The corresponding quantities are given in Table 3.

Increasing the amount of stearic acid has a significant influence up to a certain point, where
it reaches a quasi-balance range of the final kneading torques between 2.2 and 3.3 mg·m−2 within
standard deviation, because the amount of stearic acid most probably does not increase the wettability
and compatibility between powder and binder anymore, as seen in Figure 5 for the paraffin
wax-based feedstocks.

Despite the fact that such an amount of stearic acid theoretically cannot coat the whole solid
surface, feedstock with 0 vol % fiber and 1.1 mg·m−2 stearic acid has the lowest final torque in its
group. The reason could be the inadequate quantity of stearic acid and applied stress to break down
the agglomerates during kneading. Since the agglomerates decrease the total surface area, 1.16 g
stearic acid could be sufficient to cover the surface of the agglomerates. However, it is not sufficient
if the dispersant molecules can diffuse in the agglomerates. On the other hand, without breaking
the agglomerates, the powder has a bimodal size distribution behavior, which could also lead to a
better packing [28] and flow behavior [29], thus, a decrease in the final kneading torque. The particle
size distributions are given in Figures A1 and A2, and correspond to two variations: the powder
agglomerates are mixed with alcohol and then attempted to be broken down by ultrasonic bath (UsB)
before measurement, or are measured directly. The d50 of the TM-DAR powder without UsB is
17.40 µm whereas, with UsB, it is 0.11 µm.

By adding fibers to feedstocks, there is a general increase in final torques that will be evaluated
later. With the presence of fibers, the surface area definitions have become relatively more reliable,
because not only do the fibers have significantly lower surface areas than powders but, also, they hold
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their shape even when they break down into smaller fibers. For example, if all fibers are chopped from
3200 µm into 50 µm, the increase in stearic acid should be less than 1 weight %, because the initial
lateral area remains the same, and only the fractured surface areas should be considered. For these
reasons, increasing stearic acid improves the flow behavior of the feedstocks with fibers as expected,
and 3.3 mg·m−2 is the lowest point for fiber-filled variations.
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Figure 5. Effect of increasing stearic acid on various paraffin wax-based feedstocks with increasing
fiber content.

The viscosities of all variations are represented in Figure 6. The viscosities have not been changed
by increasing either the amount of dispersant, the amount of fibers, or both. The reason for this could
be that the exchange of paraffin by stearic acid does not result in any change in the linear viscoelastic
behavior. This can be explained by the fact that the paraffin wax is an oligomer of polyethylene in its
chemical structure, and also acts as a plasticizer. This means that an exchange by stearic acid does not
alter the basic rheological behavior of the binder.
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By evaluating the viscosity results separately as in Figure A3, the viscosities are higher,
at 1.1 mg·m−2, for the fiber-filled feedstocks. At higher SA concentrations, there are only very slight
changes. The reason for this is that the paraffin wax-based binder system has almost no polar
component (see Table 4) that decreases the adhesion force between binder and the solid content.
This could also cause formation of a layer on the surface of the measurement channel, which could
cloud at least the effect of an increasing fiber content on the rheological behavior.

Table 4. The surface energies calculated from the measured contact angles for the individual samples,
including polar and disperse components.

Specimen Disperse Component (mN·m−1) Polar Component (mN·m−1)

TM-DAR Powder 37.00 26.78
Nextel 610 Fiber 25.51 21.53

Paraffin Wax-based Binder 23.17 0.10
PEG4000-based Binder 30.93 22.11

Consequently, these results do not mean that 3.3 mg·m−2 is the ultimate concentration for these
certain types of powder, fiber, and dispersant combinations. However, it is important to restrict the
framework of further experiments, and a concentration of stearic acid of 3.3 mg·m−2 is sufficient to
fulfill the requirements.

3.2. Effect of Solid Content

Once the stearic acid quantity has been defined as being constant, the effects of solid content
on the final torque (FT) and kneading energy (KE) of different feedstocks were investigated and
demonstrated in Figure 7a,b. The experiments included the paraffin wax-based feedstocks without fiber
and with 50 vol % fiber content. It is clear that relatively higher torques are needed for the fiber-filled
feedstocks to achieve the same rotational speed during kneading, as for the feedstocks without fibers
(e.g., ca. 8.1 Nm with fibers vs. 4.8 Nm without fibers at 50 vol % solid content). This behavior
changes at a point between 60 and 65 vol %, where the standard feedstock without fibers shows a
gradually higher final torque and kneading energy. With increasing solid content in the feedstocks,
the corresponding final torques and kneading energies increase with similar exponential growths,
because the particle–particle interactions or, in highly fiber filled feedstocks, rather particle–fiber
and fiber–fiber interactions, started to dominate the mixtures from a critical solid content instead of
polymeric slip layers between particles and fibers, which means an increase in inner friction.

