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Abstract. Selecting gear materials is a great challenge for engineers. Gear teeth are subject
to difficult and severe loading conditions. Simultaneous action of alternating normal and
tangential dynamic stresses occurs, contact deformations accompanied by sliding friction.
Gears are subject to increased requirements in terms of strength, geometric accuracy,
dimensional stability, and durability. For the manufacture of gears, especially from
thermoplastic materials, a theoretical argumentation of the materials is needed. An extensive
study of thermoplastic materials, around the world needs to be done and the most efficient
tribological couples to be chosen in terms of heat transfer from the gear zone, operation with
or without lubrication, and gear life. In this paper, a theoretical synthesis of the Steel / Plastic,
Plastic / Plastic, Plastic/Steel tribological couples is made, which were used in conformist
and non-conformist experiments. Therefore, selected tribological couples are supposed to be
used in the Precessional Transmissions applications.

Keywords: gear materials, sliding friction, manufacture of gears, thermoplastic materials, heat
transfer, tribological couples, gear life, theoretical synthesis.

Rezumat. Selectarea materialelor pentru angrenaje este 0 mare provocare pentru ingineri.
Dintii angrenajului sunt supusi unor conditii de incarcare dificile si severe. Are loc actiunea
simultana a tensiunilor dinamice normale si tangentiale alternative, deformatii de contact
fnsotite de frecare de alunecare. Angrenajele sunt supuse unor cerinte sporite in ceea ce
priveste rezistenta, precizia geometricd, stabilitatea dimensionala si durabilitatea. Pentru
fabricarea angrenajelor, in special din materiale termoplastice, este necesara o argumentare
teoretica a materialelor. Trebuie facut un studiu amplu al materialelor termoplastice in
intreaga lume si sa fie alese cele mai eficiente cupluri tribologice in ceea ce priveste
transferul de cdldura din zona angrenajului, functionarea cu sau fara lubrifiere si durata de
viatd a angrenajului. Tn aceastd lucrare se realizeaza o sinteza teoreticd a cuplurilor
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tribologice Otel / Plastic, Plastic / Plastic, Plastic / Otel, care au fost utilizate in experimente
conformiste si nonconformiste. Prin urmare, cuplurile tribologice selectate ar trebui sa fie
utilizate in aplicatiile de transmisii precesionale.

Cuvinte cheie: materiale de angrenaj, frecare de alunecare, fabricare angrenaje, materiale
termoplastice, transfer de caldurd, cupluri tribologice, sintezd teoreticd.

Introduction

The choice of materials is an important and difficult stage in the design of solar wheels
and satellites in the gears with Precessional Transmissions (PT), [1, 2]. Although in this field
and not only the cost of the material is generally low compared to the cost of labor either by
mechanical processing or injection into the die. The choice of materials must take into
account some criteria related to the use and manufacture of the elements in the gear. From
a functional point of view, for good operational behavior, resistant parts with low specific
weight are required. As a result, the ratios between the allowable resistance g, or 7, and the
specific gravity Y must be as high as possible, [3]
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called material strength characteristics (k,) and are influenced by stress.
Weight ratio G; and G, will be:
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Where: A; and A; are the areas of the sections; o, and ag,,, breaking limits, [3].
For bending stress (the situation is similar for torsional stresses) on parts with the
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Where: Wi and W, bending strength modulus of the sections A: and A, 0;, 0;, bending
stresses. It follows:
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It follows that the strength of the elements influences to a greater extent the specific

weight of the materials at the stress of stretching-compression than at the stress of bending.

Also to get rigid parts with low specific weight need, [3] 5 si g (6)

the ratio between the modulus of elasticity of materials E or G and the specific gravity y
should be as high as possible, [3].

Reports of the type k, == (7)

they are called stiffness characteristics and are also related to the masses of the elements
and the stress [3]. In Figure 1 are presented the strength of generic materials.

From a technological point of view, the choice of materials must take into account the
possibilities of their processing, as appropriate, by casting, pressing, rolling, stamping,
cutting, and the ability of the material to form, by chemical and galvanic coatings resistant
layers corrosion to other environmental agents [3].
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Figure 1. Strength of materials, [4].

In all the design stages, when choosing the material, the economic criterion must also
be taken into account, following their cost and the fact whether or not it is deficient.
Depending on the character of the production (mass, in large or small series), the ratio
between the cost of the material and that of processing varies, [3]. Thus, in mass production
due to the automation and mechanization of production processes, the cost of processing
becomes lower than that of the material. However, it is not advisable to try to reduce
production costs by using cheaper, lower-quality materials, because the results of
mechanization and automation of production are conditioned by the use of homogeneous
materials, both dimensionally and in terms of technological properties. On the other hand, in
small series production, the share of the material in the cost of the part is small in relation
to the cost of processing, the latter encompassing the work of the highest qualification. Under
these conditions, it is found that it is cost-effective to use more expensive but higher quality
materials when necessary (for ex. PEEK or PBI). ALl materials with industrial value are used in
the manufacture of gears. Thus, ferrous materials, non-ferrous metals, and their alloys,
thermoplastic materials, are used. Higher quality carbon steels are used in the manufacture
of gears that require high strength even without the use of heat or thermochemical
treatments. Such alloys are OL 70, OLC 55, [3], if precise processing and resistance of the teeth
are pursued without a heat treatment, which could cause their deformation. However, it
should be remembered that these steels are not easy to process, the tools are worn faster
than those used for low carbon steel, [3].

