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Abstract: This study aimed to investigate if a thermal barrier coating (TBC) affected the energy efficiency
of 3D printers. In accordance with this purpose, the used TBC technique is clearly explained and adapted
to a nozzle in a simulation environment. Brass, copper, and hardened steel were selected to be the
materials for the nozzles. The reason for the usage of a thermal barrier coating method is that the
materials are made with low thermal conductivity, which reduces the thermal conductivity and energy
losses. Yttria-stabilized zirconia was used to coat material on brass, copper, and hardened steel. To
prevent temperature fluctuations, yttria-stabilized zirconia together with a NiCRAI bond layer was used
and, thus, heat loss was prevented. Additionally, the paper addressed the effects of the coating on the
average heat flux density and the average temperature of the nozzles. In addition, by means of the finite
element method, steady-state thermal analyses of the coated and uncoated nozzles were compared, and
the results show that the thermal barrier coating method dramatically reduced energy loss through the
nozzle. It was found that the average heat flux was reduced by 89.4223% in the brass nozzle, 91.6678%
in the copper nozzle, and 79.1361% in the hardened steel nozzle.

Keywords: energy efficiency; NiCRAL yttria-stabilized zirconia; 3D printer; brass; copper; hardened
steel nozzle; finite element method

1. Introduction

Over the last decades, three-dimensional (3D) printing technology has been promising
for small- and large-scale manufacturing technology. According to experts, the global 3D
printing market is expected to reach a value of USD 57.1 billion by 2027. In addition to the
development and increase in 3D technology, studies on the materials used in printing have
increased and progressed. This naturally raises the issue of the efficiency of 3D printers.
The efficiency of such printers can be scaled in regard to print time, power consumption,
quality of the printing parts, etc. The parameters that affect them include calibration of the
machine, nozzle temperature, bed temperature, ambient temperature, the speed of the print,
and the orientation of the printing parts. Moreover, in metals, as in additive manufacturing,
laser power and the preheating temperature of the powder bed can affect the relative
density and mechanical properties of the parts [1,2]. The manufacturing process depends
on the temperature of the nozzle, which is the end part of the machine providing flow for
the fundamental base materials such as PLA, ABS, nylon, and PET. Due to the variation
in their chemical composition, each material has different printing and decomposition
temperatures, and they are provided in Table 1. Although most studies in the field of
printing quality have generally focused on the materials, having different nozzle features
affects the quality of the prints and the efficiency in terms of power consumption, too [3-7].
Another factor that affects the quality of a print is the nozzle’s diameter [8]. Generally,
brass, copper, and hardened steel are used for nozzles in 3D printers.
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Table 1. Printing properties of the materials [3].

. Printing Decomposition
Material Temperature (°C) Temperature (°C)
ABS 230-250 380430
PLA 200-235 300-400
Nylon 240-280 390-450
PET 160-210 350-480

Furthermore, increasing energy costs on a global scale has created a greater focus on
energy efficiency; however, there is little current literature on the consumption of power
by a 3D printer [9-11]. In a study by Hopkins, as shown in Figure 1, the measured power
values for a printer during operation are given [9].
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Figure 1. Power consumption of a printer during operation [9].

To understand the overall system’s power consumption, it is necessary to understand
which parts comprise the printer such as heated beds, controllers, motors and motor drivers,
fans, LCD screens, filament, and nozzle. The breakdown of a specific printer’s (i.e., Ender
3) energy consumption is given in Figure 2, where “hot end” refers to the nozzle. Although
the energy used by the heated beds, motors, control boards, and fans change over time,
generally, hot ends complete the process with constant temperatures, depending on the
used material’s features, as shown in Table 1. Hence, to provide the energy efficiency of
the system, coating techniques were considered for different materials (i.e., brass, copper,
and hardened steel). A thermal barrier coating (TBC) is an important technique that can be
used to improve the lives of hot ends as well as to decrease the electricity used.
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Figure 2. Distribution of the energy use of the printer [9].

The thermal barrier coating was used to protect parts operating at high temperatures
due to the fact of its low thermal conductivity. Ceramic-based materials are mostly preferred
as TBCs because of their resistance to high temperatures. Yttria-stabilized zirconia (YSZ) is
used more commercially as a thermal barrier coating material. The acceptable thickness for
a TBC is between 0.2 and 0.8 mm. It is used with a bond layer so that the TBC can adhere
to the substrate’s surface. In addition, the bond layer prevents oxidation and prolongs the
service life of the part. YSZ has high thermal shock resistance and is used at operating
temperatures up to 1200 °C. YSZ, of which the main material is zirconium, has low thermal
conductivity. YSZ was chosen as the TBC in this study, and simulations were carried
out using the thermal properties of YSZ, as they are preferred due to the fact of its easy
accessibility and low thermal conductivity.

