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Hybrid Polymer Gear Concepts
== I to Improve Thermal Behavior

A drawback of polymer materials is their low thermal conductivity which affects the oper-
ating temperature of polymer gears. The mechanical properties of a polymer gear are
critically dependent on the maximum operating temperature. In order to improve thermal
behavior of polymer gears, a hybrid polymer gear concept is suggested which consists of
a polymer gear tooth with a metallic insert to promote heat evacuation from the meshing
surface. The material selection based on finite element method (FEM) simulations
showed that an aluminum insert performed better than copper and steel for a hybrid poly-
mer gear. The results show that an aluminum insert increases the mass by 9% in compar-
ison with a standard polymer gear but it decreases the maximum operating temperature
by 28%. Insert geometries of different complexity were studied and their influence on
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1 Introduction

The use of polymer gears is of great interest due to their poten-
tial advantages over metallic gears: the mass production is
cheaper, they can operate without lubrication and are interesting
for nonlubricated applications like printers, goods, and food
industry applications. Polymer gears of the same size are lighter
than steel gears thus can significantly reduce power consumption
and noise level in gearboxes [1,2]. However, according to the lit-
erature, a thermal limit for polymer gears exists, usually a con-
stant power for a certain application [3,4].

A major limitation, common to several polymer gear materials
(like polyacetal and polyamide), is their low thermal conductivity
[5], which can be improved using additives such as fibers, carbon
nanotubes, or graphenes [6]. The use of such additives needs to be
properly balanced to assure that improved thermal properties do
not affect negatively the tribological performance (coefficient of
friction and wear), decreasing in this way the main advantage of
such materials—their self-lubrication capability [7]. Yet, other
advanced materials might be used: variations of polyacetal
(POM), polyamide (PA), or polyether-ether-ketone (PEEK) that
present higher thermal capacity, although at a significantly higher
cost.

The poor thermal conductivity of polymer gears results in poor
heat conduction and high tooth contact temperature. This situation
may be overtaken using: (i) metallic inserts impregnated in the
polymer matrix that will promote a better heat conduction,
decreasing the operating temperature and increasing the load
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carrying capacity, and (ii) improving gear tooth geometry to
decrease the power loss and the heat generated between the con-
tacting teeth [8—14].

Manufacturing of hybrid polymer gears is still not common.
Different manufacturing processes (common in other applications)
will be required to produce hybrid polymer gears. “Overmolding,”
a polymer injection molding process where one material is
molded onto a second material, being two common technologies:
(a) “insert molding,” where an insert previously injected or
machined is over molded by a plastic material, and (b)
“multimaterial molding,” where different polymer materials can
be injected in the same production cycle [15]. Another manufac-
turing procedure, designated as “after molding” technology and
consisting in the fixation of a metallic component over a polymer
matrix by ultrasound welding or other similar process, may also
be used.

The scientific and technological problems associated with the
production of hybrid polymer/metal components, with very differ-
ent physical and mechanical properties (polymers and metals) are
significant, requiring significant research and development. How-
ever, the application field of polymer gears will grow significantly
with hybrid polymer gears.

Finite element method (FEM) solutions for the thermal behav-
ior of gears were proposed in several studies [16-19]. In a previ-
ous work [20], the authors validated a FEM model able to predict
bulk and flash temperature both on lubricated and dry conditions
and for different gear materials (steel, polymer).

The present work intends to study the influence of a metallic
insert on the thermal behavior of a nonlubricated polymer gear,
i.e., a hybrid polymer gear. The main goal is then to decrease the
maximum temperature because the mechanical properties
(mechanical strength) of the polymer are greatly influenced by the
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operating temperature. The insert geometry and its material are
also studied in the present work and some possible hybrid polymer
gear geometries are suggested.

2 Hybrid Polymer Gear Concept

A hybrid polymer gear consists of a polymer gear with a metal-
lic insert (or any other candidate material with good thermal con-
ductivity and adequate mechanical properties). A general
approach for this study starts with a simple insert in the shape of a
rectangular block in the middle of the teeth, as shown in Fig. 1, so
the symmetry condition over the Cartesian axis of the three-
dimensional gear tooth model is assured.

The implementation of an insert inside a polymeric gear
presents several technological challenges like the thermal contact
between bodies, the mechanical adhesion between them, and the
manufacturing challenges that emerge.

Moreover, it is known that plastic gears’ mechanical resistance
properties are highly dependent on the operating temperature of
the gear, being mandatory to control its maximum temperature.
Therefore, it is important to study how the bulk temperature is
influenced by the metallic insert inside the gear tooth.