Alloy steels and higher alloy steels for machine building are often used for the
manufacture of gears, especially those with chromium as an alloying element (40 Cr10), [2].
Consequently, alloy steels are much less deformed by heat treatment than carbon steels, this
conclusion being of great importance for small and precise parts whose further hardening
processing is difficult and sometimes impossible due to their small size.

It should be noted that steel is in itself an ideal solid matter or in other words a
Euclidean rigid with linear Hooke's behavior. Compared to thermoplastics which are real fluid
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bodies with Maxwellian behavior, [5]. Thermoplastics are viscoelastic bodies that, under the
action of force, the viscoelastic body "flows" but also deforms elastically. Some of the (Wr)
energy accumulates in the form of reversible deformation. The other part of the (Wc) energy
is consumed to achieve the irreversible deformation in the flow process, it dissipates in the
form of heat. The total energy(Wa), transferred to the viscoelastic body is consumed to
achieve its deformation and flow, [5].

Wo- W+ We (8)
A fluid can be considered perfectly viscous if the effects of its elasticity properties are
negligible, Wr tends to 0. A real solid can be considered perfectly elastic if the effects of its
viscosity properties are negligible, Wc tends to 0. The deviation from the perfectly elastic
behavior of elastoviscous solids is due to the viscous effect Wc and the deviation from the
perfectly viscous behavior of viscoelastic fluids is the result of the elastic effect Wr [5]. A
similar explanation of the rheological behavior of thermoplastic only in terms of the ratio
between the relaxation time and the time of the material called the Deborah number is made
by Poole RJ. [6].

When designing a thermoplastic gear wheel it is necessary to know the rheological
deformations, thus a solid or liquid body, henceforth thermoplastics, unlike steels, depending
on the mechanical stresses can have the following states of aggregation: elastic solid,
viscoelastic fluid, viscous fluid, [5].

The application of an external force on a polymer triggers a structural reaction, which
is located at the molecular or supramolecular level depending on the intensity of the stress
and the presence of defects that focus the elastic energy. The way in which the polymer
responds to mechanical stress is determined by its physical state and materializes in the
deformation processes. The deformation of complex structures, of the nature of polymers, is
composed of a succession of specific phenomena, from the elastic behavior to the viscous
one, [5].

a) brittle plastics
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Figure 2. The behavior of thermoplastic polymers, during the quasi-static uniaxial
deformation: a) Brittle (eg. PS at room temperature); b) Soft (PTFE at 100°C);
) Tough hard plastic (PA.6 at room temperature), [7].
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In Figure 2 shows examples of the behavior of thermoplastic polymers, during the
quasi-static uniaxial deformation, in the temperature region corresponding to the vitreous
state. The stress-strain curve (a) is characteristic for brittle polymer (eg. polystyrene at a
temperature that is characterized by a very limited elongation and a rapid monotonous
increase in strain stress). Curve (b) represents the behavior of a soft elastic polymer (eg. PTFE
at 100 0C), it is characteristic of polymers with low (soft) hardness, those at a temperature
close to glass transition (Tg), or for plasticized ones, which have not yet become highly elastic.
Curve (c) describes the behavior of a hard rigid plastic polymer. The initial monotonous
increase of stress is generally slower than of a brittle polymer, the secant modulus is smaller, [5].

1. Polymers as substitute materials in the steel gears

Polymers are used as substitute materials in steel gears due to their technical and
economic advantages. Compared to the metal ones [9], the advantages of polymer gears are:
low specific gravity [10], no maintenance is required [11], high wear resistance in a dry
condition (auto lubrication) [12], low noise, [13]; vibration damping, [14]; corrosion
resistance; resistant to chemical solvents [15]; moment of inertia and low mass [16]; low cost
production figure 3, [17], possibility of recycling. And the disadvantages are presented in the
form of: requires increased attention to operating temperature [18], lower mechanical and
thermal properties compared to ferrous and non-ferrous materials, [19], low manufacturing
tolerances, [20].

Metal gear: 22.10 cm? Plastic gear: 9.26 cm?
When SG is 7.8, weight is 172.4 g When SG is 1.3, weight is 12.04 g

Figure 3. Advantages of manufacturing die-cast gears compared to other manufacturing
technologies, [17].

Figure 4 shows an example of calculating the manufacturing costs of a steel gear wheel and
a plastic one. Sintered metal gear cost $2.33 = powder metal $1.10 + sintering $1.00 +
secondary $0.23, or machined metal gear $2.80 = metal blank $0.60 + machining $2.20 vs.
plastic gear $0.73 = resin $0.48 + injection molding $0.25, [17].