This paper aimed to address whether a TBC affects the energy efficiency of 3D printers.
In accordance with this purpose, the TBC technique used is clearly explained and adapted
to the nozzle in a simulated environment. In addition, by means of the finite element
method (FEM), steady-state thermal analyses of the coated and uncoated nozzles were
compared. This article also contributes a new topic to the literature in regard to comparisons
of the efficiency between nozzles composed of three different materials and TBC models.
As a result of the TBC method, it was found that the average heat flux was reduced, hence
increasing the energy efficiency.

This paper had three main aims:

1.  Performing steady-state thermal analyses for the specified materials by creating a
nozzle model;

2. Assessing the effects of a TBC on the energy efficiency of various materials in the
nozzle (i.e., brass, copper, and hardened steel) of the 3D printer;

3. Determination of the energy efficiency on the coating and uncoated nozzle with the
TBC method.

The Energy Required to Melt Filament in 3D Printing Technology

The energy used to melt m kilograms of filament is given in Equation (1):
Q = mc(Ty — T,) + mHy 1)

where:
Q: Energy (kJ);
m: Mass of the polymer (kg);
c: Specific heat capacity (kJ/kgK);
Tyu: Polymer melting temperature (°C);
T,: Ambient temperature (°C);
Hy: Heat of fusion (k] /kg).
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2. Materials and Simulation
2.1. Materials

In commercially used 3D printers, AHB is made of aluminum alloy. The reason for
this is that it has good thermal conductivity and is an easily accessible material. The
heat required for diffusion was applied to the AHB and transmitted to the nozzle. The
printing temperatures are different, because different printing materials have different
fusion temperatures. For this reason, nozzles are made of different materials depending
on the diffusion temperatures of the material types. In addition, different materials are
used in the manufacture of the nozzle in order to prevent abrasions in the nozzle. In this
study, brass, copper, and hardened steel nozzles were used. The coated and uncoated CAD
models of the AHB and nozzle used in the analyses are shown in Figure 3. In the analyses,
YSZ was used as the thermal barrier coating. In order to use YSZ, it was determined to use
NiCRAI as the bond layer [12-15]. After a literature review, the thickness of the bond layer
was determined to be 0.15 mm and the TBC’s thickness was determined as 0.5 mm. The
physical properties of the materials used are also given in Table 2.

Figure 3. (a) AHB and nozzle CAD model; (b) coated CAD model.

Table 2. Thermal properties of the materials [16,17].

Thermal Conductivity Thermal Expansion

Material (W/m K) 1 x 10-6 (1/K) Specific Heat (J/kg K)
Brass 105 19 0.380
Copper 330 16.4 0.385
Hardened Steel 22 14.8 0.55
Aluminum Alloy 114-175 22.8 0.873
NiCrAl 16.1 12 764
YSZ 2.2 10.9 620
LazCI‘zO7 1.5 9.5 N/A

2.2. The Heat Transfer Model of the Nozzle

The heat transfer proceedings are usually solved depending on several assumptions.
The use of these assumptions may not accurately reflect the processes encountered in the
thermal engineering. In this study, the heat transfer model of the nozzle was addressed by
means of Newton’s law of cooling. Expressed in terms of temperature differences, Newton’s
law results in a simple differential equation that expresses the temperature difference as
a function of time. The solution to this equation describes an exponential decrease in
the temperature difference over time. This characteristic distortion of the temperature
difference is also related to Newton's law of cooling and is expressed in Equation (2):

dT(t)

BT —k(T(t) — Teo) )
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where:

T(t): Temperature at time t;

k: Temperature change coefficient;

Tw: Environmental temperature.

Conduction, convection, and radiation are methods of heat transfer. In this study, heat
transfer was addressed by conduction and convection. There is heat conduction between
the layers of the AHB and the thermal barrier coating, and the equation describing this
relationship is expressed in Equation (3):

Qcond = kA(Ts — Too) 3)

where:

A: Surface area through which the heat transfer takes place;

T;: Surface temperature.

Whether the AHBs are coated or uncoated, while in a non-flowing air environment,
heat transfer is realized from its surfaces to the air as convection, and it is expressed by
Equation (4):

Qconv = hA(Ts — Too) 4)

where:
h: Convection heat transfer coefficient.