In terms of FEM analysis, the insert implies a new boundary
condition between metal and plastic. The study of heat transfer
mechanisms between two bodies is then the main problem in
FEM analysis.

The contact between the polymer body and the metallic insert
which is a thermal contact resistance (TCR) is influenced by many
factors like the roughness and waviness of the contacting surfaces
(in case of flat, wavy-smooth, or even wavy-rough surface) or the
effect of the existence of oxides at the contacting surface level
[21].

L~

[N

Fig.1 Geometrical parameters of the basic hybrid-gear model
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The microscopic analysis of machined surfaces allows to
observe some defects at a microscale that result from the tool
shape, the machining process, or even from the mold itself (also
known as roughness) or even at a larger scale due to the heat treat-
ment or vibration during manufacturing process. The imperfec-
tions of the surface geometry create a connection at specific
points of the interface between the two bodies in contact instead
of the contact between two theoretical surfaces.

3 Heat Transfer Coefficient in the Polymer/Metal
Interface

3.1 Thermal Contact Between Two Bodies. The thermal
contact conductance/resistance between the temperature drop (as
shown in Fig. 2(a)) and the heat flux that passes at the apparent
cross section area is required to determine the temperature distri-
bution between two thick solid bodies. The thermal resistance is
given by the Eq. (1):

AT,
Q ) Aa
Then, the total heat transfer contact coefficient, 4, is a function

of three physical phenomena (see Fig. 2(b)): conduction through
the contacting points (%), radiation through the gaps between the

(a)
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Fig. 2 Temperature drop and fundamentals modes of heat
transfer at thermal joint between two bodies: (a) temperature
drop [22] and (b) modes of heat transfer [23]
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two surfaces (/:59), and gas convection through the gas that fills
these gaps (h,), as shown in the Eq. (2):

e = he + hrag + hg (2)

Assuming that a hybrid polymer gear can be manufactured by
molding, the heat transfer through the gas that fills the gaps
between the two surfaces will be negligible since the gaps are
very small. For the same reason, the heat transfer due to the radia-
tion may also be neglected. So, the only heat transfer mode that
will be taken into consideration is conduction through the contact-
ing points: .. = h,.

The heat transfer through the contact is complex depending on
several parameters established by mechanical, thermal, or geomet-
ric properties of the contacting surfaces. The thermal contact
resistance is influenced by the gap thickness, the waviness, the
roughness of the contacting bodies, and the thermal conductivity
of the solids. Therefore, the following simplifications are used:
the contact is static, no vibrational effect is present, and the solids
in contact have isotropic thermal and physical properties [21].

3.1.1 Effective Surface. To model the thermal contact con-
ductance, some parameters are required in advance: the root mean
square roughness ¢ or R,, and the absolute asperity slope m,,
given by the following equations:

1
g=1/-| ydx 3)
LJ()
1 (5 |dy
w= | 12 ax 4
" LJO dx * ( )

If the heights of the two contact surfaces follow a Gaussian distri-
bution, the problem can be approximated by a single rough sur-
face contacting with a smooth surface (theoretical surface) as
shown in Fig. 3.

The two parameters, discussed previously (effective root-mean-
square roughness, gy, and effective absolute mean asperity slope,
my) [25], are calculated with the following equations:

oy =4/03 + 73 (5)
mg = \/m? +m3 (6)

—my =dy,/ldx,

My = dy)ldxy

-—m = dyldx

Fig. 3 Transformation of two contact surface into one rough
surface with Ref. [24]

Journal of Tribology

3.1.2 Initial Studies of Heat Flow Channel and Thermal
Contact Resistance. The initial study of the heat flow between
two solid bodies was based on the model shown in Fig. 4, which
was simplified by Centinkale and Fishenden into a cylinder model
[26]. These results show that although the two cylinders may have
different conductivity, the heat is also conducted from the intersti-
tial gap (adiabatic plane, z =0, see Fig. 2(a)).

In practice, there is not only one single contact area between
the two solid bodies. In fact, the contact may be composed of mul-
tiple contact areas, distributed over an apparent area of contact
(Ay)- Yovanovich [27] proposed a general thermal model for con-
forming rough surfaces, which describes the constrictions and
resistance of a single asperity in contact and extends it to the
whole surface. For a single contact spot (i) of the contact between
two general surfaces (1 and 2), Eq. (7) can be used to determine
the contact resistance

lpci 1 + l//('ig

Rsi:
4~k1~a,~ 44k2-a,~

N

Taking into consideration the effective conductivity, due to the
symmetry at the interface, k,=2 - ky - ko/(ky + k>), Eq. (7) can be
transformed into the Eq. (8):

(®)

Finally, to calculate the thermal contact conductance, Eq. (9) is
used

he =2 )

S8

1
kg —
l//L'[

8

Fig. 4 Elemental flow channel [22]
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The contact spot constriction parameters are given by the Eq.
(10):

l//(:i| = w(‘iz = lp(‘i = (l - 8)1‘5 (10)
where & = i = /A, /A, is the ratio between the real area of con-
tact (A,) and the apparent area of the contact.