Therefore it can be said that thermoplastics are ideal to replace metal gears. It offers
flexibility in design and increased performance throughout the exploitation.

Fillers, fibers, and additives, Figure 4 - are substances added in low concentrations in
polymers to improve (from 30% to 40%) physical, chemical, electrical properties, to facilitate
production or to change these properties, [21, 22, 23]. Due to the great diversity of polymers,
fields of use, it is difficult to classify the polymers used in the manufacture of gears. A
simplified classification of polymers is shown in Figure 5.
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[ Polymers ]

[Thermoplastics] [ Thermosets ] [ Elastomers ]

[ Reinforcements ]
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Figure 4. Simplified classification of polymers and their reinforcements, [24, 34].

Based on experimental research conducted by scientists around the world, the most
commonly used basic resins with a pure crystalline structure used in the manufacture of gears
are highlighted: unsaturated polyester resins (PA6 si PA66), polyacetals (POM), polyphenylene
sulfide (PPS), polyether ether ketone (PEEK) and polybenzimidazole (PBI), materials which are
used in the pure and composite states (reinforced with fibers, fillers, lubricants, etc.), [21-84].

STRUCTURAL BEARING & WEAR

Figure 5. Mitsubishi chemical advanced materials, [24]

It is not possible to make a universal gear for all possible types of applications, the purposes

of the gear must be identified:

- Moment, impact, rigidity;

-Thermal (temperature field and maximum use temperature);

-Environment of use (water, cosmic space, humidity and ambient air temperature, etc.);

-ldentification of the chemical environment - defining chemical requirements, temperature,
contact time;

-ldentification of specific requests - the action of ultraviolet waves, opaque or transparent,

resistance to fatigue and deformation under the continuous application of forces;
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-Defining of the manufacturing processes - injection molding, mechanical processing, etc.;
-Assembly, plating, gluing, welding, etc.; [25].
- Availability and accessibility of thermoplastic material.

2. Theoretical argumentation of materials and tribological couples for classical gears:
Plastic/Plastic, Steel/Plastic, Plastic/Steel

In order to replace steel gears with plastic gears, the operating environment, stiffness,
weight, material properties, and cost must be considered [25].

Standards for the design of plastic gears are known: AGMA, British Standard, and
German Standard VDI 2736, [26]. Compared to steel, defects in polymeric gears are different
due to the properties of thermoplastics, for example, the defect often encountered in
polymeric gears is tooth melting (thermal damage).

2.1 Theoretical argumentation of Plastic/Plastic tribological couples

K. Mao et al. [27] found that the wear of the POM / POM gears is different from the
NYLON gears (PA6 / PA6). The POM gear is damaged in a high torque field for thermoplastics

(10-16.1 N*m). But for the NYLON (PA6 / PA6) gear, the damage occurred at the maximum 10
N*m moment, (Figure 6).

a)
Figure 6. Wear of gear wheels made from: a) Nylon (PA6),
b) Acetal (POM), module 3 mm, 30 teeth, [27].
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Figure 7. Graph results of the wear rate:
PA6 / POM (N/A), POM / PA6 (A/N), POM/POM (A/A), PA6/PA6 (N/N), [28].

Marcel Suciu [29] and K. Mao [30] found that the primary influence on the wear of the
teeth of the gears made from POM has the manufacturing process, mold die or by cutting. In
[29] mentioned that the tripling of the pressure holding time, respectively from 7 to 20 sec.
and at the same time doubling the piston pressure, from 200 to about 400 kg/cm?, reduces
from 7% to 3% the content of low molecular weight fractions and creates the possibility of
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raising the accuracy of the parts with a class. Mao et al. [27] noted that the gear wear
influenced by temperature and service life. The appearance of the temperature is due to the
friction, that occurs while sliding/rolling effect of the gear teeth. The results of the tests were
introduced in two-dimensional graphs, Figure 8 and Figure 9, [27].
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Figure 9. PA66 30GF 15PTFE/ PA66 30GF
gear wear and service life at various
moments.

Figure 8. POM / POM gear wear and service
15PTFE life at various moments.

From Figure 8 it is observed that for the proper functioning of the POM gear pairs the
maximum moment of 8 N*m is recommended. For the PA66 30GF 15PTFE/ PA66 30GF
15PTFEpairs, the wear is higher but can be transmitted moments up to 10 Nm, (Figure 9).

Other research carried out on plastic/plastic gears was performed by Joze TAVCAR and
others [31], on PA6, PA66, POM, and PPS materials, reinforced and unreinforced ones, (Table 1).

