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Abstract: An assessment of different materials for additive manufacturing (AM) of polymer
gears is presented in this research. Experimental testing is carried out for three different
materials. Two materials are selected as the most common materials used for gears made
by additive manufacturing. These materials are nylon and polycarbonate (PC). The third
material is IGUS 1180, which is a tribological material specially developed for additive
manufacturing of parts with demands for high resistance properties such as resistance
to friction, wear, and high temperatures which are essential for the long service life of
gears. Gears are experimentally tested to determine service life in the form of operating
cycles until failure. In addition, the gear temperature is monitored during the experimental
testing. Using the value of maximum temperature at the moment of total gear failure at a
specific load level enables the categorization of failure type. Different types of gear failures
are categorized and presented. Taking into consideration failure type and the service
life in the form of operating cycles, the applicability of analyzed materials for specific
applications concerning load, speed, and thermal conditions is presented and discussed
at the end of the paper. The main goal of this research was to test IGUS 1180 material and
compare its mechanical and thermal properties with other commonly used materials for
gears manufactured by AM, such as nylon (PA6/66) and polycarbonate (PC). IGUS i180
material showed inferior properties concerning gear design in the case of high loads. This
research showed that PA6/66 material is still the best solution for polymer gears production
using AM, but the applicability of this material, due to temperature constraints, is still
quite limited.

Keywords: materials; additive manufacturing; polymer gears; service life; experimental
testing

1. Introduction

Additive manufacturing is one of the most exciting new technologies in the manu-
facturing world. It gained popularity in the last decade. Its rapid development over the
years has brought this technology to almost every aspect of manufacturing, from toys and
mechanical gears to airplane spacecraft parts [1]. Regardless of its benefits, the progress of
additive manufacturing (AM) brings a lot of new questions and challenges that need to
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be investigated. In the case of machine elements, AM enables the design of lightweight
machine elements, but at the expense of the same (or similar) design and corresponding
mechanical and thermal properties. For example, in the case of gears, AM enables gear
production in the form of a shell with the infill inside. Today, most of the research about
AM is focused on the research of so-called lattice structures [2]. Researchers mostly use
predefined AM parameters for testing various mechanical properties. The preparation of
AM parts can be performed with parameters predefined in default software settings or
user-defined parameters [3,4].

Polymer gear production by AM requires a careful selection of materials that can be
used for specific applications [5]. Even though heavy operational duty cycles in power
transmission imply the usage of metal gears, such as steel, titanium, or aluminum, compos-
ite materials with carbon or glass fibers can offer a good combination of lightweight and
high performance in low and moderate-load applications [6,7]. However, the applications
of polymer gears are often limited as they come with lower mechanical and thermal prop-
erties [8]. The advantages of polymer gears, especially in the cases of AM, are reflected in
easy and cost-effective production. AM also enables fast reparation of gear mechanisms,
i.e., gear replacement, as compared to other production methods, it offers prompt and
low-cost manufacturing directly from a three-dimensional (3D) computer-aided design
(CAD) model. Additionally, AM offers a wide scope of design possibilities and adjustments
concerning various gear shapes, geometric parameters, and lightweight solutions with
complex internal structures [9].

The first step in AM production is the selection of manufacturing technology. The
most common technology for metal additive manufacturing (MAM) of gears is Direct Metal
Laser Sintering (DMLS), while polymer gear manufacturing relies on a fused deposition
modeling method, also known as the Material Extrusion (MEX) method [10]. In the second
step, the material for manufacturing needs to be selected, which is the most challenging
part as, taking into account the number of available polymer and polymer composite mate-
rials, designers are bound to make selections between different mechanical and thermal
properties, cost-effectiveness and other manufacturing demands to satisfy the ultimate
conditions of the gear application. MEX technology can be used for versatile materials,
such as typical polymers like polylactic acid (PLA), acrylonitrile butadiene styrene (ABS),
polyethylene terephthalate (PET), polycarbonate (PC), polyamide (PA), etc., different poly-
mer composite materials with carbon or glass fibers and mixtures of wood particles, and
polymer composite materials with specially developed additives, i.e., filaments for high
tribological requirements as is the case with the IGUS i180 material [11]. Typical polymers
such as PLA, ABS, and PET are usually used for the development of educational models,
as, due to lower and temperature-dependent mechanical properties, their application is
not recommended for the manufacturing of gears and it is limited to certain products with
low loads and negligible thermal influence. On the contrary, PC and PA materials, as well
as polymer composite materials with carbon or glass fibers, proved to be suitable for gear
applications. Additionally, filaments that enhance the tribological behavior of polymer
materials, as is the case with the IGUS i180 material that will be experimentally investigated,
are often a good choice for gear applications.