3.2 Thermal Models. The constant need to describe and to
understand the problem of thermal contact conductance leads to
the formulation of a large number of models and equations. The
following modeling situations might be considered regarding the
contacting bodies: elastic (small bodies), plastic (large contact
strain), or elasto-plastic (combination of both).

For the present work, it was assumed that an elastic model is
the most realistic situation to consider for the hybrid polymer gear
concept.

The most common models to determine the heat transfer in the
contact area for plastic or elasto-plastic situations are described in
Appendices A and B, respectively.

3.2.1 Elastic Contact Model. Mikic [28] was able to deter-
mine that the elastic deformation is proportional to the pressure in
the polymer metal interface according to the Eq. (11):

A, P (an
A, H,

Similar to the plastic microhardness introduced by Yovanovich
[27], the elastic microhardness (H,) is calculated with the Eq.
(12):

E* - myg

V2

The effective elastic modulus (E") is calculated with the Eq. (13):

H, = (12)

E = Er-Ea (13)
B (L) +Er-(1-13)

The equation of the dimensionless thermal contact conductance
for a relative pressure range interval between 107 <P/H,<0.2
is given by the Eq. (14):

h o, P 094
C. = ﬁ —1.54- (}T) (14)

Later on, Fuller and Marotta [29] suggested the change of the elas-
tic contact hardness H, for the polymer elastic contact hardness,

Hyoly, as presented in the Eq. (15):

Epoly © M

2.3 (1)

Hpoly =

For polymers, Eq. (16) can be used to calculate the dimensionless
thermal contact conductance

he - o, p o\ 0935
C. = =149- (16)
‘ kx s M (Hpoly>
Finally, the heat transfer coefficient may be obtained using the
Eq. (17):
k, - m; p 0935
he =149 - . 17
‘ Os (Hpoly)

The heat transfer coefficient due to the thermal contact resistance
between the polymer and the metallic insert was predicted consid-
ering different contact pressures. The TCR (and the heat transfer

032201-4 / Vol. 141, MARCH 2019

Table 1 Thermal resistance (R, x 10™* (m? K W) for a
metal/metal interface under vacuum conditions [30]

Contact pressure 0.1 MPa 10 MPa
Stainless steel 6-25 0.7-40
Copper 1-10 0.1-0.5
Magnesium 1.5-35 0.2-0.4
Aluminum 1.5-5.0 0.2-0.4

Table 2 Geometry of the spur polymer gear used for the simu-
lations [11]

Property Pinion Wheel
Number of teeth, z 16 24
Module, m (mm) 4.5

Center distance, @ (mm) 91.5

Pressure angle, o (deg) 20

Face width, b (mm) 14

Addendum modification, x, +0.1817 +0.1715
Addendum diameter, d, (mm) 82.64 118.54
Transverse contact ratio, €, 1.44

Average roughness, Ra (um) 0.5

Material POM

coefficient) is dependent on the contact pressure between the poly-
mer and the metallic insert. According to experimental investiga-
tions, the thermal resistance will vary with the contact pressure as
shown in Table 1 for metal/metal interfaces [30]. A similar effect
of pressure on the thermal resistance would be observed for poly-
mer/metal interfaces due to the fact that in both cases the contact-
ing surfaces are rough.

4 Finite Element Method Implementation

In a previous work, a FEM model to predict both bulk and flash
temperature in standard polymer gears was implemented and vali-
dated [20]. In the present analysis, only the bulk temperature was
considered critical for the analysis and a steady-state model was
used.

The bulk temperature, in a point far away from the thermal
skin, is assumed to remain constant at any point of the gear as the
time required for one revolution of a gear is smaller than the time
needed for any change in the gear bulk temperature. Equation (18)
governs the bulk temperature distribution within the solid,
TB = TB(-X’ Ys Z)

PTy Ty Ty
k <8x2 +8y2 + 822>0 (18)
For a complete description of the FEM model, refer to Ref. [20].

Since the polymer’s mechanical properties are highly depend-
ent on temperature, a hybrid gear with a metallic insert was
designed to improve the bulk temperature distribution (Fig. 1).