Table 1
Tested polymer materials, [31]
Polymer ..
abbreviation Polymer description
PA6 PA6 Polyamid; Ultramid® B3S, BASF
PA6+30GF PA6 + 30% Glass Fiber; Zytel 73G30L NC010, DuPont

PA66+20PTFE PA66 + 20% PTFE + SI; LNP C, RP0O04 (RL-4540), Sabic
PA66 + 30% Glass Fiber + 15% PTFE + 2% SI; LUVOCOM,

PA66+50GF/15/2 Lehmann&Voss
POM POM Polyacetal; Delrin® 500P, DuPont
POM+10GF POM + 10% Glass Fiber; Delrin® 510GR NC000, DuPont

POM+20PTFE POM + 20% PTFE; Delrin® 520MP NC010, DuPont
PPS+30CF/15 PPS +30% Carbon Fiber + 15% PTFE; LNP LUBRICOMP C, OCL36A, Sabic

They used an original testing procedure consisting of the following steps: preliminary
design of gears, (choice of material and preliminary calculation of the gear), testing
(increasing the moment step by step), life cycle testing, detailed design of gear (accurate
calculation of the gear based on the test results), gear testing in the final application and
product validation. The life cycle results of the gear pairs of different materials are shown in
Figures 10 and 11, [31]. PA66 30GF 15PTFE2Si / POM 20PTFE the longest-lived pair of gears
made from, figure 11, [31]. In Table 2 are presented the friction coefficients calculated
depending on the temperature in the gear, [31].
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Table 2
Polymer material pairs and calculated indicator of CoF on the basis of gear bulk
temperature measurements

Material pair M - Indicator of CoF
PA6 — PA6 0.53
PA6+30GF — PA6 0.45
PA6+30GF — POM + 10GF 0.34
POM + 20PTFE — PA6 0.29
POM — PA6 0.29
PA66 + 20PTFE — POM 0.29
POM +10GF — PA6 0.29
PA66 + 20PTFE — PA6 0.27
PA66 + 30GF/15/2 — POM 0.27
PPS + 30CF/15 — POM + 20PTFE 0.25
PA66 + 30GF/15/2 — PA6 0.23
PA66 + 30GF/15/2 — POM + 20PTFE 0.22
PPS + 30CF/15 - POM 0.22
PA66 + 30GF/15/2 — POM +10GF 0.22
PA66+30GF/15/2 — PA66 + 30GF/15/2 0.21

Figure 12 are shown the primary influence of temperature on the life cycle of the polymer
gear. All pairs were tested until the complete damage. The defects in the gears were analyzed
optically (Figures 13 - 16) [31].

Figure 14. Crack in the tooth root of
reinforced PA6+30GF gear is caused by

fatigue, 15 million load cycles at 1650 rpm
and 0.3 Nm load level.

Figure 13. Sudden tooth fracture failure of
POM gear is caused by fatigue and lunker
created in the injection molding.

The applications of PTFE lubricant in the pure PA polyamide matrix reflect a low
coefficient of friction. As a result, the gear operates at lower temperatures. The use of the
combination PTFE-POM does not significantly improve the tribological performance of the
gear. The coefficient of friction is determined on the basis of temperature measurements. The
exact determination of the temperature in the gear optimizes the design of the gears.
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Fiberglass-reinforced polymers significantly increase durability at high moments
(Figure 10a, b and Figure 11).

Figure 16. Fatigue failure mode of
reinforced PPS+ 30CF/15 in pair with POM
after 0.77 million load cycles at 1650 rpm

and 0.5 Nm load level.

Figure 15. Wear damage on reinforced
POM+ 10GF gear in pair with PA6+30GF
after step test.
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Figure 17. The PA6+30GF/POM and PA6+30GF/ Figure 18. The PA6+30GF/POM and
POM+10GF gear pairs load level in relationto ~ PA6+30GF/POM+10GF gear pairs load
the cycles to failure. level in relation to the cycles to failure.

The transmission torque decreases more slowly in the unreinforced pairs than the
reinforced ones. At the higher number of cycles (107) it is necessary to check whether it is not
better to apply unreinforced materials, [31].

Hoskins et al. analyzed the tribological performance of two PEEK 450G disks (position 7 in
Figure 19), [32].

They analyzed temperature-dependent time of pure PEEK disks, (Figure 20). Concluded
that the wear of PEEK pairs is much lower than for other polymers. At high loads, the surfaces
of the discs are deformed and melted, observable with the naked eye, [32].

Nonconformist tribological research was also done by D.H. Gordon and S.N. Kukureka [33]
with discs from PA46 (Figure 21) unreinforced and reinforced with aramid fibers 6,%, 12%, 15%.
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Figure 19. Schematic presentation of the experiment on establishing the tribological
performance of two PEEK 450G disks.
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Figure 21. The shape and dimensions of the tested discs from PA46.
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Figure 22. a) Wear of PA46+15% aramid fibers at 1500rpm; slip ratio 2%; load 400 N
b) Friction coefficient of PA46 + 15% aramid fibers (1500 rpm; 2% slip ratio; 400 N load).