The novelty and the main objective of this research is to study the applicability of
the IGUS i180 material in gear applications, concerning the AM technology, since no
study on this topic has been conducted yet. The biggest contribution to this work is an
attempt to remove the doubts that engineers have when choosing a polymer material
for manufacturing polymer gears using AM. If someone looks at the literature or advice
from engineering websites or material manufacturers, it is evident that there is a lot of
disagreement about which material is most suitable for the production of polymer gears
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using AM. The reason for such doubts lies primarily in the fact that there are no general
for which materials should be chosen in each case. The choice of the material depends
primarily on the mechanical and temperature demands of the application in which the
gears are to be used, as we will discuss in the conclusion part of the paper.

2. Current State of the Art of AM Technology in Gear Design
and Manufacturing

The rapid growth of industrialization can be attributed to the development of new
technologies [12-14]. The expansion of AM, as one of the leading manufacturing technolo-
gies, in various industrial fields is more than justified especially in the cases of new product
development and design as, compared to the conventional manufacturing methods, it
enables various new design solutions or the lightweight redesign of existing products with
an internal infill structure [15,16]. Additionally, AM technology enables the employment of
numerous polymer materials which expands the field of design solutions even further, as
these materials, due to their properties, are not typically used in conventional manufac-
turing processes [17]. Furthermore, AM technology allows for a combination of different
polymer materials during the production process, which is of crucial importance for the
new field of machine elements with targeted areas that require the specific properties of
individual materials, such as better load-carrying capacity, thermal conductivity, etc.

As previously outlined, the benefits of AM can be applied to the fields of gear design
and manufacturing, which are in full swing considering the amount of research provided
by many different authors in recent years. When it comes to MAM technology, several
papers, concerning gear design as well as some other rotating machinery components,
can be highlighted. Tezel et al. [6] established a wear-testing methodology and compared
the wear performance of AlSil0Mg and Ti6Al4V gears manufactured conventionally and
using AM technology. Wear intensity was determined by analyzing the oil in the gearbox.
Additionally, gear surfaces were inspected with scanning electron microscopy (SEM) and
an energy-dispersive spectrometer before and after the wear tests, to perform a full com-
parative analysis of gears manufactured by different technologies. Senthilkumar et al. [18]
investigated the repair method for damaged gears by using the wire arc AM technology.
Sarzyriski [19] provided a comprehensive review of MAM for the production of various
vehicle parts and components. The significance of MAM techniques in the production
of vehicle parts over the past several years was highlighted. This research indicated
the specific industries and scientific sectors in which these production techniques have
been applied successfully. The primary manufacturing methods, concerning both metal-
lic and non-metallic materials, were presented. The authors put their primary focus on
MAM techniques and categorized these methods into three main groups: laser-powder
bed fusion (L-PBF), sheet lamination (SHL), and directed energy deposition (DED) tech-
niques. Additionally, specific examples of vehicle components produced by MAM methods
were provided.

Polymer-based AM, compared to MAM techniques, is much more common due to
the availability of AM machines, primarily as there is a huge cost-per-unit difference. Ac-
cordingly, an individual field of research regarding polymer AM raises a question about
AM techniques used for polymer gears and their potential to replace conventional man-
ufacturing technologies. Yilmaz et al. [20] focused on the comparison of the wear and
thermal properties of conventionally manufactured polyamide 6 (PA6) gears and polyether-
imide (PEI) gears manufactured by AM. PA6 experienced better wear resistance at low
and moderate rotational speeds, while PEI gears showed superior wear performance at
higher rotational speeds. Furthermore, PEI gears displayed enhanced thermal properties,
i.e., a lower increase in the bulk temperature compared to PA6 gears. This occurrence can
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be explained by the inherent porous structure of the AM, which allows for better heat
dissipation. The results suggest that PEI gears produced by AM could be used as an alter-
native in high-speed applications. Baciu et al. [10] outlined the fact that AM techniques are
suitable for rapid prototyping of small batches of non-standard parts and the performance
improvements of mechanisms by customizing certain dimensions to the specific needs
of the system. Such an example, concerning gears, would be an adjustment to the sizes,
shapes, and tooth profiles to obtain the necessary gear ratio. The article presents some of
the techniques and technologies that can be employed to manufacture geared wheels and
transmissions along with their respective pros and cons. Ciobanu et al. [21] proposed a
series of experimental tests to establish the possibility of integrating the gears made by
AM into mechanisms operating in dry-running conditions. The tests were conducted on
several materials, such as PA, PLA, ABS, and photopolymer (PP), with the corresponding
gear evaluation performed by the double flank test machine (Frenco ZWP 06) and 3D
scanning with the ATOS CORE 135 3D scanner. The tests revealed that the PA and PP gears
failed to meet the structural integrity limit after the tests, while the PLA gears exhibited
superior resistance to the abrasive wear mechanism compared to the ABS gears, which
were attributed to have higher structural integrity. Islam et al. [22] provided an in-depth
overview of AM in the production of polymer components.