The polymer gear in contact with the insert shares a boundary
condition for the inner hole of the shaft, an adiabatic boundary
condition as described in a previous work [20]. The implementa-
tion of the model is done in open-source FEM code ElmerFem®?
The contact between the polymer and the insert is a thermal con-
tact resistance, implemented as a heat gap boundary condition
with the corresponding heat transfer coefficient between the con-
tacting surfaces (thermal contact) defined by Eq. (17). An elastic
contact model was considered for the present analysis as described
before.

An important aspect to keep in mind to solve the FEM problem
is that, in the contact zone between the polymer body and the

http://www.csc.fi/elmer
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Table 3 Mechanical and thermal properties of different materi-
als (POM at 40°C) [35,36]

Properties Copper  Aluminum Steel POM
Young’s modulus, E (GPa) 107 69 206 2.69
Poisson’s ratio, v 0.36 0.33 0.30 0.30
Density, p (kg m™>) 8933 2702 7870 1410
Thermal conductivity, 401.0 237.0 41.8 0.3

k(Wm™' K™

Specific heat, c Jkg 'K 385 903 493 1470
Dry coefficient of friction, —_ —_ —_ 0.21

u (POM/POM) [36]

Table 4 Operating conditions

Operating conditions

Torque of the pinion shaft (N-m) 10
Pinion rotational speed, n (rpm) 1000
Ambient temperature, Ty, (°C) 15

Table 5 Maximum and minimum temperature for a contact
pressure of 25 MPa

POM without insert Tmax CC) 139.4
Tmin (OC) 223
Aluminum insert Tinax °C) 128.3
Tmin (OC) 35.0
Copper insert Tinax (°C) 128.2
Tmin (OC) 35.0
Steel insert Tinax °C) 131.0
Tmin (OC) 34.8

metallic insert, the temperature should be equal (see Fig. 2(a)).
However, creating this two volume problem (hybrid gear), the
problem only has a numeric solution if the nodes in the polymer
surface are made coincident with the nodes on the metallic
surface.

The FEM mesh for the polymer gear and the insert bodies was
created on Gmsh, but they are unstructured meshes [31]. So, in
order to equalize the temperature solution values of each pair of
contacting boundary condition, the FEM code needs a duplicated
node for interface contact node, i.e., a node with the same coordi-
nates duplicated on each body.

The standard polymer gear geometry considered for the FEM
analysis is a spur gear with the geometric characteristics presented

(a) 140
=% Aluminium
— &~ Copper
q —O— Steel
135
O
s
1S
'_
130
125 - .
107 10° 10" 102

Contact pressure (MPa)

Table 6 Mass for one pinion tooth (calculated)

Material Insert mass (g) Total mass (g)
POM without insert — 4.208
Aluminum insert 0.251 4.329 (+2.88%)
Copper insert 0.826 4.904 (+16.54%)
Steel insert 0.714 4.792 (+13.88%)

in Table 2. This geometry was selected because it allows the use
of a common FZG gear test rig (Strama-Michaelis, Straubing,
Germany) in order to perform experiments [32-34]. The poly-
meric gear material used is a common POM, with the physical
properties described in Table 3. The mechanical and thermal prop-
erties of the candidate insert materials aluminum, copper, and
steel are also presented in Table 3.

For what follows, the operating conditions described in Table 4
were used.

5 Simple Plate Insert

5.1 Influence of the Insert Material. To study the influence
of the material and the contact pressure of the insert on the maxi-
mum bulk temperature of the hybrid polymer gear, a simple
metallic insert was studied with the following geometric charac-
teristics: w,=0.1 - m=0.45mm, e=m/2=2.25mm (for each
side), and t=m=4.5mm, refer to Fig. 1. The FEM mesh has
688,384 elements for the tooth body and 104,219 elements for the
insert body.

For the same contact pressure, 25 MPa, Table 5 shows that for
different insert materials, a small difference in the maximum tem-
perature result is observed. The maximum temperature is inver-
sely proportional to the thermal conductivity while the minimum
temperature, achieved in a position far away from the meshing
surface, is lower for lower thermal conductivity. The thermal con-
ductivity itself explains why a POM gear without insert presents
higher maximum temperature, but much lower minimum tempera-
ture at the same time, i.e., the gradient is much higher for a stand-
ard polymer gear. The minimum temperature is not a problem in
the present study, since the main goal is to decrease the maximum
temperature because the mechanical properties of the polymer
material will improve, therefore possibly increasing the load car-
rying capacity of polymer gears.