The research results showed that PA46 reinforced with 15% aramid fibers has higher
wear than PA46 reinforced with a lower percentage of aramid fibers. Instead, PA46 reinforced
with 15% aramid fibers has the lowest coefficient of friction. Weight loss through wear is
generally the same for all tested materials. They found that weight loss and wear are a linear
relationship for all types of PA46 materials reinforced with aramid fibers. Finally, PA 46
reinforced with aramid fibers in different proportions can be used in toothed transmissions
with low moments, speeds, and pressures, [33].

2.2 Theoretical argumentation of Steel/Plastic tribological couples

Most thermoplastic polymers generate a film transfer on the metal surface, which
helps to reduce the wear and the coefficient of friction of the materials, (Figure 23a).
However, at a high-level interface temperature plastic deformation occurs which damages
the soft surface leading to large damage. Reinforcement of thermoplastic materials will help
reduce the wear rate, and to obtain good friction for applications with gears, (Figure 23b).

i ——

[

| Smooth thin film
Thermoplastic

Smooth metal surface Smooth metal surface Thermoplastic + Smooth metal surface Smooth metal surface
fibre
@ % V77272227

a) b)
Figure 23. Possibility of film transfer on the metal counter face:
a) pure thermoplastics b) composite thermoplastics reinforced with fiber, [34].

An extensive damage study was conducted by Senthilevan and R. Gnanamoorthy [35]
on PA66-driven wheel reinforced by glass fibers or carbon fibers and unreinforced, paired by
steel pinion (SS316). They performed research at speeds of 1000 RPM and moments from 1.5
to 3 Nm. They established differences of wear between the PA66 reinforced glass fiber and
PA66 unreinforced. In the unreinforced ones, the wear is uneven due to the fact that the glass
fibers have better adhesion in the matrix. After reducing the thickness of the teeth by 33%,
the gear gripped. Wheel wear of PA 66 is due to scraping of the teeth of the opposite steel
pinion, (Figure 24). Wear also occurs due to the low thermal resistance of the base material
(PA66). In the case of the (PA66) gear wheel reinforced with carbon fibers, no such large
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deformations of the teeth are observed due to
the high rigidity and good thermal resistance
of the material.

S. Senthilvelan in [36] mentioned that
(PA6) reinforced with glass fibers shows high
performances related to mechanical rigidity
and thermal deformation. The performance of
PA6 gears is only influenced by speed and
high torque. Cracks of the teeth root appeared
at a pressure of 8 MPa.

Tribological research on the SS316/
PA66 gear wear reinforced with 20%

Figure 24. Reduction of the thickness of
the polymeric tooth due to scraping of the

opposite steel wheel, [35].

fiberglass or 20% carbon fiber were made by S. Senthilvelan and R. Gnanamoorthy [37]. In
these experiments they used: constant rotation speed of 1000 rpm, 1,5 till 3 Nm moments,
and the pressure on the tooth calculated according to the LEWIS equation [38] from 15 till
30 MPa. Several methods have been undertaken to determine wear on plastic wheel: weight
measurement before and after the running cycle, temperature monitoring during running, use
of the electron microscope to analyze rolling damage. The tests were performed until the
complete deterioration of the wheel from PA66 approx. up to 5 mln. rotations. The test results
were integrated in the two-dimensional graphs in Figures 25, 26, 27.

380

Unreinforced

360 Glass reinforced

340

Surface temperature of
test gear (K)

320 Carbon reinforced /

Surface temperature of -

300
0 20000 40000 60000 BO000
Number of ¢cycles (N)

Figure 25. Gear temperature measured

test gear (K)

400

380

360

340

320

300

280

Unreinforced Nylon 66 gear

30 MPa

0.0E+00

S.0E+04 1.OE+05 LSE+05  2.0E+05  2.5E+05

Figure 26. Temperatures in the steel gear /

during running, pressure on the tooth PA66 unreinforced with different pressures on

25 MPa, [37].

=
[

Test torque: 1.5 Nm

=
'S

W

o

< Carbon reinforced Nylon 66 gear

two teeth (mm)

A Glass reinforced Nylon 66 gear

S

Decrease in thickness over

O Unreinforced Nylon 66 gear

0
0.E+00 1.LE+06 2.E+06 3.E+06 4.E+06 5.E+06

Number of cycles (N)

a)

mg)

1]

cycle of life (

Weight loss/million

40.0

30,0

20.0

0.0

the tooth, [37]

Unreinforced Glass reinforced Carbon reinforced

Test gear material

b)

Figure 27. Wear resistance of gears subjected to a bending stress of 15 MPa on tooth:
a) Decrease in tooth thickness; b) The weight loss of PA66 reinforced wheel and
unreinforced / million cycles, [31].
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In the conclusions they mentioned that the wear depends on the type of reinforcement
of the basic resine and on the orientation of the fibers, in the running direction the wheel
wears less and the placement of the fibers perpendicular to the running direction the wheel
wears more. Reinforced wheels have much less wear than unreinforced ones.