2.3. Simulation of Finite Element Analysis

ANSYS is used to solve models that are decomposed into parts using the finite element
method. It can analyze many systems, solving problems of strength, toughness, elasticity,
deformations, heat transfer, fluid flow, electromagnetism, etc. In this study, steady-state
thermal analyses were performed at the operating temperatures of the nozzles of the coated
and uncoated models. While the uncoated model consisted of a nozzle and AHB, the coated
model was additionally coated with a bond layer and a TBC. Heat transfer occurs between
these layers when in contact with each other. Major heat transfer takes place by natural
convection from the air-contacting surfaces of the AHB and nozzle. Boundary conditions
used in the analysis:

e  The operating temperatures of the nozzles made of various materials were different.
In this study, the brass, copper, and hardened steel nozzles had maximum operating
temperatures of 300, 500, and 450 °C, respectively. According to the type of material,
the operating temperatures of the nozzles were applied from the socket of the heater
cartridge of the AHB;

e  The ambient air temperature that the models came into contact with was 22 °C. Due
to the lack of air flow, the heat transfer from the model to the air occurred by natural
convection, and the heat transfer coefficient was 5 W/m? K;

e  The thermal properties of the bond layer and the TBC were used in the analyses as
indicated in Table 1.

The mesh quality of all analyses were tested automatically using an option called
convergence in ANSYS. For each analysis, the number of nodes and elements obtained as
the result of mesh convergence are given graphically with the analysis results.

3. Results and Discussion

Steady-state thermal analyses were performed for the brass, copper, and hardened steel
nozzles and the coated nozzles. Since the operating temperature and thermal properties of
each nozzle were different, various results were obtained in the analyses. In all analyses,
the heat was transferred by natural convection at the surfaces of the nozzles in contact
with air, and the temperature distribution of the nozzles was calculated. The results of the
coated and uncoated models were compared according to the type of material.

The maximum operating temperature of the brass nozzle was 300 °C. This temperature
was applied to the AHB by the heater element and was one of the boundary conditions.
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Considering this situation, the results of the thermal analysis of the nozzle made of brass
are given in Figure 4. The results of the mesh convergence study of the uncoated brass
nozzle are given in Figure 4e. Mesh convergence was automatically created in ANSYS, and
the allowable change between mesh solutions was reduced to 5.5982%. While determining
this value, the relationship between the solution time and the total heat flux was taken
into account. The determined mesh structure was used in the analyses, and the mesh had
3,006,829 nodes and 2,169,395 elements. In Figure 4a, the total heat flux occurring on the
surfaces of the model in contact with air is given. The average heat transfer per unit area
was 13,745 W/m?. The temperature distribution of the nozzle is given in Figure 4c.
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Figure 4. The total heat flux of (a) the brass nozzle and (b) the coated brass nozzle; temperature
distribution of (c) the brass nozzle and (d) the coated brass nozzle; mesh convergence study based on
the total heat flux of (e) the brass nozzle and (f) the coated brass nozzle.
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As seen in Figure 4f, the allowable change was reduced to 4.1544% in the mesh
convergence study on the coated brass nozzle. The mesh structure contained 292,916 nodes
and 191,863 elements. The total heat flux analysis of the coated brass nozzle is given
in Figure 4b. The average heat flux was found to be 1453.9 W/m?. The temperature
distribution of the coated nozzle is shown in Figure 4d.

In Reference [4], the effect of the TBC on the energy efficiency in additive manufactur-
ing was investigated. Numerical analyses showed that energy efficiency can be achieved
by increasing the thermal efficiency using the TBC method. In this study, when the coated
and uncoated brass nozzle models were compared, it was observed that the average heat
flux per unit area by convection decreased by 89.4223%. The average nozzle temperature
decreased by 0.68 °C. By reducing the heat flux into the environment, the loss of energy in
the form of heat was prevented.

The copper nozzle had a maximum operating temperature of 500 °C. The high operat-
ing temperature and thermal conductivity of the copper nozzle led to the striking analysis re-
sults. The steady-state thermal analysis of the copper nozzle is given in Figure 5. As shown
in Figure 5e, the uncoated model was divided into 2,585,993 nodes and 1,853,244 elements
as a result of the mesh convergence study. The total heat flux is given in Figure 5a, and the
average heat flux was 33,571 W/m?. Due to the high thermal conductivity of copper, the
average heat flux transferred into the environment by natural convection was high. The
temperature distribution over the uncoated nozzle is shown in Figure 5c¢, and the mesh
structure of the model can also clearly be seen in the figure.

The mesh convergence study of the coated copper nozzle approached zero in the
eleventh solution, as shown in Figure 5f, and the mesh structure included 1,108,779 nodes
and 784,351 elements. The total heat flux of the coated model is given in Figure 5b, and
the average heat flux was 2797.2 W/m?. The temperature distribution of the TBC on the
copper nozzle is given in Figure 5d.

