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Abstract. Extrusion-based additive manufacturing (EAM) is one of the widely used
processes due to its reliability and the diversity of the material being used. The use
of ceramics as a raw material is still in its nascency. Major challenges in the EAM of
ceramics are the preparation of feedstock slurry and its flowability through an
extruder, which plays a crucial role in the 3D printing of defect-free parts. Numerical
simulation can predict the approximate outcome of complexities arising during
experiments. This paper focuses on the development of a numerical model that
simulates the non-Newtonian ceramic slurry flow through the nozzle of a customized
cartesian 3D printer. The focus of the work lies in the implementation of the Herschel-
Bulkley Papanastasiou (HBP) model for feedstock slurry to understand the behavior
inside the nozzle for the uniform flow of the feedstock. A rotating viscometer is used
to measure the viscosity of the slurry. The observed value is used as an input for
measuring the rheological constants of the ceramic slurry. The rheological constants
for the HBP model are compared with the Power-law model and Bingham plastic
model to validate the best-fit model for the ceramic slurry. The variation of velocity
of slurry across the length of the nozzle and surface pressure is analyzed through
numerical simulation. The results are identified based on the flow behavior of ceramic
slurry at different sections over the length of the extruder. The significance of inlet
velocity over the printing velocity is examined. Besides, the effect of temperature on
the extruder and the fluid flow is investigated with the help of numerical simulation.
Further, the time-dependent study is performed to understand the effect of
temperature distribution when the ceramic slurry is flowing through the extruder.
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1 INTRODUCTION

Additive manufacturing (AM) is a process having a bottom-up approach where the material is added
layer by layer using a defined toolpath in three dimensions with defined process parameters to obtain
the final product with minimal material waste. Among all the AM processes, material extrusion (ME)
is in demand due to its ability to print complex parts, low cost, and wide range of feedstock materials.
Polymers are the most widely used material in EAM, while metals and ceramics are still in their initial
stages of usage due to the complexity of feedstock preparation, processing difficulties, and the
requirement of post-processing. Under the EAM processes, the fused filament fabrication (FFF)
process uses filament feedstock loaded on a spool which is fed to the extruder and further to the
nozzle, where the semi-solid material starts depositing on the build platform [15]. Moreover, direct
ink writing (DIW) is another process under EAM, where the slurry or paste is used as a feedstock
material and deposited using a syringe extruder or customized extruder.

Of late, the manufacturing of advanced ceramics for biomedical applications through EAM was
emphasized due to their excellent properties such as high-temperature resistance and high strength
[19]. Limited research has been reported on the rheological properties of hon-oxide ceramic slurry
flow inside the nozzle for a customized FFF process [5]. A high solid loaded slurry, i.e., solid particles
comprising 50-60 wt% with the rest being water, flowing through a small diameter nozzle at a low
shear rate exhibits a complex non-Newtonian flow [20]. The non-Newtonian slurry is characterized
by a non-constant viscosity that differs with flow conditions [6]. The ceramic slurry shows complex
rheological properties, which affect the extrudability [13]. These rheological properties of ceramic
slurry can be controlled by considering several factors such as material mesh size, particle
distribution, the proportion of binders, dispersants, and additives. Modeling and simulation play a
vital role in understanding the complex relationship between nozzle geometry, heat transfer rates,
and fluid flow, which can predict the effect on the slurry inside the nozzle [17]. Simulation of the
EAM process is strenuous due to the involvement of multiphysics in various sections of modeled
geometry. For non-oxide ceramic slurry in EAM, primarily experimental and analytical works have
been reported, while no literature predicted the process outcome using numerical analysis. The
numerical study carried out to date relies on several assumptions and model simplification to reduce
the complexity and reliability of the outcome. Moreover, the previous numerical studies had been
focused on the deposition rate assuming a constant velocity throughout the cross-section of defined
geometry.