2.2 Theoretical argumentation of Plastic/Steel tribological couples

H. Duzcukoglu [39] did experiments on plastic/steel gear tribological couples. The
main scope was to reduce the running temperature and improving heat transfer. He observed
that this aim can be obtain by drilling holes in the body of the plastic teeth. The pinion made
by PA6 (lubricated with oil during running) and the driven wheel from AISI 8620 (equivalent
EN 20NiCrMo2) hardened and cooled in oil to a hardness of 56 HRC, Table 3. Active zones of
teeth was polishing at Ra=0,6...0,8um surface roughness. The PA6 pinion was made by 2
modes: solid one Figure 28, and drilling holes in the body of the plastic teeth (Figures 29, 30), [39].

Table 3
Properties of materials used in the tests, [39]

Polyamide 6 AISI 8620
Density (gr/cm?) 1.135 7.85
Tensile modulus of elasticity (N/mm?) 3000 205.000
Thermal conductivity (W/Km) 0.28 46.6
Poisson’s ratio 0.41 0.3
Hardness M80 56 HRC
Tensile strength, yield (N/mm?) 70 560

Figure 28. Damage of the gear wheel teeth (without holes) at moments:
a) 6,12 Nm, b) 10,32 Nm, c) 16,53 Nm, d) 23,3 Nm.

Considerable performance of the drilled gear was observed. This can be explained by
the fact that the holes in the tooth have absorbed the deformation of the material, hysterical
heat loss was did by the orifices in the teeth. Cooling holes on the tooth body absorb
deformation energy, lowering running temperatures. As the torque increased by 23.3 Nm, the
temperature at the gear surface increased for a certain period of time to 100°C and then
reached a thermal equilibrium of 84°C.
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Figure 30. Damage of the gear wheel teeth provided with holes at moments:
a) 6,12 Nm, b) 10,32 Nm, c) 16,53 Nm, d) 23,3 Nm.

Teeth breakage was observed on two of the eight gears used in the experiment, due
to the larger diameters of the cooling holes, which decreased the strength of the tooth and
led to its breakage due to the bending stress, (Figure 30 d).
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Figure 31. Wear of solid and perforated PA6 gears.

Figure 31, [39], shows the wear profiles of the teeth of solid and perforated wheels
made from PA6 geared with steel wheel in the oil bath at different moments. The authors
obtained following conclusions:

- was observed more wear on the root of teeth (Rt).

- low thermal conductivity of solid PA6 polyamide

- at torques greater than 9 Nm - melting and detachment of large particles from the active
flank of the tooth occurs
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Figure 32. a) Running temperature of solid PA6 /Steel gear
b) Running temperature of perforated PA6/Steel gear.

- the highest temperature in the active zone of teeth from PA6,
- loss of mechanical properties due to high temperature, extensive tooth wear.
- When the temperature suddenly rises, the sprocket teeth break.
- Cooling holes in the body of the tooth delayed damage by increasing heat transfer, the teeth
were broken on the wheels with cooling holes at loads higher than 23 Nm, this failure did
not occur due to melting at the flank of the tooth but occurred due to the concentration of
stresses around the cooling holes.

One of the most important problems of polyamide gears are high loads and sliding
speeds that generate heat and damage the running surfaces of the teeth.

Similar research was done by Choong Hyun Kim [40]. The pinion from POM and PA66
were designed in 3 ways: the solid tooth, the perforated tooth, the hole provided with a steel
pin, (Figure 33).

Figure 33. Wear at different pinions, [40].
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Figure 34. a) Specific wear of POM / S45C gears at different moments;
b) Specific wear of PA6 / S45C gears at different moments, [40].
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Choong Hyun Kim's results have been controversial:
-The running temperature has decreased in the gear with the pinion from PA66 provided with
steel pins with 3-10°C. Was reduced the wear rate by more than 30% and increased the
service life to 415%.

Choong Hyun Kim's recommended to completely avoid pairing the POM sprocket and
the steel driven wheel.

H. Imrek [41] conducted research on reducing the wear of gears from PA6 by changing
the shape of the teeth. The shape of the tooth was modified (Figure 35b) by increasing the
area of the functional flank of the tooth, [41].

a) b) c)
Figure 35. The tooth profiles. The arrow indicates the propagation of the crack:
a) Unmodified; b) Modified; c) Crack on the flank of the tooth.

By increasing the area of the functional flank of the tooth the wear ratio decreased
and the operating temperature increased. Cracks appeared on the active side of the
unmodified teeth (Figure 34c), but on the modified ones the wear highlighted by the
displacement of the material following the increase of the temperature appeared at the root
of the teeth. H. Imrek concluded that gears with modified teeth, (Figure 35b) from PA6 have
a much longer life cycle than unmodified ones (Figure 35 a) due to the lower wear coefficient,
figure 36. Modified PA6 gear wheels 150
can be used successfully in both Steel
/ PA6 and PA6 / Steel tribological
couples.