5.1.1 Influence of the Insert Material on the Tooth Mass. A
brief analysis of the influence of the insert material on the mass of
a single tooth was performed and compared with the standard
POM solution, as presented in Table 6, where the middle column

(¢
32 =% Aluminium
31 =&~- Copper
—6— Steel
30 . .
107! 100 10° 102

Contact pressure (MPa)

Fig. 5 Maximum and minimum temperature for each material for the first hybrid gear model:
(a) maximum temperature for each material and (b) minimum temperature for each material
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shows the mass of the insert and the final column shows the total
mass of the pinion tooth. The metallic insert promotes a decrease
of the maximum temperature, but implies an increment of approx-
imately 3% in the tooth weight if aluminum is used, and 17% or
14% if copper or steel is chosen, respectively.

5.1.2  Influence of the Contact Pressure Between Polymer and
Metallic Insert. Figures 5(a) and 5(b) show the maximum and the
minimum temperature for each thermal contact resistance (which
is imposed by the contact pressure). In summary, the steel insert
has the highest maximum temperature no matter the contact pres-
sure selected, as shown in Sec. 5.1.1.

Since the contact pressure depends on the manufacturing pro-
cess, its value is unknown. However, the simulation results show
that after 10 MPa, the increase in heat transfer coefficient due to
the decrease in the thermal contact resistance will not change

Temperature (C)
—136

—1236

(AN \W‘\H

:

significantly the maximum and minimum temperatures of the gear
tooth. This suggests that the heat evacuation limitation is in the
geometry of the insert more than on the contact pressure. Thus, if
a minimum contact pressure between the gear body and the metal-
lic insert is assured (>10 MPa), the heat evacuation by the insert
is efficient enough.

Figure 6 show the influence of the contact pressure (0.1 MPa,
10 MPa, and 50 MPa) on the gradient of bulk temperature of both
gear and insert. The increase of the contact pressure changes the
gradient within the metallic insert. However, comparing the result
from 10 MPa to 50 MPa, the difference is negligible.

The insert is able to evacuate a higher heat flux with
increased interface pressure and, therefore, reduce the maxi-
mum temperature. However, the heat is conducted to the
colder part of the tooth, and consequently, the minimum tem-
perature rises.

Temperature (C)
136

123.6

IR RNRRRRRY

Temperature (C)
36

\‘HH\‘H\H

Fig. 6 Maximum and minimum temperature for an aluminum insert: (a) 0.1 MPa (T,ax = 135.2°C, Ti,in =33.0°C), (b) 10 MPa
(Tmax = 128.7°C, Tpnin = 34.9°C), and (¢) 50 MPa (Tihax = 128.3°C, Tphin = 35.0°C)

032201-6 / Vol. 141, MARCH 2019
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Fig. 7 Maximum and minimum temperature versus plate width w: (a) maximum temperature
for each plate width and (b) minimum temperature for each plate width
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Fig. 8 Maximum and minimum temperature versus lateral gap e: (a) maximum temperature
for each lateral gap and (b) minimum temperature for each lateral gap
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Fig. 9 Maximum and minimum temperature versus tip gap f (a) maximum temperature for
each tip gap and (b) minimum temperature for each tip gap
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Based on these simulation results, the following analysis will
focus on the influence of the insert geometry instead of the inter-
face pressure, since the heat evacuation capacity is almost equal
for 10 MPa to 50 MPa. Furthermore, it is realistic to believe that a
contact pressure above 10 MPa is assured by conventional poly-
mer molding technologies.

5.1.3 Influence of the Plate Width (w). Increasing the plate
width (see Fig. 1) promotes the reduction of the maximum tem-
perature and increases the minimum temperature as shown in
Fig. 7. The increase of the plate width increases also the contact
area between POM and aluminum which is important to assure
better heat evacuation.

5.14 Influence of the Lateral Gap (e). Decreasing the lateral
gap (see Fig. 1) will decrease the maximum temperature as pre-
sented in Fig. 8(a). The contact area increases and the heat evacu-
ation increases as well. However, the minimum temperature will
decrease (see Fig. 8(b)) because the plate reaches the gear tooth
sides and the air convection occurs directly on the plate. Even in a
small area, this is enough to decrease both the maximum and the
minimum temperature.

5.1.5 Influence of Tip Gap (t). Decreasing the gap ¢ (see
Fig. 1) promotes the reduction of the maximum temperature (see
Fig. 9(a)) if the gap is higher than zero. For the particular case of
t =0, the plate works like a thermal barrier and the heat generated
in the meshing surface accumulates in one side of the gear. The
lower the gap ¢, the higher the minimum temperature is, as shown
in Fig. 9(b).