J. Manuf. Mater. Process. 2019, 3, x FOR PEER REVIEW 7 of 18 

 

fiber and with 50 vol % fiber content. It is clear that relatively higher torques are needed for the fiber-
filled feedstocks to achieve the same rotational speed during kneading, as for the feedstocks without 
fibers (e.g., ca. 8.1 Nm with fibers vs. 4.8 Nm without fibers at 50 vol % solid content). This behavior 
changes at a point between 60 and 65 vol %, where the standard feedstock without fibers shows a 
gradually higher final torque and kneading energy. With increasing solid content in the feedstocks, 
the corresponding final torques and kneading energies increase with similar exponential growths, 
because the particle–particle interactions or, in highly fiber filled feedstocks, rather particle–fiber and 
fiber–fiber interactions, started to dominate the mixtures from a critical solid content instead of 
polymeric slip layers between particles and fibers, which means an increase in inner friction.  

 
Figure 7. Effect of increasing solid content on (a) final kneading torque and (b) kneading energy. 

In Figure 8, the solid content dependency of relative viscosity at different shear rates is 
demonstrated. The figure on the right side represents the focus on a range between approx. 47.5 and 
52.5 vol % of solid content, in which feedstocks with and without fibers reach the same viscosity. 
From that equilibrium point, the feedstocks with 50 vol % fibers in solid content show lower 
viscosities, and the difference between two variations increases with increasing solid content. 
Although the torque measurements are available for both feedstocks at 65 vol % solid content, the 
viscosity of 65 vol % for feedstock without fiber variation could not be measured, which means that 
the feedstock has reached the infinite viscosity and shows no flow anymore. Additionally, 65 vol % 
is relatively near to the theoretical maximum 
  

-5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

0

5

10

15

20

25

Fi
na

l T
or

qu
e 

(F
T)

 (N
•m

)

Solid Content (%)

Fiber content
 0 vol %
 50 vol %

-5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

0

20

40

60

80

100

120

140

K
ne

ad
in

g 
En

er
gy

 (k
N

•m
)

Solid Content (%)

Fiber content
 0 vol %
 50 vol %

a b 

Figure 7. Effect of increasing solid content on (a) final kneading torque and (b) kneading energy.

In Figure 8, the solid content dependency of relative viscosity at different shear rates is
demonstrated. The figure on the right side represents the focus on a range between approx. 47.5
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and 52.5 vol % of solid content, in which feedstocks with and without fibers reach the same viscosity.
From that equilibrium point, the feedstocks with 50 vol % fibers in solid content show lower viscosities,
and the difference between two variations increases with increasing solid content. Although the torque
measurements are available for both feedstocks at 65 vol % solid content, the viscosity of 65 vol %
for feedstock without fiber variation could not be measured, which means that the feedstock has
reached the infinite viscosity and shows no flow anymore. Additionally, 65 vol % is relatively near
to the theoretical maximum filling degree of about 70 vol % (see “Phi max.” for 0 vol % in Figure 9).
On the other hand, the viscosity of highly fiber-filled feedstock at 65 vol % solid content could be
measured, where the fibers that enable flowability even at higher solid contents [28] [30] most probably
are oriented and flow together.
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Figure 8. Relative viscosities for different shear rates versus solid content for the feedstocks with 0 and
50 vol % fibers in solid content.
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Figure 9. Application of Krieger and Dougherty model for defining the maximum possible solid
content in the feedstocks with 0 and 50 vol % fibers in solid content.

Figure 9 shows that, using OriginPro 2017, the Krieger and Dougherty model was applied to relative
viscosity vs. solid content at a shear rate of 30 1/s, that is in between the minimum and maximum shear
rates during kneading for specific device conditions [31]. The maximum calculated solid contents are
70.6 vol % ± 0.6 for 0 vol % fibers, and 86.7 vol % ± 2.5 for highly fiber-filled feedstocks. The value for
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non-fiber feedstock, 70.6%, is under 74%, which is the theoretically highest packing for spherical mono
size particles [1], that is expected with an irregular shape and size distribution of TM-DAR powder.

As seen in Figure 8, the curves start to show exponential growth between 45 to 52.5 vol % solid
contents for the feedstock without fibers. Additionally, in Figure 9, feedstocks show similar flow
behaviors very near to 50 vol %. For these reasons, the further experiments will be done at a 50 vol %
filling degree.