Previously, Golman et al. [8] worked on developing the mathematical model for the ceramic
material extrusion process in the ram-type extruder. The ceramic slurry was considered a non-
Newtonian Herschel-Bulkley model, while the stress growth factor was neglected. Li et al. [12]
developed a similar mathematical model for ceramic slurry. The study focuses on the relationship
between the plunger velocity and applied force, while the effect of heat was neglected. Lately, Xia
et al. [22] demonstrated a numerical model that could predict shrinkage over time and part
deformation. The paper's novelty lies in the development of the multiphysics model consisting of
stress-growth factors and temperature considerations with the slurry flow.

This paper presents the numerical simulation of a non-oxide ceramic slurry flow through the
nozzle of a customized FFF printer. Further, it aims to implement the Herschel-Bulkley Papanastasiou
(HBP) model for the numerical study of flow analysis. The slurry is modeled as a non-Newtonian
fluid where the continuity and momentum equation for the flow is solved numerically using the HBP
model. The in-house developed MATLAB code is used to get the flow behavior index (n), fluid
consistency coefficient (k), yield stress (o), and coefficients of determination (R?) of the slurry
material. The rheological constants of the HBP model are compared with the rheological constants
obtained with Power Law (PL) and Bingham Plastic (BP) models to define the nature of the slurry.
The implemented model reveals the velocity and pressure profile distributions across the nozzle
geometry. Further, the time-dependent study was also performed to determine the temperature
distribution along the nozzle and slurry.
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This paper is organized into four sections starting with an introduction and the motivation to
carry out the research work. Section 2 focuses on the materials and methods used for developing
customized set-up and design of slurry material. Further, it explores the computational model,
assumptions, boundary conditions, and governing equations. Section 3 extends the discussions and
focuses on the obtained results, while Section 4 of the manuscript presents the concluding remarks
based on the observations.

2 MATERIALS AND METHODS

2.1 Customized Setup Modeling

Modeling and numerical simulation were required to upgrade the Creality Ender-3 3D printer to
deposit and manufacture the ceramic parts. Autodesk Fusion 360 (Educational License) was used
for the initial design of the setup. Figure 1 shows a customized 3D printer setup where the stepper
motor is connected with a lead screw which is used to feed the slurry in the extruder. Figure 1 (b)
shows the section view of the extruder. The extruders consist of different parts such as the throat,
heating block, nozzle, heat sink, and pneumatic connector. The nozzle geometry with throat and
slurry is exported to COMSOL Multiphysics. The model is designed and implemented as a 3-
dimensional geometry, where the throat and nozzle are modeled as a contact assembly. The number
of edges and vertices in the contact assembly are 120 and 72 respectively. The diameter at the inlet
of the throat is 1.80 mm whereas, at the nozzle, it is 1.00 mm. The study is limited to the geometry
of the throat and nozzle, where the cross-section varies from the inlet of the throat to the outlet of
the nozzle.

Pneumatic
Connector

‘ = ‘ =
|
Flexible pipe [ ‘ ™ { Throat
2
=]

| by =]

Brass Nozzle

Stepper motor

(€)
(a)

Figure 1: Customized 3D-printer setup (a) Extrusion system (b) Extruder (c) Geometry of nozzle
and slurry.

2.2 Materials Properties

Boron Carbide (B4C) ceramic of 99% purity with 220 mesh size and methylcellulose (MC) of high
viscosity grade as a binder was chosen for the experimental calculations of viscosity and numerical
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simulations in this work. The MC was selected as it prevents phase separation during the extrusion
process and shows good flowability [4]. The experiments were conducted by preparing MC slurry,
which is dispersed in the deionized water to make it 56 wt% slurry. The solid-loaded B4C powder was
mixed with the prepared slurry by using a magnetic stirrer for 2 hours at room temperature at 900
RPM. Table 1 shows the material properties of stainless steel and brass used for making the throat
and nozzle respectively [7]. The ceramic slurry density was obtained using the analytical method

[1].