5.2 Best Compromise. The simulation results showed that
copper is the most effective material to reduce the maximum tem-
perature of the POM gear tooth. In comparison with the tempera-
ture results for a standard POM gear, a maximum decrease of
8.1% is achieved, although the minimum temperature increases.
However, as shown in Table 6, the mass increment using a copper
insert is higher than using an aluminum insert, while the tempera-
ture reached by aluminum insert is quite similar. Among the three
materials analyzed (aluminum, copper and steel), the aluminum
insert exhibits the best compromise between mass, heat conduc-
tion, manufacturing possibilities, and cost.

The insert width (w) as well as the lateral gap (e) and tip gap (¢)
presented a clear effect on the maximum operating temperature.
The shape of the insert should be modified in order to increase the
contact area or to position it closer to the tooth contact zone in
order to improve thermal evacuation.

6 Other Insert Geometries

For the following calculations, the insert material was assumed
to be aluminum according to the conclusions of Sec. 5.2.

A plate like geometry insert with the following properties was
designed for the present comparison: w=m/4=1.125mm,
e=0mm, and t=m=4.5mm. A hybrid gear tooth with a plate
insert is presented in Fig. 10(a).

The addition of a horizontal plate to the initial simple plate
insert allows to create a T-profile insert as shown in Fig. 10(b).
The inclusion of a horizontal plate to allow a closer proximity to
the maximum temperature location on the meshing surface. For
this comparative study, the geometry has the following character-
istics: w=m/4=1.125mm, e=0mm, t=m=4.5mm. and the
width of the horizontal plate is wj, = m/4 = 1.125 mm.

Since the maximum operating temperature is achieved in the
transition from two to one tooth and from one to two teeth, a dou-
ble T-profile was created. The profile is inspired by the T-profile
but with the purpose to reach the points with the highest operating
temperature along the path of contact (root and tip of the gear
tooth). The geometry used for this study has the optimized geome-
try with w=m/10=0.450mm, e=0mm, r=m/2=2.250mm,
and the width of the horizontal plates is w;,=m/4=1.125 mm.

032201-8 / Vol. 141, MARCH 2019

Fig. 10 Different insert geometries with e=0mm. (a) Plate:
w=1.125mm, t=4.5mm. (b) T-profile: w=1.125mm, t=4.5mm,
and wp=1.125mm. (c) Double T-profile: w=0.450mm,
t=2.250mm, and w,=1.125mm. (d) Involute: w=0.450 mm,
t=2.250 mm.

Table 7 Mass for a hybrid pinion tooth (calculated)

Profile Insert mass (g) Total mass (g)
POM without insert — 4.208
Plate 0.924 4.653 (4-10.6%)
T-profile 1.067 4.722 (+12.2%)
Double T-profile 0.781 4.584 (+8.9%)
Involute 0.75 4.570 (4-8.6%)

The hybrid gear tooth with a double T-profile is shown in
Fig. 10(c).

Going a little bit further, an involute insert profile that follows
the same shape of the meshing tooth would potentially improve
the thermal conduction within the gear body. The involute
profile presents the following geometric characteristics:

Table 8 Temperature evaluation for each insert geometry (25
MPa)

Geometry Tinax (°C) Tnin °C)
POM without insert 139.4 22.3
Plate 123.5 (—11.4%) 35.0 (+57.1%)
T-profile 115.9 (—16.9%) 37.6 (+68.7%)
Double T-profile 100.7 (—27.8%) 40.1 (4-82.6%)
Involute 99.6 (—28.3%) 42.3 (4+89.7%)

Transactions of the ASME

quY/SEGZ629/1022E0/E/ L 7L /3pd-ajonie/ABojoquy/Bio-swise uoios|jooje)Bipawse//:dyy woly papeojumoq

0 €0 Lyl

¥20¢Z J8qWIBAON /g UO Jasn E!JEL|L|96LI3 apep|nde4-01104 0Q apepIsiaAlun I(q de L0zZzel



Table 9 Contact area (mm?) between metallic insert and
polymer

Plate 623.79

T-profile
Double T-profile
Involute

718.29 (+15.1%)
922.79 (+47.9%)
971.99 (+55.8%)

w=m/10=0.450 mm, e = 0mm, and ¢ =m/2 =2.250 mm. Figure
10(d) shows the hybrid gear tooth with an involute profile insert.

6.1 Influence of the Insert Geometry on the Tooth Mass.
The mass evaluation for the four insert profiles is presented in
Table 7.

Temperature (C)
—140
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Temperature (C)
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It is possible to conclude that the total mass of the gear tooth
with the different insert profiles does not change that much, the
maximum mass corresponds to the T-profile (an increment of
12.2%, increasing from 4.208 g to 4.722 g the total tooth mass
when compared with a POM gear without insert). In order to com-
pare the effectiveness of each geometry to evacuate heat, the
insert mass is kept similar.