3. Experimental Research Preparation and Design of Experiment

The research carried out in this paper is completely experimental. In the first step, the
design of the experiment is carried out, which includes the preparation of all steps: the
selection of dimensional characteristics of gear specimens, the selection of materials, the
selection of the AM technology and its parameters, the selection of testing conditions (load
and speed), the selection of measuring equipment, and adjustment of the testing rig. The
steps of the experimental research are shown in Figure 1.

Selection of dimensional Material AM technology - Selection of AM
characteristics of speciments selection selection technology parameters
‘ Selection of mesuaring equipment Selection of testing
Results Testing and adjusting testing rig I- conditions (load and speed)

Figure 1. Design of experiment.

In this research, more advanced design of experiment (DOE) methods were not used
because the main goal of the experiment was not to compare and investigate a large number
of parameters, but to compare only three types of materials while selecting standard
production parameters that engineers would most often use in practical applications.

3.1. Manufacturing of Gears
3.1.1. Dimensional Properties

For more details on the selected dimensional characteristics of gears, the readers will
be redirected to our previous research [8,23]. The same dimensional characteristics were
used in all of our previous research papers, with the goal being to be able to compare results
for different manufacturing technologies, materials, parameters, loads, speeds, etc.
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Accordingly, the present study is focused on the comparison of the experimental
results concerning gears produced by hobbing, as was the case in our previous research,
and gears produced by AM. Table 1 presents the dimensional characteristics of gears.

Table 1. Dimensional characteristics of gears.

Property Label Value
Profile - Involute
Module m 3 mm
Number of teeth z 17
Pressure angle Xy 20°
Face width b 20 mm
Pitch diameter d 51 mm
Root diameter d 3 44.4 mm
Tip diameter da 57 mm
Base diameter dp 47.924 mm
Profile shift coefficient X 0
Radial contact ratio €a 1.516

3.1.2. Selection of Materials

Following the recommendations by other authors, Ultimaker PA6/66 and PC, as
the two most common materials for MEX AM of gears, were selected for experimental
testing [5-7,20,21]. Other commonly used materials for MEX additive manufacturing, like
PLA, ABS, and PET, were not selected because these have already been investigated, and
it has been proven by other authors that these materials are not suitable for AM of gears,
especially in the case of high load [24,25]. Additionally, gears made out of IGUS i180
material with specially developed filaments were tested. Even though the tribological
properties of IGUS i80 materials have been investigated by other researchers in the field,
the applicability of the IGUS i80 in gear applications, especially referring to the study of
life-cycle properties, has not been established yet [26-29]. The goal was to compare this
new material (IGUS i180) with commonly used materials for polymer gear AM.

PA6/66 material is usually used for the manufacturing of parts that require higher
mechanical properties and long service life, as the semi-crystalline structure of the material
is attributed to its high impact and wear resistance and small shrinkage percentage after
cooling. A small shrinkage percentage results in good dimensional accuracy of manufac-
tured parts, which is very important in the case of gears. Additionally, the material has
self-lubricating properties which offer a great advantage in the reduction of friction, which
is of crucial importance for the sliding surfaces in engagement. However, the same material
exhibits some disadvantages due to high moisture sensitivity, and needs to undergo a
drying process before being used for AM. The mechanical properties of the PA6 material
are presented in Table 2. The thermal properties of the PA6 material are presented in
Table 3.

As emphasized previously, the second material selected for gear AM was PC. The
material has good mechanical properties and, compared to PA6/66, better thermal resistance
with slightly lower properties concerning elasticity and wear resistance. The basic mechanical
and thermal properties of the PC material are presented in Tables 4 and 5, respectively.

The xy (Flat), yz (Side), and Z (Up) columns in Tables 2 and 4 represent the printing
direction of 3D printed parts before testing. These directions are given as in Figure 2. It
is known that 3D printing direction determines different mechanical properties of parts
produced using AM, i.e., parts will have different mechanical properties according to the
orientation on the build plate.
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Table 2. Mechanical properties of Ultimaker PA6/66 material.

