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Glass Fiber-Reinforced PA6 Gear
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Introduction

Polymer gears find increasing applications in the
automotive industry, office machines, food machin-
ery, and home appliances. The main reason for
this success is their low cost. Their low weight,
quietness of operation, and meshing without lubri-
cant are also interesting. However, they have poor
heat resistance and are limited to rotational trans-
mission. In order to improve the gears’ behavior,
glass fiber is added, where their lower cost and
higher strength — compared to un-reinforced poly-
mers — offers a potential increase in the gears’ per-
formance (Refs. 1-2).

Most of the literature on fiber-reinforced plastic
gears is based on experimental studies. These last
cover various aspects of plastic-reinforced gear
pairings, including several studies on wear behav-
ior (Refs.3-4), working temperature (Refs.5-6),
failure modes (Refs. 2 and 7), and fiber orientation
and its influence on gear metrology (Ref. 8).

In order to reduce the development costs, and
particular to reduce validations testing under
actual conditions, numerical models are devel-
oped. Due to the relative complexity of plastic
material, very few numerical models exist. In fact,
polymer behavior is viscoelastic (Ref.9), which
means that it depends on loading duration, tem-
perature, and, for some polymers such as poly-
amide — on humidity. Moreover, fiber-reinforced
gears have an anisotropic behavior.

Tsai and Tsai (Ref. 10) realized the first comput-
ing studies on static transmission errors as a result
of an elastic multi-tooth contact FEM (Finite
Element Method) analysis. More recently, Lin and
Kuang (Ref. 11) developed a dynamical model for
the case of Polyamide 6.6 and POM plastic gears.
Their approach is based on a full FEM that incor-
porates the effects of position-varying tooth mesh
stiffness, damping ratio, load sharing, tooth profile
wear, and temperature on dynamic contact load.

However, the accuracy of the results given by such
an approach is largely counterbalanced by very
time-consuming calculations.

To estimate the load sharing, the LaMCoS labo-
ratory has developed an approach that consists
in solving the displacement compatibility equa-
tion. The quasi-static model uses the influence
coefficients method, which requires low com-
putational time. This method has been applied
on cylindrical gears (Ref. 12), face gears (Ref. 13)
and spiral bevel gears (Ref. 14) of elastic materi-
als. Recently, Hiltcher et al. (Ref.15) adapted the
method developed by LaMCoS$ for metal worm
gears to the case of a plastic wheel and steel worm.
Then in 2009, Letzelter et al. (Ref. 16) have devel-
oped a quasi-static load sharing model in the case
of Polyamide 6.6 cylindrical gears. This method
takes into account the viscoelastic behavior with
a generalized Kelvin-Voigt model, and provides
contact pressure, stress in the tooth roots and
transmission error. This method has the advantage
of being much less time-consuming, while also
taking into account temperature and rotational
speed effects. Following these developments, this
study presents a similar method adapted for fiber-
reinforced polyamide gears.

The work presents the thermal behavior of poly-
amide 6+30% glass fiber and the validation of
the numerical model by measuring the loaded
transmission error; which can be expressed as the
phase difference of the driven gear compared to
its theoretical position given by the transmission
ratio. This is one result that is global enough to
validate the three steps of the model: geometry,
kinematics and load sharing. The measurements
are carried out on a test bench developed at the
LaMCoS laboratory (Ref. 17) using optical encod-
ers to measure the angular positions of the pinion
and the gear and an infrared thermal camera to
measure the working temperature.

This paper was presented at the 2018 Lyon International Gear Conference and his republished here with permission of the Conference and the authors.
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Generality on PA6+30%GF Gears

Gear geometry and molding conditions.
Reinforced polyamide 6 with 30% glass fiber gran-
ules was used to mold the gears. Polyamide 6 has
a semi-crystalline structure, a glass temperature
transition of 60°C, and a fusion temperature of
220°C at 0% relative humidity. Table 1 presents the
gear’s data.

In this study, a disc gating solution (Fig.1) is
used that has the best filling and fiber orientation
regularity. The cavity geometry, molding condi-
tions, and cooling conditions are obtained thanks
to standard commercial molding process simula-
tion software.