Stainless steel Brass [7] Slurry [1]
[7]
Density (kg/m?3) 7,850 8,525 1,408
Thermal conductivity (W/mK) 44.5 109 30
Heat capacity (J/kgK) 475 377 1,000

Table 1: Physical and thermal properties of materials.

2.3 Computational Model

The ceramic-cellulose slurry, which passes through a small diameter of the nozzle, shows non-
Newtonian behavior and shear thinning characteristics due to low shear rates [11]. Due to shear
flow, the consideration of variation in viscosity is essential. Recently, the Power Law model for the
tape-casting process of the ceramic slurry was investigated where constants were identified and
applied to a numerical model, which influences the process of simulating ceramic slurries [10]. Power
Law (PL), Bingham Plastic (BP), and the Herschel-Bulkley model can be used for ceramic slurries.
Papanastasiou presented a modified Herschel-Bulkley model equation to relate strain rate tensor (D)
with viscous stress tensor (t) [16]. Due to a wide range of shear rates, the modified Herschel-Bulkley
model, also known as the Herschel-Bulkley Papanastasiou (HBP) model, was implemented in this
work. The HBP model describes the slurry viscosity as shown in Equation (1) [14].

T= (ky”‘l ;D [1 — exp (—m |HD|)]>D (1)

VIp|

In the Equation (1), (1/|/1p|) denotes the second invariant of the strain rate tensor. 7y, k, n, and m
are yield stress, fluid consistency index, flow index, and stress growth factor respectively. The slurry
shows a shear-thinning behavior when the flow index is less than 1. The shear growth parameters
control the shear rate (y). For the one-dimensional case, the HBP model, described by Equation (1)
can be reduced as shown in Equation (2).

T
T= (k)’"_l + 70 [1- exp(—mlyl)])y )

To determine the flow index, fluid consistency index, and yield stress, an algorithm is developed in
MATLAB. Figure 2 shows the flowchart of the MATLAB code. The viscometer reading is taken as input
data, which is sorted according to the developed algorithm. The measured data is then converted
into shear stress and shear rate values. The updated data is plotted. Similarly, the PL, BP, and HBP
models are plotted respectively. The index values are determined using the curve fitting function
and performing multiple iterations. The respective parameter values for the different models are
shown in Table 2. The measured data is plotted as shear stress versus shear rate, as shown in Figure
3. The coefficient of determination (R?) for the HBP model is 99.48% while the R? values of the PL
and BP models are 92.91% and 14.81% respectively. An R? value that is close to 100% is preferred.
Thus, the best-fitted model is identified as the HBP model.
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Figure 2: Flow chart to determine rheological constants and the best-fitted computational model.
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Figure 3: Comparison of different computational models to find the best-suited model.
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Power Law Bingham Plastic Herschel Bulkley
Model (PL) Model (BP) Papanastasiou
(HBP)
Flow index (n) 0.253 - 0.811
Fluid consistency index (k) 10.73 - 0.223
Plastic viscosity (PV) - 0.142 -
Yield point (YP) - 39.04 -
Yield stress (74) - - 22.33
Coefficient of determination (R?) 92.91 14.81 99.48
Stress growth factor (m) - - 10

Table 2: Parameters for PL, BP, and HBP models.

2.4 Assumptions and Boundary Conditions

The slurry flow from the inlet of the throat to the exit of the nozzle was assumed to be laminar. The
throat and nozzle were filled with the slurry without any void formation, and it was considered an
incompressible flow. The slurry does not experience the slip at the wall of the nozzle. The ambient
temperature was considered at the inlet of the throat as well as at the outlet of the nozzle. A time-
dependent study was performed to understand heat transfer in solid and fluid, while a stationary
study was performed to understand the slurry flow behavior. The heat flux and heat rate were
considered 30 W/m?2 and 40 W respectively. To simulate the temperature-controlled heating of the
liquefier, a constant temperature was considered, which is equal to the extrusion temperature.