N. A. Wright and S. N. Kukureka,
[42] studied experimentally and
developed the technique of measuring
tooth wear using the calculation of the
weight of the gear wheel before the Uﬁ |‘ 2 1 4 S 6 7 8 9 l-[] 1I| 1I2 |I3 ;4 II5 llﬁ 17
rolling cycle and after, thus Line of action

determining the degree of wear. The  Figure 36. PA6 gear wheel wear with solid shape

changes in tooth shape after running and modified at the moment of 8.82 Nm.
experiments was observed under a

microscope.

They used in their conformist experiments, real gears, made from the different
materials, table 4, and non-conformist, polymer pin on steel rotating disc and simulation on
rolling / sliding device with two discs, made from materials in Table 5. In all experiments
they used the tribological couples Steel / Plastic and vice versa Plastic / Steel.

—&— Modified gear

Unmodified gear

100

50

Average depth of wear (um)

Journal of Engineering Science March, 2022, Vol. XXIX (1)



I. Bostan, P. Stoicev, Alex. Buga, Gh. Postaru, N. Trifan, A. Platon 41

Table 4
Materials used in the conformist experiments
Materials used for test gears®
Material designation Matrix Reinforcement Lubricant
RF1006 PA66 30% Short glass fibres
RFL4036 PA66 30% Short glass fibres 15 % PTFE
RC1006 PA66 30% Short carbon fibres
RCL4036 PA66 30% Short carbon fibres 15 % PTFE
Verton PA66 30% Long glass fibres
Table 5

Wear material by non-conformist method, [42]
Wear factor values as supplied by LNP Plastics (1995b)

Material Wear factor (K)
2 K PA66 (skin material) 200

RF1006 75

RFL4036 16

RC1006 18

RCL4036 10

2 K PA + PTFE? (skin material) 12

Verton® 75

3Values for RL4040 (PA66 + 20% PTFE)
®Values for RF1006.

Figure 37. PA66 30 GF / SFG (RF 1006) gear tooth wear, PA%6 30 GF 15PTFE / SFG (RFL
4036), PA66 30 GF-LFG (VERTON) in gear with steel pinion.
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Figure 38. The PA66 30 GF gear wheel wear, [42].
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N. A. Wright and S. N. Kukureka [42] mentioned that (PA 66) absorbs a significant amount of
water so it is recommended to place this gear in a sealed box. By the non-conformist method
they found out that PA66 30GF 15 PTFE (with short glass fibers) and PA66 20 PTFE have the
lowest wear coefficient, (Table 5). The minimal and uniform wear of the tooth flank has gear
wheel made from PA66 30GF 15 PTFE (with short glass fibers), (Figure 37). It is also
recommended to use PA66 30 GF gears as driven wheels to achieve a lower wear coefficient.
Obtained wear ratio by conformist and nonconformist tests they introduced in Figure 38.

They concluded that PA66 1O 4 Pr—
30GF 15 PTFE gear wheel can be ‘:2' M 3 RE1006-disk |
used brilliantly in pair with steel 7 1 N s |
gear wheel because of the lower ML;? 0] ‘ Ez‘uxﬁ

wear compared to other materials
used in their tests.

Many defects occur due to
material erosion, high moments
and insufficient heat transfer. In o] =
order to optimize the wear of the ﬂ =il %
plastic gear, the following 0.10 o1

. Slip ratio
parameters must be taken into
account; moment, ambient
temperature, tooth contact temperature, running speed, running medium (acids, bases, space,
petrochemistry).

60 4 | T

(]

Wear rate x 10

Figure 39. Comparison of wear rates, [42].

Conclusions

In this article was studied the tribological pairs Plastic / Plastic, Steel / Plastic, Plastic
/ Steel for classic gears. The main goal is to find the best compatible tribological pairs for
precessional transmission, where more than two pairs of teeth can be in contact. Compared
to the classical gears in precessional transmissions the torque is distributed on several teeth
at the same time. Thus, from a theoretical point of view in the precessional transmission it is
possible to use the same tribological couplings as for classical gears.

Following the study, it was established:

1.The steel gear wheel can be produced from 40Cr10, X5CrNiMo17, 20NiCrMo2, C45E
because are much less deformed by heat treatment than carbon steels, this conclusion being
of great importance for small and precise parts whose further hardening processing is difficult
and sometimes impossible due to their small size.

2. Based on experimental research conducted by scientists around the world, the most
commonly used basic resins with pure crystalline structure used in the manufacture of gears
are highlighted: unsaturated polyester resins (PA6 si PA66), polyacetals (POM), polyphenylene
sulfide (PPS), polyether ether ketone (PEEK) and polybenzimidazole (PBI) materials which are
used in the pure and composite states (reinforced with fibers, fillers, lubricants, etc.). Fillers,
fibers, and additives are substances added in low concentrations in polymers to improve (from
30% to 40%) physical, chemical, electrical properties, to facilitate production or to change
these properties.