Value

Property xy (Flat) vz (Side) Z (Up) Test Method
Young’s modulus 1 2331 + 55 MPa 2336 + 75 MPa 2300 £ 64 MPa [30]
Tensile stress at yield 2 63.1 £ 1.1 Mpa 65.3 = 0.5 MPa No yield [30]
Tensile stress at break 40.4 £+ 2.2 MPa 42.3 + 1.3 MPa 23.0 £ 2.3 MPa [30]
Elongation at yield 6.1 = 0.2% 6.5 + 0.1% No yield [30]
Elongation at break >120% >130% 1.7+ 0.2% [30]
Flexural modulus 3 1872 4+ 90 MPa 1052 4+ 56 MPa 1060 4+ 58 MPa [31]
Flexural strength 4 829 + 3.1 MPa * 63.4 +2.8MPa * 36.6 + 3.0 MPa ¥ [31]
Flexural strain at break No break (>10%) No break (>10%) 4.0 £0.3% [31]
Charpy impact strength ° 13.7 + 1.2 k] /m? - - [32]
Hardness © 81 MPa - - [33]

13 v =1 mm/min; 24 v = 5 mm/min; 5 notched, at 23 °C; ¢ Durometer, Shore D; * at 6.6% strain; * at 7.5 strain;

1 at 4.0% strain. (Data provided in this table are given according to the Ultimaker manufacturer data sheet from
Ultimaker company (Geldermalsen, The Netherlands, EU)).

Table 3. Thermal properties of Ultimaker nylon material.

Property Value Test method
Melt mass-flow rate (MFR) 6.2 g/10 min [34] (300 °C, 1.2 kg)
Heat deflection (HDT) 89.2+£56°C [35]
Vicat softening temperature 169.6 £ 0.8 °C [36]
Glass transition temperature 55.1°C [37] (DSC, 10 °C/min)
Melting temperature? 188.4 °C [37] (DSC, 10 °C/min)

(Data provided in this table are given according to the Ultimaker manufacturer data sheet).

Table 4. Mechanical properties of Ultimaker PC material.

Value

Property xy (Flat) yz (Side) Z (Up) Test Method
Young’s modulus 1 2394 + 98 MPa 2352 + 77 MPa 2255 + 77 MPa [32]
Tensile stress at yield 2 53.3 £ 1.2 MPa 58.5 + 0.9 MPa No yield [32]
Tensile stress at break 43.2 + 1.5 MPa 54.8 + 1.0 MPa 252 4+ 2.1 MPa [32]
Elongation at yield 6.1 +0.3% 59 £+ 0.2% No yield [32]
Elongation at break 9.2 £ 0.9% 6.7 = 0.3% 2.0 £ 0.1% [32]
Flexural modulus 3 1619 + 81 MPa 2052 + 95 MPa 2032 + 43 MPa [33]
Flexural strength * 89.4 4+ 2.3 MPa * 98.4+35MPa* 323 + 3.7 MPaat? [33]
Flexural strain at break No break (>10%) No break (>10%) 1.5+ 0.2% [33]
Charpy impact strength > 11.6 + 1.4 kJ/m? - [34]
Hardness ° 81 MPa - [35]

13 v =1 mm/min; 2* v = 5 mm/min; ° notched, at 23 °C; ® Durometer, Shore D; * at 6.9% strain; * at 6.1 strain;

¥ at 1.5% strain. Data provided in this table are given according to the Ultimaker manufacturer data sheet from
Ultimaker company (Geldermalsen, The Netherlands, EU).

Table 5. Thermal properties of Ultimaker PC material.

Property Value Test Method
Melt mass-flow rate (MFR) 23-26 g/10 min [34] (300 °C, 1.2 kg)
Heat deflection (HDT) 104.5 £ 0.7 °C [35]
Vicat softening temperature 114.7 £ 0.4 °C [36]
Glass transition temperature 107.7 °C [37] (DSC, 10 °C/min)
Melting temperature (amorphous) [37] (DSC, 10 °C/min)

Data provided in this table are given according to the Ultimaker manufacturer data sheet from Ultimaker company
(Geldermalsen, The Netherlands, EU).
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Figure 2. Orientation of the testing samples during additive manufacturing (Ultimaker materials).

The third selected material, IGUS i180, has good processing abilities, wear resis-
tance, strength, and temperature properties. The basic mechanical and thermal properties,
along with currently available data on test methods, according to IGUS, are presented in
Tables 6 and 7, respectively.

Table 6. Mechanical properties of IGUS 1180 material.

Property Value Test Method

Young’s modulus 1000 MPa [38]
Coefficient of sliding friction ! 0.24 -
Coefficient of sliding friction 2 0.17 -
Flexural strength 46/33 MPa -
Density 3 1.21 g/cm? -
Pressure load 59 MPa -
Surface pressure > 30 MPa -

Hardness * 66 MPa [39]

1 dynamic, against Cf53 steel; 2 dynamic, against 304 stainless steel; 3 at 20 °C; # Shore D. Data provided in this
table are given according to the Igus manufacturer data sheet from Igus ltd. Caswell Rd, Northampton NN4
7PW, UK.