2.5 Governing Equations

For the ceramic slurry flow profile inside the throat and nozzle geometry, the continuity equation and
momentum equation are given by Equation (3) and Equation (4) respectively, which are
simultaneously solved through iterations [2].

dp
—_— = 3
5% +V.(pu) =0 (3)
Ju
pa+p(u.|7)u: V.[-pl+1]+F+pg (4)

Where u refers to the velocity of slurry flow, p is the density of slurry material, p is pressure, 7 is the
viscous stress tensor, F is the force vector, and g is the gravitational constant. Equation (4) describes
the viscous flow in a laminar state, which is also applicable to weakly compressible flows. The
temperature profile across the slurry geometry and solid can be achieved by solving Equation (5)
and Equation (6) [3].

aT
pCpE +pCou.VT + V.q =Q (5)
q= —kVT (6)

Where, C, is the heat capacity at constant pressure, @ is a heat source, k is the thermal conductivity
of the slurry, VT is a temperature gradient, and q refers to the heat flux. In addition, to perform the
numerical simulation of slurry flow where the slurry properties are dependent on the temperature,
non-isothermal flow multiphysics coupling needs to be solved by using Equation (7). In the non-
isothermal flow equation, operator “:” refers to the contraction between the viscous stress and
velocity gradient.
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Q=1tVu (7)

3 RESULTS AND DISCUSSION

This section presents the results and discussion based on the numerical simulation of ceramic slurry
inside the throat and nozzle. For velocity and surface pressure distribution on slurry, Equation (3)
and Equation (4) were used where properties such as slurry density, initial velocity, viscous stress
tensor and pressure were considered. Similarly, Equation (5) and Equation (6) are used for the
temperature distribution profile where a heat source, heat capacity, heat flux, temperature gradient
and thermal gradient were considered.

3.1 Velocity and Surface Pressure Distribution on Slurry Inside the Throat Nozzle

A time-independent study was performed to understand the applied HBP model for the slurry flow
simulation. Figure 4 shows the velocity variation of the ceramic slurry across the length of the throat
and nozzle at a temperature of 220°C. The laminar flow and heat transfer modules are coupled to
calculate the exit velocity through the nozzle and velocity variation across the length at the non-
constant temperature. The inlet velocity is taken as 5 mm/s such that the lead screw moves the
slurry to the extruder. The inlet velocity is completely dependent on the rotations of the lead screw,
which is controlled by the stepper motor. Due to the non-isothermal flow, the viscosity of the slurry
changes, which significantly impacts the flow behavior. To understand the flow behavior, the nozzle
throat geometry is divided into 3 sections according to the change in the cross-section area as shown
in Figure 4.
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Figure 4: Variation of velocity across the length of the nozzle.

The velocity is constant and uniform across the throat region, while the velocity increases
significantly across the conical region due to a decrease in the cross-section area. The maximum
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exit velocity of 44 mm/s is achieved due to 56 wt% solid loading in the slurry. To increase the exit
velocity, the content of solid particles should be low. Figure 55 shows the velocity variation of
ceramic-cellulose slurry, where the velocity distribution is measured along the AA plane. The velocity
distribution in Section 1 shows the velocity from the throat inlet to the throat outlet, which is uniform
throughout the length of the throat, while it decreases across the Y-direction due to the boundary
layer principle. Section 2 shows a sudden decrease in the velocity along the length due to a sudden
increase in the cross-section area, while the velocity across the Y-direction remains uniform
throughout the section. The sudden increase of velocity at the end of section 2 is due to the
convergence of the cross-section area along the length. Section 3 shows a sudden increase in
velocity from 17 mm/s to 44 mm/s due to the reduction of the cross-section area. The narrow part
of the nozzle leads to higher shear stress, affecting the velocity near the wall.

45

40 -
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35
@30
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2
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0 5 10 15 20 25 30

Extruder Length (mm)

Figure 5: Velocity variation of ceramic-cellulose slurry in Section 1 (throat), Section 2 (nozzle inlet),
and Section 3 (nozzle converging outlet).