Fiber orientation. The fiber orientation and
distribution in an injection-molded part is a func-
tion of component geometry; molding conditions
(gating, temperature, pressure and holding time);
matrix material; polymer melt viscosity; and fiber
type (aspect ratio, density and volume fraction)
(Ref. 18). Fiber orientation is obtained through
molding process simulations and tomography
microscopy observations (Ref.19). Comparisons
between quantitative, simulated fiber orientation
predictions and the qualitative tomography obser-
vations show similar trends. Three main fiber
organization areas were defined; each section is
represented in Figure 2.

On the flank area, fibers tend to be parallel to
the surface. In the core zone, they are more ver-
tical, and near the tooth root, the orientation is
more anisotropic. This model, taking into account
the real fiber orientation, was later implemented in
standard FEM simulation software.

Gear metrology. In real conditions, mold
shrinkage varies with part thickness, mold lay-
out, processing conditions and mold temperature
(Ref.20). During injection molding of fiber-rein-
forced polymers, the incorporation of fibers causes
a significant effect on linear shrinkage. The asym-
metric, ridged nature of the glass fibers restricts
shrinkage of the polymer matrix in the fiber orien-
tation direction, while the direction perpendicu-
lar to that shows lower shrinkage than the base
polymer (Ref.20). Senthilvelan et al. (Ref.8) show
an increase in involutes profile form deviation
among polyamide 6.6 fiber-reinforced gears when

Table1 Gear data

Pinion Gear
Module (mm) 3 3
Pressure angle (°) 20 20
Number of teeth 32 41
Tooth width (mm) 20 20
Addendum coefficient 0 0

compared to homogeneous polyamide 6.6 gears.

Shrinkage creates profile deviation and run out,
which correspond to the eccentricity of the gear
teeth. Both parameters have a strong influence on
the transmission error. Gear tooth profile and lead
deviations were measured on three teeth, which
are equally spaced. If there is not deviation, the
theoretical and measured traces would be super-
posed. The involutes profile was measured from
the tip circle diameter to base circle diameter.

The fiber orientation shrinkage effect was taken
into account by standard commercial molding
process simulation software, although form devia-
tion is also observed. The measurements show
an increase of thickness near the tooth top of the
pinion and wheel. This derives from an over-esti-
mation of the shrinkage value in the mold cavity.
Conical shape on the pinion and the wheel was
also observed (Fig. 3); this is supposed to come
from a differential cooling during part ejection.

The maximum involute profile form deviation
in a reinforced polyamide 6 gear are 82 um (ISO
1328 Quality 12) for the pinion and 54 um (ISO
Quality 11) for the wheel. Tooth profile modifica-
tion, in relation with the metrology results, was
implemented in the load sharing simulation soft-
ware developed by the LaMCoS laboratory.

Numerical Model

The numerical model is based on the procedure
developed for steel and polyamide 6.6 gears; this
procedure is divided into the three principal steps
(Ref.21). Initially, tooth geometry is obtained with
tooth corrections adapted to molded gears. The
second step consists of an unloaded kinemat-
ics simulation to determine the potential contact
zones, while the load sharing between all the teeth
in contact is computed in the last step. When
torque is applied for each quasi-static position,
the instantaneous pressure distribution can be
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estimated for all the teeth in contact simultane-
ously. Finally, it is possible to calculate the mesh-
ing stiffness, the stress in the tooth roots, and the
loaded transmission error. The third step inte-
grates the viscoelastic displacement and the load-
ing history in the case of PA6+30% GF material.

Steps 1 and 3 must be modified for the gears
made of PA6+30% GF materials. In step one the
geometry — due to the shrinkage presented on
Figure 3 —was integrated. In step 3 a new behav-
ior model based on the method proposed by
Letzelter et al. (Ref. 16) for a homogeneous poly-
amide 6.6 was developed.