6.2 Influence on Tooth Temperature. Table 8§ shows maxi-
mum and minimum temperatures for each insert geometry. The
comparison to the standard POM gear is given in terms of maxi-
mum temperature reduction and minimum temperature increment.
It is possible to notice that, using the Involute profile or the double
T-profile, the reduction in maximum temperature is about 28%
(a reduction from 139°C to 101°C is predicted). However, the
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Fig. 11 Temperature distribution for different insert geometries (25 MPa): (a) Plate (Thax = 123.5°C, Tyhin = 35.0°C), (b) T-profile
(Tmax = 115.9°C, T,in = 37.6 °C), (c) Double T-profile (Tax = 100.7 °C, Trhin = 40.7 °C), and (d) Involute (T,ax = 99.6°C, Tiin = 42.3°C)
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minimum temperature increases 90% and 83% for involute and
double-T, respectively. The reduction of maximum temperature
when using a plate or T-profile insert is much smaller than the
most complex geometries, 11% and 17%, respectively. The T-
profile was able to evacuate more heat than a simple plate insert
because the heat evacuation from the meshing surface is better if
the insert is closer to the surface.

The double T-profile, as expected, improves the heat evacuation
in comparison to the T-profile insert because the inserts are close to
the maximum heat generation locations along the path of contact.

Finally, the Involute profile insert was the best solution, with
the highest reduction of the maximum temperature because it
reaches the closest position to the meshing surface promoting an
efficient heat evacuation.

It is important to note that, no matter the profile insert used, the
maximum temperature decreases but the minimum temperature
always increases in comparison to the standard POM gear.

The results suggest that the heat evacuation capacity is closely
related to the contact area between the polymer and the insert and
the position of the insert within the polymer body. Table 9 shows
the contact area for each insert geometry and how the maximum
temperature is lower for the insert geometries with higher contact
area. The mass increase is shown for each insert type (see Table 7).
It can be concluded that there is a link between contact area and
maximum operating temperature, but no correlation between mass
and maximum operating temperature.

The temperature distribution along the hybrid gear tooth for dif-
ferent insert geometries is shown in Fig. 11 for a contact pressure
of 25 MPa. The simulation results show that the insert temperature
increases as the heat conduction to the insert occurs, i.e., the maxi-
mum temperature decreases because the insert temperature
increases which shows that better heat evacuation is taking place
(double T-profile and involute). The double T-profile and the
involute insert geometries show the most homogeneous tempera-
ture distribution within the hybrid gear tooth.

It was possible to conclude with the simulations that the imple-
mentation of an aluminum insert will decrease the maximum temper-
ature and possibly enhance the mechanical properties of the polymer.

6.3 Study Limitations. The present work presents some limi-
tations, i.e., only thermal analysis is presented and no structural
analysis is available; the manufacturing processes are assumed to
be precise enough to assure a reasonable contact pressure between
the polymer gear and the metallic insert (>10 MPa).

The study focused only on three different insert material alter-
natives: aluminum, copper, and steel, allowing to cover a wide
range of thermal conductivities (41401 W m ! K™Y, After the
simulations, aluminum was found to present a better compromise
over copper and steel in terms of mass, thermal behavior, manu-
facturing processes, and possible costs. However, the thermal con-
ductivity of aluminum is quite dependent on the manufacturing
process. The present study intends to be qualitative and if any
other material with thermal conductivity similar to the one
assumed for aluminum in the present work is used as insert, theo-
retically, similar results can be achieved.

The geometry is mandatory in order to decrease the maximum
operating temperature on the hybrid polymer gear. This work
showed that the contacting area as well as the geometry is equally
important to improve thermal behavior.

The geometries studied are just possibilities and the exact geome-
try to be used in practice should be designed according to the manu-
facturing limitations and structural analysis. However, the structural
behavior of the polymer-metal tooth still needs to be analyzed.

The viscoelastic losses were disregarded, but certainly have an
impact in the bulk temperature results that were presented.