Table 7. Thermal properties of IGUS 1180 material.

Property Value Test Method
Long-term application 100 °C _
temperature
Short-term application 120 °C .
temperature
Lower application _40°C .
temperature
Thermal expansion 9% 105 K-1 [40]
coefficient
Thermal conductivity 0.23 W/(K-m) [41]

Data provided in this table are given according to the Igus manufacturer data sheet from Igus Itd. Caswell Rd,
Northampton NN4 7PW, UK.

3.1.3. Selection of AM Technology

The MEX AM process begins with the creation of a CAD model, which is converted
into a standard triangle language (STL) file for more detailed information on the layer
creation. The materials used in this manufacturing method are in the form of a long
wire, which can be located inside or outside the 3D printer. The driving wheels serve to
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feed and regulate the speed of the wire entering the nozzle, which has in-built heaters.
The heaters maintain a temperature higher than the melting temperature of the plastic
material so the continuous flow of material is enabled. When the wire melts, it passes
through the nozzle in a liquid state and deposits a plane layer of material. After making
the initial layer, the platform moves along the z-axis for the height adjustment of the next
layer, and the procedure is repeated until the creation of the final 3D shape, i.e., product.
Between these layering steps, a cooling of deposited material occurs. With the constant
feed of the material and the usually small nozzle diameters, AM technology, compared to
conventional manufacturing technologies, offers great convenience as it results in a small
amount of unused material [26-28]. When it comes to the presented research, two types
of AM machines, i.e., 3D printers are used, namely, Ultimaker 3 (Ultimaker company
(Geldermalsen, The Netherlands, EU) and BambuLab X1 Carbon (BambuLab Company,

Shenzhen, China).

3.1.4. Selection of AM Parameters
In the case of MEX AM, it is very important to properly select manufacturing param-

eters for the best mechanical and thermal properties of manufactured parts, i.e., gears.
The basic and most important parameter is gear orientation during manufacturing [29].
Parts produced by MEX additive manufacturing technology are built up from layers of
melted material, and the connections between these layers are usually the weak points of
manufactured parts. The gears were placed on the build plate, as shown in Figure 3.

133

C Ulimgge,:

B 20 s /

o@®o0Bo >

Figure 3. Orientation of gears during manufacturing.

Parameters for the AM of PA6/66 and PC gears were established with the Ultimaker
Cura v5.8 software, while the BambuLab Studio v1.9.7 was used for the IGUS i180 gears.
A normal quality profile, due to a good combination of speed and quality of 3D printing,
was established for all of the gears. This standard profile selection refers to 0.15 mm layer
height and a 0.4 mm nozzle. Three gear samples were manufactured for each material with
an infill density of 100%, as the durability criteria of AM products is a function of the infill

structure [42,43]. Figure 4 presents the flowchart of the AM parameter setup.
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Figure 4. Flowchart of the AM parameter setup.

4. Experimental Testing

As one of the goals of the presented research was to compare the performance of the
gears produced by conventional means and AM, the samples were tested in the standard
engagement of steel pinion and plastic gears. The same engagement, i.e., testing conditions,
were used in our previous research, which will be discussed later on [8,23].

4.1. Experimental Test Rig

Experimental testing was performed on an open-loop test rig shown in Figure 5. The
power was supplied through an electric motor (EM1) (Marathon Electric HJA-IE2 132 M,
Regal Rexnord Corporation, Wausau, WI, USA), which was controlled by a frequency
regulator (EN600-4 T 0075G/110P, Shenzhen Encom Electric Technologies CO, Shenzen,
China). The torque transducer (HBM T20WN T153040, Hottinger Baldwin Messtechnik
GmbH, Darmstadt, Germany), which was used for the measurement of torque and angular
velocity, was connected to the HBM Quantum X data acquisition system. The electric
motor was connected, via couplings and bearing units, to the first shaft. The first shaft was
supported by two roller radial bearings. At the end of the first shaft, steel gear, as a driving
unit, was mounted. The gears produced by the AM were mounted on the second parallel
shaft, which was connected, via bearing units, to the second electric motor (EM2) with the
gear reducer. The horizontal displacement of the second shaft could be adjusted, therefore
enabling the assembly and testing of gears of different sizes. EM2 with a gear reducer was
used to control the torque level, i.e., the simulated load. The initial torque of the open-loop
system was neglected, i.e., zeroed with the catmanEasy 5.3.1 software of the Quantum X
data acquisition system. The temperature of the tested gears was monitored with a thermal
camera (Testo 865, Testo SE, Titisee-Neustadt, Germany).