3. Compared to metal gears, the thermoplastic pinion and driven gear wheel can be
made from same material PA6/PA6, POM/POM with transmission torques around 10 Nm.
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4. For the PA66 30GF 15PTFE/ PA66 30GF 15PTFE pairs, the wear is higher but can be
transmitted torques up to 10 Nm short period of time.

5. The longest-lived pair with lowers friction coefficient (u=0.22) is PA66 30GF
15PTFE2Si / POM 20PTFE.

6. The applications of PTFE lubricant in the pure polyamide matrix (PA) reflect a low
coefficient of friction. As a result, the gear operates at lower temperatures.

7. The use of the combination PTFE-POM does not significantly improve the
tribological performance of the gear.

8. The coefficient of friction is determined on the basis of temperature measurements.
The exact determination of the temperature in the gear optimizes the design of the gears.

9. Fiberglass-reinforced polymers significantly increase durability at high torques.

10. The transmission torque decreases more slowly in the unreinforced pairs than the
reinforced ones.

11. At the higher number of cycles (107) it is necessary to check whether it is not better
to apply unreinforced materials.

11. In S§316/ PA66 (reinforced by glass fibers or carbon fibers and pure state) was
highlighted that in the unreinforced ones, the wear is uneven due to the fact that the glass
fibers have better adhesion in the matrix.

12. In the case of the (PA66) gear wheel reinforced with carbon fibers, no such large
deformations of the teeth are observed due to the high rigidity and good thermal resistance
of the material.

13. Thermal conductivity is better to fiberglass-reinforced gears.

14. The wear depends on the type of reinforcement of the basic resin and on the
orientation of the fibers, in the running direction the wheel wears less and the orientation of
the fibers perpendicular to the running direction the wheel wears more.

15. Reinforced gear wheels have much less wear than unreinforced ones.

16. To reduce the running temperature and improving heat transfer can be drill the
teeth of the PA6 gear wheel, (as shown in Figure 29). The ,,cooling holes” on the tooth body
absorb deformation energy and lowering running temperatures. More attention should be
paid to the position and size of the cooling holes.

17. To reduce the running temperature and improving heat transfer the cooling holes
can be provided with steel pins. By this way was obtained significantly improvements:
running temperature has decreased in the gear with the pinion from PA66 provided with steel
pins with 3...10°C. Was reduced the wear rate by more than 30% and increased the service
life to 415%.

18. By increasing the area of the functional flank of the tooth the wear ratio decreased
and the running temperature increased, (Figure 35 b). Modified PA6 gear wheels can be used
successfully in both Steel / PA6 and PA6 / Steel tribological couples.

19. N. A. Wright and S. N. Kukureka mentioned that (PA 66) absorbs a significant
amount of water, so it is recommended to place it in sealed box.

20. The minimal and uniform wear of the tooth flank has gear wheel made from PA66
30GF 15 PTFE (with short glass fibers), (Figure 37). It is also recommended to use PA66 30 GF
gears as driven wheel to achieve a lower wear coefficient.

Many defects occur due to material erosion, high moments and insufficient heat
transfer. In order to optimize the wear of the plastic gear, the following parameters must be
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taken into account; torque, ambient temperature, tooth contact temperature, running speed,
running medium (acids, bases, space, petrochemistry).

The results of the studies made have major differences but virtually all researchers
mention that the primary influence on polymer gears has temperature and time of use, two
factors that contribute to wear. One the other hand the most important problems of
polyamide gears are high loads and sliding speeds that generate heat and damage the
running surfaces of the teeth.

There is a wide range of plastics, but they have limited information on mechanical and
tribological properties, so it is necessary to test the gear pairs to find out the tribological
performance of the gear. It is recommended to do a comprehensive study for such materials
It is important to research the wear of thermoplastics and their thermal resistance. The
addition of thermoplastic reinforcing materials helps to harden the surface, which will
improve the tribological behavior of the polymer. This reduces wear and decreases the
coefficient of friction in dry conditions. And in conditions of lubrication, contradictory work
takes place and further investigations are needed.

Therefore, it is not possible to make a universal gear for all possible types of
applications, it is necessary to identify the purposes of the gear:

- Identifying the purpose of the gear (torque, impact, rigidity);

- Thermal (temperature range and maximum operating temperature, etc.);

- Ambient (cosmos, water, humidity and air temperature, etc.);

- Identifying the chemical environment

- Defining the demands of the chemicals,

- Temperature,

- Contact time;

- Identification of specific requirements

- UV actuation, opaque or transparent, resistance to fatigue and deformation under the

continuous application of forces;

- Definition of manufacturing processes: injection molding, hot / cold pressing,
extrusion.

- Assembly, plating, adhesion, welding, etc.

- Availability and accessibility of thermoplastic material.

Acknowledgements. The article was elaborated within the state project “Increasing
the competitiveness of precessional transmissions by developing of the teeth gear with
,conformist” contact and expanding their area of application”. Approved no. 160 PS from
31.01.2020.
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