7 Conclusions

The possibility of using a metallic insert in polymer gears in
order to improve their thermal behavior and decrease the bulk

032201-10 / Vol. 141, MARCH 2019

temperature of the polymer was studied. The following conclu-
sions were achieved:

o A metallic insert is effective to decrease the bulk temperature
of polymer gears.

e Aluminum presents the best compromise between thermal
behavior, weight, and manufacturing possibilities.

e The insert geometry has a fundamental importance in the
capacity to evacuate heat from the contacting surface.

e The numerical model implemented allows to study the influ-
ence of materials and insert geometry on a gear contact prob-
lem taking in consideration the thermal aspects.

e The results show that an aluminum insert increases the mass
by 9% in comparison with a standard polymer gear but it
decreases the maximum operating temperature by 28%.
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Nomenclature

a = center distance (mm)
a; = distributed contact spot radius (m)
A, = apparent contact area (mz)
A, = real contact area (m2)
b = gear face width (mm)
b; = distributed flux tube radius (m)
¢ = heat capacity J kg ' K™')
C. = contact dimensionless conductance
= gear pitch diameter (mm)
d, = gear addendum diameter (mm)
e = lateral gap (mm)
E = Young’s modulus (Pa)
E" = effective Young’s modulus (Pa)
Eyo1y = polymer Young’s modulus (Pa)
h. = contact heat transfer coefficient (W m > K1)
h, = gap heat transfer coefficient (W m K™
hraq = radiation heat transfer coefficient (W m 2K 1)
hy. = thermal contact heat transfer coefficient
(Wm2K}h
H, = elastic microhardness (Pa)
= elasto-plastic microhardness (Pa)
H,, = plastic microhardness (Pa)
Hpo1y = polymer elastic contact hardness (Pa)
= Vickers microhardness (Pa)
k = thermal conductivity (W m 'K
kg = effective thermal conductivity (W m 'Kh
L = assessment length (mm)
m = gear module (mm)
mg, my, my = absolute asperity slope
my = effective absolute asperity slope
n = rotational speed (rpm)
P = contact pressure (Pa)
O = heat flux (W)
R, = average surface roughness (ym)
R,; = thermal contact resistance of a contact spot
(m*Kw™h
R,. = thermal contact resistance (m?> K W™ 1)
Sy = yield stress (Pa)
¢t = tip gap (mm)
T = bulk temperature (°C)
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x, = gear profile shift

w = plate width (mm)

wy, = horizontal plate width (mm)
z = gear number of teeth
o = gear pressure angle (deg)
& = ratio between the real area and apparent area of

contact

€, = transverse contact ratio

u = coefficient of friction
Weir Wei, s e, = mean and contact spot constriction radius (m)
p = density (kg m>)
0, 01, 0, = root-mean-square roughness (x«m)

g, = effective root-mean-square roughness (um)

v = Poisson’s ratio

Appendix A: Plastic Contact Model (CMY)

Yovanovich [22,27] was able to predict the thermal contact
resistance assuming that the strain of the contacting asperities is
large, implying that the plastic deformation of the asperities
occurs during the first loading of the contacting surfaces and that
the contacting asperities of the softer surface will have plastic
deformation.

The ratio between the real area of contact and the apparent
area of contact is proportional to the fraction of the apparent con-
tact pressure (P) and the microhardness of the softer surface
(H)).

The dimensionless thermal contact conductance is given by the
Eq. (Al):

he - o, P 095
C. :k‘; —1.25- (17) (A1)
s s P

Yovanovich introduced the concept of microhardness which is
present on a surface layer. The microhardness is dependent on the
depth of the indentation according to Hyiex = ¢ - (dy/dp)? and
the relation between contact pressure and microhardness is given
in Eq. (A2)

P p 1/(140.071¢3)
— = : A2
H, |c1-(1.62-(a,/my))? (A2)

Appendix B: Elasto-Plastic Model (SY)

Sridhar and Yovanovich [37] were able to describe a wide
range of materials’ behavior from the elastic model studied by
Mikic [28] to the plastic model by Cooper and Yovanovich [27].
The relationship between the contact areas and the contact pres-
sure and elasto-plastic microhardness is given by Eq. (B1) [37],
where the nondimensional contact strain is .= 1.67 - E*mS/Sf

2.76 - S;
Hp=———"T (B1)

o)

To calculate the yield/flow stress S¢ and the elasto-plastic micro-
hardness (H.p) there is the need to use an iterative procedure until
the value converges, starting with an initial guess of H., as

VH, - H, (Egs. (B2)~(B8))

rol—

1
YE T (B2
276, |—— — —
H
ep e
E*m,
b =1.67-20 (B3)
S
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(B4)

0= \/ierjfc*1 . (f ! 2) (BS)

ep ’ &c Hep
fo.s. 2
Ay = 1 /MTP&’%exp (%) erfc (%) (B6)
dy, =2 - ay, (B7)
Hyick
Heo =50072 (B8)

where H,i« is the Vickers microhardness given by Hyick
=cCp- d‘Lv2

The geometrical parameter 7., is calculated in the same way as
in the past two models, however, the dimensionless thermal con-
tact conductance for ¢. <5 is given by the Eq. (B9):

he - o, P\ 094
C. — ﬁ — 1.54- (H—) (BY)
s s ep
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