The surface pressure distribution across the length of the slurry due to the solid-fluid interaction is
demonstrated in Figure 6. Force acting on the slurry due to the change in cross-sections contributes
to the surface pressure. The maximum surface pressure is found at the inlet of the throat. The
surface pressure drops as it approaches the nozzle outlet as the forces applied by the wall of varying
conical sections over the slurry decompose into radial and transverse components.

Pa
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Figure 6: Surface pressure on slurry throughout the length of throat nozzle assembly.
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Due to the typical shear thinning behavior, the ceramic slurry is considered extrudable when the
applied force is greater than the yield stress of the slurry. Figure 77 represents the ceramic slurry
viscosity flow curves at varying shear rates. Initially, the random collisions among the particles of
ceramic-cellulose naturally resist the flow in a near-equilibrium slurry, resulting in high viscosity in
the lower shear rates. However, with an increase in shear rate, the ceramic-cellulose particles
organized and settled in a streamlined flow, resulting in a decrease in viscosity [9],[18],[21].
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Figure 7: Ceramic slurry viscosity vs shear rate plot at varying shear rates at different simulated
times.

3.2 Temperature Distribution on the Slurry and the Throat Nozzle

A fluctuation can generate clogging in the nozzle thus a constant temperature of 220 °C is applied
to the liquefier. The temperature over the nozzle region is achieved through heat conduction. Figure
8 shows a temperature distribution near the wall of the nozzle from where the heat is conducted.
Initially, the throat and nozzle are in ambient condition. Figure 8 (b) shows a non-uniform
temperature distribution across the length after 0.6 minutes. This non-uniform temperature
distribution over the length of the throat nozzle affects the viscosity which directly affects the slurry
flow behavior. As the heat transfer from the throat to the surrounding is forced convection, this leads
to a decrease in the temperature affecting the flowability in the nozzle. High temperature in the
nozzle leads to a good flowability of the ceramic slurry. Figure 9 demonstrates the time-dependent
temperature profile along the length of the throat nozzle geometry, where the temperature
distribution is obtained from the non-isothermal model. The maximum temperature at the upper
part of the throat reached up to 230 °C.
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Figure 8: Temperature distribution at (a) simulation time = 0 min (b) simulation time = 0.6 min.
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Figure 9: Time-dependent temperature distribution along the length of throat nozzle assembly.

It is crucial in many industrial operations to accurately predict the flow behavior of hon-Newtonian
fluids, typically those involving complex materials such as ceramics. Upon analyzing the simulation
results, it was observed that the input pressure influenced the exit velocity of the slurry more than
the temperature. The effect of a change in cross-section on the surface pressure of the slurry was
found to be significant, suggesting that the extruder geometry could have a substantial impact on
the flow behavior of the slurry. In addition, it was observed that an increase in temperature resulted
in better flowability of the slurry. These findings show that the slurry temperature influences the flow
of slurry significantly, which has significant ramifications for industrial processes. The experimental
validation of various non-Newtonian slurry is essential to ensure reliable simulation results and
validate the numerical model. Furthermore, the insights gained from this study could be used to
optimize the design of extruders for processing non-Newtonian slurries, to improvise efficiency and
cost-effectiveness.

4 CONCLUSION

This work investigates the numerical model to simulate non-Newtonian ceramic slurry in the EAM
process. The computational model is established to find the rheological constants of HBP models.
The continuity and momentum equations of the slurry are solved based on the developed HBP model.
The HBP numerical model predicts the velocity distribution from the throat inlet to the nozzle outlet.
The exit velocity of the slurry is more influenced by input pressure rather than the temperature due
to the content of solid ceramic particles in the slurry and the higher melting temperature of the
ceramic material. The effect of change in the cross-section area in geometry shows significant effects
on the surface pressure of the slurry. Further, the higher temperature at the throat achieves better
flowability due to the melting of the binder material of the slurry.
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