Applying the TBC to the copper nozzle reduced the average heat flux per unit area
on the nozzle by 91.6678%. According to the literature, it is possible to reduce the surface
temperature of the parts with a thermal barrier coating [18]. Due to this phenomenon,
the TBC lowered the average temperature of the nozzle by 0.88 °C. Lowering the average
temperature contributed positively to reducing the heat transfer due to the temperature
difference.

Hardened steel is a medium or high carbon steel that has been heat treated. Abrasions
occurring in brass nozzles are minimized in nozzles produced from hardened steel. It
is used in printing processes of filaments, such as carbon fiber, at a maximum operating
temperature of 450 °C. The maximum operating temperature was used in the analyses. The
results of the analysis of the coated and the uncoated hardened steel nozzle are given in
Figure 6. Mesh convergence studies for both models are shown in Figure 6e,f. The uncoated
nozzle was divided into 2,159,011 nodes and 1,532,149 elements, and the coated nozzle was
divided into 1,581,931 nodes and 1,137,488 elements. In Figure 6a, the total heat flux of the
uncoated nozzle is given, and the average heat flux was found to be 13,371 W/m?2. The
total heat flux of the coated nozzle is shown in Figure 6b. The average heat flux in the TBC
nozzle was 2789.7 W/m?2. The average heat flux from the unit area into the environment
was reduced by 79.1361% due to the TBC. The temperature distributions for both models
are given in Figure 6¢,d. While the average temperature of the coated nozzle was 446.72 °C,
the average temperature of the uncoated nozzle was calculated as 448.99 °C. The TBC
reduced the nozzle temperature by 2.27 °C.
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Figure 5. The total heat flux of (a) the copper nozzle and (b) coated copper nozzle; temperature
distribution of (c) the copper nozzle and (d) the coated copper nozzle; mesh convergence study based
on the total heat flux of (e) the copper nozzle and (f) the coated copper nozzle.
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Figure 6. The total heat flux of (a) the hardened steel nozzle and (b) the coated hardened steel nozzle;
temperature distribution of (c) the hardened steel nozzle and (d) the coated hardened steel nozzle;
mesh convergence study based on the total heat flux of (e) the hardened steel nozzle and (f) the
coated hardened steel nozzle.
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To conclude the numerical simulations, the average heat flux plot obtained for the
three material types in the analyses is given in Figure 7. Although the energy losses were
reduced at the same rate in all the materials, the decrease in the average heat flux was
greater in the nozzle made of copper. The application of the TBC to the copper nozzle
increased the energy gain more than the other nozzles. This was due to the high thermal
conductivity of copper and the high operating temperature of the copper nozzle. The TBC
reduced heat losses in all nozzle types. By reducing losses, energy efficiency was increased,
which will lead to lower costs.

] Brass (300 °C)

32,000 ] \ — — Copper (500 °C)

30,000 \ — - —Hardened Steel (450 °C)
28,000 \

26,000 4 \

24,000 \
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Average Heat Flux (W/m?)

Figure 7. The average heat flux of the coated and uncoated models.

4. Conclusions

In this study, steady-state thermal analyses of nozzles made of three different materials
and models made of a TBC were performed to increase the energy efficiency. The TBC
method, which is composed of materials with low thermal conductivity, reduced the
thermal conductivity and the energy losses. As a result of the analyses, the following
findings were reached:

e  The TBC method greatly reduced the amount of heat transferred into the environment,
preventing energy losses and increasing energy efficiency. The applicability of the TBC
method in 3D printers has been demonstrated in the literature, and it is clear that it
will increase the thermal efficiency;

e It was found that the average heat flux was greatly reduced by applying a TBC to
nozzles made of brass, copper, and hardened steel;

e  Although the energy efficiency of the copper nozzle was the same rate as the other
nozzles, there was a numerically higher energy efficiency than the other nozzles.
This is because copper has a high thermal conductivity coefficient, and the operating
temperature of the copper nozzle was higher than the other nozzles. If the difference
between the ambient temperature and the operating temperature was large, the heat
flow will increase according to the theory of heat transfer by convection. The TBC
prevented heat loss and provided high energy efficiency;

e  Reducing energy losses will cause the heater element to work less. This will contribute
to energy efficiency by reducing the energy consumption used for heating.

The finite element analysis showed that the TBC method dramatically reduced energy

loss through the nozzle. It was found that the average heat flux was reduced by 89.4223%
in the brass nozzle, 91.6678% in the copper nozzle, and 79.1361% in the hardened steel
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nozzle. Increasing the thermal efficiency by reducing thermal permeability increased energy
efficiency, as it reduced the energy losses.
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