4.2. Testing Conditions

Full-time testing can determine gear life under specific test parameters, such as torque
load and angular velocity. When it comes to polymer gears, the lifetime can refer to
various aspects, such as the number of operating cycles until fatigue occurs, or operating
time at a certain load, temperature, etc. Usually, the lifetime of a plastic gear is defined
according to the basic failure parameters, such as tooth root fracture or temperature-induced
deformation. However, since polymer gears are prone to fail due to a combination of several
factors, it is not always possible to determine the most adequate parameter to determine
their lifetime. In addition, reliable lifetime predictions require the collection of large data



Machines 2025, 13,5

10 of 22

sets, which is often not an easy task to achieve, as gears and other machine elements,
such as bearings, require complex and time-consuming tests with different experimental
conditions that vary concerning the materials, geometry, test conditions, and other gear
application requirements. Full-time testing was carried out for the torque level of 6 Nm
and constant rotational speed of 1000 rpm. It is important to note that the torque level
was set at a constant of 6 Nm, but it varied a little in testing due to the changes in friction
values, increased temperature, wear, etc. Torque load varies in real application scenarios
also, so in this way, real conditions were simulated better. This testing rig did not have
active control of the torque; we plan to implement this in future research. This small
variation in the torque was considered acceptable, because the variations were small, and
as mentioned above, better simulation of real applications was achieved in this way. These
testing parameters were selected according to previous research, so comparison between
the two manufacturing techniques could be performed. The gears were subjected to load
until failure occurred. In total, according to the number of manufactured gears, nine tests
were carried out. The temperature of gears was monitored during the test, so the type
of failure could be classified more easily. Due to the many possible failure mechanisms
of plastic gears, it was important to classify the type of failure (thermal or load-induced
failure), as will be discussed in the next section.

Torque and RPM transducer

Tested gears

Quantum X data acquisition system

Figure 5. Test rig configuration.

5. Results

Results in the form of full-time testing diagrams, maximal measured temperature, and
classification of failure types are presented in this section. Additionally, a comparative
chart for different materials is introduced.

5.1. Results of Service Life
5.1.1. PA6/66 Material

The diagrams presented in Figures 6—8 show the life-cycle testing results of three
PA6/66 gear samples. The 0 Nm torque drops observable in some diagrams correspond to
the random stoppages of an open-loop system for the visual inspection of gear samples.

As emphasized previously, experimental testing was conducted on steel/plastic en-
gagements. Diagrams presented in Figures 6—-8 show an approximately constant load of
6 Nm, with small variations resulting from wear on the gear tooth surfaces. Table 8 presents
the lifetime results. From the results, it can be noted that the PA6/66 gears manufactured
by AM technology have an excellent service life, as one of the samples withstood almost
2 x 10° load cycles. Additionally, it can be noticed that the results of the tested gear
samples differed a lot. Such a significant difference can be explained by the errors during
experimental testing or assembly, i.e., positioning errors. Data discrepancy indicates that a
larger amount of gear samples need to be tested in future research.
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Figure 6. Number of life cycles for the first PA6/66 sample.

| .

6
T 4 Failure at 0.74-10° cycles
Z
Q
e
5 2
=

0

)

0.25:10° 0.5:10° 0.74-10°
Load cycles

Figure 7. Number of life cycles for the second PA6/66 sample.
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Figure 8. Number of life cycles for the third PA6/66 sample.

During the experimental testing, the maximum developed temperature at the engage-
ment zone was monitored, as shown in Figure 9. The temperature of 76 °C, presented in
Figure 8, resulted from a heat accumulation over a large number of operating cycles. This
monitored temperature value is important, as it can be used to classify the type of gear
failure, i.e., to determine the mechanism-induced failure that can correspond to thermal
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changes in the plastic material, resulting in melting or deformation, and to load-induced
changes, resulting in fatigue, wear, and accompanying fractures.

Table 8. Lifetime results for PA6/66 material.

Gear Time, t (s) Time, t (h) Number of Load Cycles
First sample 117,567 32.65 1,959,450
Second sample 44,403 12.33 740,050
Third sample 76,093 21.13 1,268,216

\

Figure 9. The monitored temperature at the engagement zone of the PA6/66 gears.

5.1.2. PC Material

Diagrams presented in Figures 10-12 show the life-cycle testing results of three PC
gear samples.

Table 9 shows the test results for PC gears. From the results, it can be concluded
that gears made of PC material experienced a significantly shorter lifetime, i.e., a reduced
number of load cycles compared to PA6/66 gears. In this case, the difference in the lifetime
results between the tested PC gear samples was not large, but still considerable. As
emphasized previously for PA6/66 gears, for more complete results, a larger number of
gear samples needs to be tested. Analysis of these results, with the classification of the
failure modes and result comparison, will be discussed later on.