3.3. Investigating the Effects of Increasing Fiber Content, Fiber Coating, and Alternative Binding Systems on
Rheological Properties

At constant amounts of stearic acid, 3.3 mg·m−2, and a solid content of 50 vol %, further feedstocks
were compounded for 30 min at 125 ◦C (see Table 1) by increasing the fiber content from 0 to 50 vol %
in solid fraction with/out PVA sizing variations, and were evaluated in comparison to an alternative
binding system based on PEG-4000, as shown in Figure 10. The first thing to note is the generally
increasing trend with increasing fiber content. Moreover, all these feedstock variations were produced
with relative lower standard deviations that show their reproducibility. This can also be seen in
Figure A4.J. Manuf. Mater. Process. 2019, 3, x FOR PEER REVIEW 10 of 18 
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Figure 10. Comparison of final kneading torques and kneading energies depending on the amount of
fibers in solid content, the presence of PVA sizing, and the binding system used.

In general, paraffin wax (PW)-based feedstocks have a lower final torque (4.9 vs. 6.0 N·m) and
kneading energy (28.5 vs. 34.9 kN·m) than the PEG-based feedstocks, until they are highly filled with
fibers. The final torque and kneading energy values of PW-based feedstocks converge towards 50 vol %
of fibers in solid content at 8 N·m and 47 kN·m, respectively, and the effect of PVA sizing is noteworthy
only at 30 vol % fibers. Furthermore, the final torques of PEG-based feedstocks do not converge at a
certain point, and the amount of PVA sizing increases together with an increasing fiber content, which
causes a growing distance between values, in which the feedstocks with PVA have lower final torque
values, e.g., 8.49 vs. 7.52 N·m at 50 vol % fibers in solid content. On the other hand, the effect of PVA
sizing is not significant for kneading energies, yet the feedstock with PVA has, still, a lower kneading
energy. The effect of PVA sizing can also be seen in the viscosity results (see Figure 11).

The differences in viscosity results are prominent between two binding systems. PW-based
feedstocks show very similar viscosities, where PVA sizing leads to a slight decrease compared to
0 vol % fiber variations. On the other hand, the PEG-based systems have lower viscosities, as a whole,
and the viscosities decrease with increasing fiber content from 182.7 (0 vol %) to 69.5 (50+ vol %
(“+” means fibers are used with PVA sizing)) Pa·s at 100 s−1 apparent shear rate within the group.
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Additionally, the effect of PVA sizing is also apparent in both systems, in which the sizing leads to a
decrease in viscosity at different ratios, as shown in Table 5. The PW-based systems show linearity in the
viscosity measurements that caused the same percentage of decrease. On the other hand, PEG-based
systems tend to change the slope with increasing shear rates, also with PVA sizing. Additionally,
it must be considered that the amount of PVA increases with increasing fiber content.
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Figure 11. The viscosities of feedstocks with two binding systems and increasing amounts of fibers
with/out PVA sizing at 160 ◦C.

Table 5. The effect of PVA sizing on viscosities of different feedstock combinations.

Binder Fiber
Content

Shear
Rate

Decrease in Viscosity
in the Presence of

PVA Sizing
Binder Fiber

Content
Shear
Rate

Decrease in Viscosity
in the Presence of

PVA Sizing

s−1 % s−1 %

PW-based
30

100 13.4

PEG-based
30

100 19.9
1000 13.4 1000 10.7

50
100 15.8

50
100 21.4

1000 15.8 1000 41.1

Consequently, the binding system defines the flow characteristics of the feedstock with the intrinsic
viscosities and adhesion capabilities of the solid content. In this work, the PEG-based binding system
shows lower viscosities than the PW-based system because of higher adhesion forces between the
polar matrix of PEG/PVB and the solid particles (both fibers and powder), which probably made the
decrease in viscosity recognizable by an increasing fiber content, which is not the case with PW-based
systems. Additionally, the sizing on the fibers improves the flowability of feedstocks during mixing
and rheological investigations.

3.4. Effects of Kneading Time, Temperature, and Binding System on the Fiber Length

The feedstock preparation steps definitely have an effect on the fiber length. This becomes
apparent due to the applied stresses on the fibers and particle–fiber and fiber–fiber collisions, especially
during kneading. Through several kneading sessions, the PW-based feedstocks with 30 and 50 vol %
fibers in solid content under kneading conditions as in Table 2, and PEG-based feedstocks with 30
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and 50 vol % fibers in solid content for 30 min at 125 ◦C, were compounded. The fiber lengths were
measured on the images of lightly pressed specimen from each variation, as shown in Figure 12.
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Figure 12. An example image of lightly pressed paraffin wax-based feedstock with 50 vol % of fibers in
solid content for measuring the fiber length.