Mechanical behavior of polyamide 6+30%
GF. A description of the viscoelastic properties of
polyamide 6+30% GF comes from a generalized
Kelvin-Voigt model (Fig.4). The main differences
consist of adding the elastic behavior of the fiber
into the displacement model and integrating their

AG, =

1 1

1 Ma

-
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Figure 4 Generalized Kelvin model.
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anisotropic organization. The generalized Kelvin-
Voigt method takes into account the viscoelastic
behavior of polymer and establishes a relation
between the temporal displacement and the total
strain. For a sample of / length, the global displace-
ment at instant £, u (¢) is obtained with Equation 1:

1 dt ; T )
u(®)=1o(t) ZO A]i( di+7, L u’(t—dt)(dt_,_Tx_)

n
i=0

Where o (f) is the stress level, T, and u' respec-
tively, the retardation time and displacement of a
block i in the generalized Kelvin model, and # is
the number of blocks. Relation (Ref.1) is used to
solve the load sharing problem in the third step of
the process. First, it is necessary to determine the
viscoelastic properties AJ; and T, These values are
determined with DMA (Dynamical Mechanical
Analysis) tests at different frequencies, tempera-
tures and humidity ranges.

Load sharing model. The method to solve the
instantaneous load sharing is based on a unique
process used for all types of gears made with steel
or steel/polymer materials. The final displace-
ment at a node is obtained through the combina-
tion of the equations of displacement compatibil-
ity and torque equilibrium. The influence coeffi-
cients methods (Ref.22) solve this multi-contact
problem.

In the case of plastic gear, it is necessary to know
the loading history and displacements of the gear
and pinion. Consequently, the local meshing on
the contact zone developed for polymer gears is
different from those developed for steel gears.

Line of contact

Meshing

Tangent plane Line of action

Wheel

Figure 5 Local meshing on the contact zone.

GEARTECHNOLOGY | July 2019

[www.geartechnology.com]



The surface is larger than the latter, and covers the
entire tooth surface (Fig.5). Thus, for a kinemat-
ics position, it is possible to save the displacement
of the pinion and the gear for computing the next
kinematics position. This is done to account for
the displacement history, which is needed to com-
pute the viscoelastic behavior of the polyamide
6+30% GF material.

The equation of compatibility of displacement.
The load sharing problem consists of solving the
equations of displacement compatibility (Eq.2)
and driving torque (Eq. 3) to balance the torque.

P(Mp).e(My) = p(M,).(8(M,) +u(M)-a) =0 (2)
Crotor= ]ﬁ: (Pksk’?k/\AZ) ©
=1

With K is the number of nodes of the meshing,
p(M,) is the contact pressure at point M, e (M)
is the gap between the profiles of the gear and
pinion at point M, after the loading, § (M,) is the
gap between the profiles of the gear and pinion
at point M, before the loading, u(M,) is the dis-
placement at point M, and a is the global body
adjustment. In Equation 3, s is the contact surface
around the point M, and n;, a perpendicular vector
to the tangent plan.

The influence coefficient. In order to solve the
load sharing problem, it is necessary to compute
the displacement u,;, depending on pressure p;. It is
possible to write the relation (4) between the dis-
placement and the pressure with the method of the
influence coeftficients. There are 2 types of influ-
ence coefficients:

- Bulk influence coefficients C‘,fj computed by
finite element method. This method is applied
on three teeth to deduct the effect of local dis-
placement on the neighboring teeth. Moreover,
the finite element method is based on Figure 2,
where the fiber presence and its orientation are
taken into account.

- Surface influence coefficients C,EJ computed with
Boussinesq theory (Ref.23).

K
U= kz Cyp;jwith C;= C‘,fj + ij @
1

However, regarding the relation (Eq.4) proposed
for steel gears—in the case of polymer gears, the
bulk influence coefficient is defined by the relation
(Eq.5). The geometrical influence coefficient is not
linked with the polyamide 6 matrix compliance; it
only depends on the geometry and fiber orienta-
tion, where ], is the compliance of the polyamide
(inverse of the Young modulus). This distinction
could be made because of the pure elastic behavior
of the glass fiber and its non-influence on the vis-
cous behavior of the polyamide 6 matrix (Ref. 19).

C‘]{j:]ma[ C/‘; (%)
lej = ]mat C;)S ©)

S . .
Cj; in relation

Equation 6 represents the surface geometrical influence coefficient non-
dependent on the material’s compliance, but dependent of the fibers’ pres-
ence. Fibers are presumed purely parallel to flanks in the case of the surface
influence coefficient.