R

Visual inspection of gears

4
Failure at 0.75-10° cycles

Torque [Nm]
)

0.15-106 0.35-106 0.55-10° 0.75-10°
Load cycles

Figure 10. Number of life cycles for the first PC sample.
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Figure 11. Number of life cycles for the second PC sample.

4 / Visual inspection of gears

El
=
%r ) Failure at 0.17-10° cycles
S
-
0
0.04-10° 0.08-10° 0.12-10° 0.17-10°
Load cycles
Figure 12. Number of life cycles for the third PC sample.
Table 9. Lifetime results for PC material.
Gear Time, £ (s) Time, t (h) Number of Revolutions
First sample 4527 1.25 75,450
Second sample 10,079 2.79 167,983
Third sample 13,974 3.88 232,900

The temperature of PC gear samples was also measured using a thermal camera.
The maximal measured temperature was 56 °C, as shown in Figure 12. For the PC gear
samples, unlike the PA6/66 gears, the monitored temperature presented in Figure 13 is
not necessarily the maximum developed temperature at the engagement tone, as the gears
experienced a smaller number of operating cycles. Correspondingly, the temperature of
56 °C is far below the temperature at which the mechanical properties of PC material start
to change, so the preliminary failure mode can be classified as a load-induced failure.

5.1.3. Results for IGUS i180 Material

Diagrams presented in Figures 14-16 show the life-cycle testing results of three IGUS
180 gear samples.

Table 10 shows the test results for IGUS i180 gear samples. As presented in Table 10,
the gears made out of IGUS i180 material had approximately the same lifespan properties
compared to PC gears, but a significantly shorter lifetime compared to PA6/66 gears.
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The monitored temperature at the engagement zone of the PC gears.

Figure 13.
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Figure 14. Number of life cycles for the first IGUS i180 sample.
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Figure 15. Number of life cycles for the second IGUS i180 sample.
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Figure 16. Number of life cycles for the third IGUS i180 sample.

Table 10. Results for IGUS i180 material.

Gear Time, £ (s) Time, t (h) Number of Revolutions
First sample 5643 1.56 94,050
Second sample 6241 1.73 104,000
Third sample 7917 2.1 131,000

The maximum measured temperature, which amounted to 46 °C, is shown in Figure 17.
As the gears exhibited a shorter lifespan, similar to the PC gear samples, the maximum
monitored temperature of 46 °C was well below the temperature that would lead to
changes in the mechanical properties of IGUS 1180 material. Therefore, the preliminary
failure mechanism can be classified as load-induced.

Figure 17. The monitored temperature at the engagement zone of the IGUS i180 gears.

5.2. Results for Failure Mode Categorization

A classification of failure modes of gears produced by AM is presented in this chapter.
To further improve, analyze, and recommend the potential applications of gears produced
by AM, it is very important to categorize the induced failures and the corresponding
reasons from an engineering point of view. Figures 18 and 19 present the PA6/66 gears

after the failure.
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As shown in Figures 18 and 19, the simultaneous effects of temperature increase and
load level caused the deformation of the teeth and tooth root fracture, respectively. A
temperature of 70 °C, according to the datasheet, represents the threshold temperature at
which thermally induced changes occur in the PA6/66 material.

As presented in Figure 18a, thermally induced deformations led to a functional failure
of the PA6/66 gear. The preserved tooth, presented in Figure 18b, indicates the absence of
the wear mechanism, with the fatigue-induced fracture at the tooth root area.

The gear temperature should not exceed 70 °C in the case of higher loads. When
analyzing polymer machine elements that are heated, it is very important to distinguish
the melting temperature, which is normally given in the description of the material and at
which the material changes to a liquid state, from the temperature at which mechanical
properties change due to thermal effects. Changes in mechanical properties occur when
temperatures are much lower than the melting temperature, especially in cases of higher
loads. In this case, it can be seen that the deformation of the teeth occurred at a temperature
of 76 °C.

Figures 18 and 19 also show the characteristic appearance and crack propagation at the
tooth root area. PA6/66 material also has self-lubrication properties, as the sliding action
of the tooth flank is followed by micro-melting of the material, which forms a transfer,
i.e., lubrication layer that has a positive effect on the friction properties at the engagement
zone. Figure 20 presents the excessive wear of the PC gears after 30 min of testing. Due to
reduced tooth cross-section, the gears eventually experience tooth root fractures, as shown
in Figure 21.

Tooth flank
with no wear

Tooth root fracture
due to fatigue

Thermally induced
deformations of teeth

(b)

Figure 18. The failure mechanism of the first PA6/66 gear sample: (a) thermally induced deformations
of teeth; (b) fatigue-induced tooth root fracture.