Along with fiber length measurements, the effect of PVA sizing was investigated qualitatively
on the same images. The fibers were produced and delivered in bundles with PVA, as shown in
Figure 13; the PVA grade is kept secret by the company. As a result of this, the material properties
of PVA, e.g., the melting temperature which is normally in the range of 150 to 230 ◦C, are unknown.
The compounding temperature of 125 ◦C is normally not enough to melt the sizing, and could lead
to fiber bundles being preserved and orientated as clusters (see Figure 14). Analyses of the images
showed that the fiber clusters or bundles were dispersed and relatively homogeneously mixed with
the binder. The reason could be that the mixing temperature was high enough to soften the PVA and,
together with the physical load in the mixing chamber, the PVA could not hold fibers together anymore
and was mixed with the binder.J. Manuf. Mater. Process. 2019, 3, x FOR PEER REVIEW 13 of 18 
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Figure 14. Fiber lengths versus different processing conditions and binding systems.

Figure 14 demonstrates the mean values of fiber lengths with standard deviation versus feedstock
and process parameters, including fiber content, presence of fiber sizing, kneading temperature and
time, and alternative binding system. The maximum and minimum fiber lengths were also added to
the diagram for comparison. In general, the concept of kneading ruptured the fibers from 3200 µm
to ~300 µm, which were also in the region of 50 to 500 µm, as given in the literature for injection
molding of short fiber-reinforced polymers [8]. This led us to expect further breakage during injection
molding down to 100 µm or lower. It is also noticeable, for both binding systems, that the increase
in fiber amount lead to a decrease in fiber length, from ca. 300 to 200 µm. However, the fiber lengths
are slightly higher in PEG-based systems. On the other hand, increased kneading temperature and
time show almost no effect on the fiber length. For these reasons, the processing parameters were
fixed at 125 ◦C and 30 min kneading temperature and time during feedstock production for injection
molding experiments.

4. Conclusions

There are several previous works defining the amount of dispersant and solid content in terms of
powder injection molding by using various types of powders, like zirconia, alumina, or steel powders.
However, there are almost no theoretical or experimental investigations with ceramic short fibers
used in powder injection molding processes, in which the effects of dispersant and solid content are
significantly high. This paper attempts to define the bounds for processing of different fiber-filled
feedstocks by using experimental results.

Initially, the amount of stearic acid at 3.3 mg·m−2 and a solid content at 50 vol % were defined
as being constant by systematic experiments. After the fundamental parameters were defined,
an investigation was done to discover the effects of fiber content, fiber sizing, and alternative binding
system on kneading, viscosity, and fiber length. The feedstocks are highly reproducible according
to the kneading behaviors, in which the effect of the fiber presence became more significant after
30 vol % fibers in solid content, because of lacking orientation in the kneading chamber and increased
fiber–fiber contacts.
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In addition to that, PEG4000-based feedstocks have higher final torques and kneading energies,
except for 50 vol % fibers in solid content, in contrast to their lower viscosities than paraffin wax-based
feedstocks. The PEG–PVB system has certain advantages in terms of powder injection molding,
like water solubility (environmentally friendly), elimination of powder–binder segregation according
to previous works, and relatively lower viscosities or, alternatively, lower working temperatures.
The reason for this could be better adhesion of the binder on alumina powder and fibers. The results of
PEG-based systems steered us to some positive impressions, but it is still necessary to investigate the
effects of dispersant and solid content for this binder system separately, by following a similar path.
On the other hand, PVA sizing provides some improvements on rheology.

At the end of the processing chain, the fiber lengths are measured, which is one of the most
important parameters for the end product, providing the fracture toughness and quasi-ductility
properties to ceramic matrix composites and, unfortunately, having experienced a high degree of
rupture through processing. Future mechanical characterizations could reveal the importance of fiber
length, as stated in the literature, for short fiber-reinforced polymers [32,33].

Consequently, the processing parameters of kneading were defined for TM-DAR Al2O3 powder
and chopped Al2O3 Nextel 610 fiber combinations at 125 ◦C 30 min and 50 vol % solid content.
Thus, producing feedstocks was defined within a relatively narrow scope for further experiments on
injection molding, in terms of process parameterizing and fiber orientation control, because there were
limitations to time and material.
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