Machines 2025, 13,5 17 of 22

Figure 20. Excessive wear of the PC gear sample after 30 min of testing.

The failure mechanism of the PC gears produced by the AM is related to tribological
properties, as the temperature increase had no direct effect on the failure of gear samples.
Due to an excessive wear mechanism, presented in Figure 21a,b, the teeth cross-section
reached a stiffness critical state, resulting in tooth root fractures, presented in Figure 21c.
Although there are notable teeth deformations in Figure 21a,b, they are, as previously
emphasized, not directly related to temperature increase, but to the reduced bending
stiffness of the worn-out teeth.
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Figure 21. The failure mechanism of PC gear samples: (a) first gear sample; (b) second gear sample;
(c) third gear sample.

Figure 22. The failure mechanism of IGUS i180 gear samples: (a) first gear sample; (b) second gear
sample; (c) third gear sample.
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The IGUS i180 material, specially developed for various tribological applications,
proved to be wear-resistant. However, due to the extremely brittle structure of the ma-
terial gear teeth as well as the gear body, the gears experienced fractures, as shown in
Figure 22a—c. The characteristic crack between the 3D printed layers, notable in Figure 22b,
indicates weak adhesion between the layers.

The results indicate that gears made out of IGUS i180 material are excellent in applica-
tions where low wear and long-term operation are required, but only in the cases of small
static loads. The IGUS i180 material, initially developed for use in sliding bearings and
other limited sliding applications, proved to be insufficient for use in rotating machinery
that includes power and torque transmission.

5.3. Comparison of the Results

The diagram shown in Figure 23 presents the difference between the number of cycles
endured by the different gear samples before failure. As shown in Figure 23, PA6/66 gears
exhibited a significantly longer lifespan compared to PC and IGUS i180 samples, which
showed similar lifespan properties. Based on the presented experimental results, Table 11,
with applicability recommendations, was created. Additionally, recommendations for
future research directions are provided.

2.5-10°

8
4
g 1.5-10°
=
=
]
8 6
0 .
S 110
=
Z
0.5:10°
0

PA6/66 PC IGUS 1180

Figure 23. Result comparison.

Table 11. Recommendations for material use.

Material Wear Properties Recommendation for Applications
Use in applications with a high number of revolutions and a higher load. There
PA6/66 Low Rigid must be no heat source near the gears. The shaft on which the gear is located
must not be heated by other elements.
Use in the case of low-load and low-speed applications. Intense gear wear can
PC High Brittle have an impact on other systems located near the gear. Use in applications
where gears are heated up to 150 °C. The gear load must be static.
IGUS i180 Low Brittle Use in low-load and low-speed applications. Use in applications where gears

are heated up to 150 °C. The gear load must be static.
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Although the material IGUS 1180 is categorized as a tribological material recommended
for use in applications that require good friction and wear properties, in the case of plastic
gears with high load and high speed, this material cannot meet the required requirements.
The reason lies in the fact that these are brittle materials that are very sensitive to high
dynamic loads.

6. Conclusions

Additive manufacturing technology advances every day. New materials for different
applications are introduced constantly. All these new materials need to be experimentally
tested and compared to each other. One of the latest tribology materials is IGUS i180 mate-
rial, developed especially for applications with high tribological demands. Considering
this case study, this material showed inferior properties concerning the gear design for AM
in the case of high loads. This leads to the conclusion that it is not only necessary for the
material to have wear and thermal resistance to be suitable for gear manufacturing, but it
needs to have good mechanical properties also, especially high toughness. This research
showed that PA6/66 material is still the best solution for polymer gears production using
AM, in comparison to other commonly used materials for AM, but the applicability of this
material, due to temperature constraints, is still quite limited.

Comparing results from this paper and results from our previous research [8,23], it
can be seen that MEX AM polymer gears still cannot replace polymer gears produced using
conventional technologies from materials like polyoxymethylene (POM) or polyvinylidene
fluoride (PVDF) across the full life cycle. MEX AM polymer gears can be used for temporary
replacement, but they do not have the same life cycle as polymer gears produced using
conventional manufacturing technologies.

Future research should include new materials for AM and gear applications. Addi-
tionally, materials such as POM or PVDF that are used in conventional gear manufacturing
need to be tested for AM cases, as these materials are not so common in AM, but have
demonstrated great results in the case of conventional gear manufacturing, as established
in our previous research [8,23].

Additionally, different AM technologies for gear manufacturing should be compared
in future research. There are a lot of different AM technologies that can be used for polymer
gear manufacturing. All of these technologies, with their specific properties and param-
eters, produce parts with different mechanical, tribological, and thermal characteristics,
which need to be tested. The big question is, can we use AM to replace conventionally
manufactured gears?
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