The viscoelastic displacement on meshing. The displacement in Equation 1
is combined with the influence coefficient method. The Kelvin-Voigt param-
eters correspond to the polyamide 6 matrix behavior. T;and AJ; remains the
same for the surface and bulk material with the assumption that fiber doesn’t
affect the viscoelastic behavior of the polyamide 6 matrix (Ref. 19).

7} 7
(=25 u () v
- (®)

a2 i a2

i

()= 3 [CiponI( Ak
j=0

k is the index of the meshing nodes and p,(t) the contact pressure at point
j. ui(t-dt) represents the history of displacements caused by the load at time
t-dt. Fiber orientation is taken into account through CkJS regarding the surface
displacements where fibers are assumed parallel to the surface. C*k‘j/ integrate
the fiber influence regarding the bulk displacements.

The system of equations, which includes the relations Eqs. 2, 3 and 8, is
used to calculate the load sharing. This is achieved by using a fixed-point
algorithm. It is also necessary to create a history of the displacements. To
obtain this one, the displacement and the load sharing are calculated for two
teeth situated just before they come into contact.

Thermal model. According to several studies, plastic gears have an impor-
tant temperature increase during running (1). This temperature has an impact
on the viscoelastic behavior of the material.

In the case of polymers with rolling contact, Koffi et al. (Ref.24) show
that the friction energy is much more important than the polymer’s internal
energy. Following the results of the study conducted by Koffi et al. (Ref.24),
Mao (Ref.25) and Hooke et al. (Ref.26), the viscoelastic warming can be
neglected, compared to the friction warming. Erhard et al. (Ref.27) defined
the bulk temperature variation as a thermal balance between the heating gen-
eration Q1 by friction and loss through the room temperature convection Q,.

_ i,+1 ©
Qi=26.P.p. z,+5.1,
Q=A.a,(T,~T,) (10)

Where P is the power brought by the motor, yu the friction coefficient, i,
the transmission ratio, z;, the number of teeth of the pinion, A, a geometrical
coefficient related to the thermal exchange on the surface of the concerned
gear, a,, a thermal convection coefficient of the concerned gear, T, concerned
gear temperature, and T, the room temperature. The thermal balance between
Equations 9-10 lead to the gear bulk temperature (Eq.11).

1 (11)
=T Paf 362 | R

Where f, is related to the meshing duration, V, rotating speed at the top
radius, m the module, b the gear width, k, coefficient depending on the gear
material couple.

A flash temperature model that estimates the maximal surface tempera-
ture variation on a gear tooth flank has been developed by Block (Ref.28) and
Erhard et al. (Ref.27). This temperature increase is intended to be over an
insufficient period of time to locally modify the polyamide 6 contact behav-
ior. For this reason the flash temperature effect on contact displacements is not
taken into account for the following model. The polyamide 6+30%GF tempera-
ture can be expressed as:

me{ = TAmb + A’TBulk (13)
The temperatures (Equation (13)) are then integrated in the load sharing
model together with the humidity rate through modifying the relaxation time 7 i.
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Thermal expansion. Thermal expansion of
polyamide is 3 times higher than steel, and room
humidity has an influence on the gear geometry
as well. W. Kraus (Ref.29) proposed the Equation
12 to establish a link between the module and the
thermal and humidity expansion effect.

m'=m.[l+an(T,-T,) +Ad g] (12)

Where m is the original gear module, o, the
thermal expansion coefficient, T,; corresponds to
the room temperature, T, the original room tem-
perature, Ad' the humidity expansion coefficient
depending on theexposure time and humidity rate,
g is a parameter linked to polymer type.

A numerical study taking into account the
expansion effect was conducted on the gear data
in Table 1 and shows its influence on transmission
error.

The expansion coefficient of the polyamide
6+30%GF is approximate by a rule of mixture
a=27.3x10"° A backlash of 0.2 mm was used
according the mounting condition proposed by
Boyer (Ref.30). In both cases, with and without
Table 2, the expansion effect was simulated. Three
parameters were observed — maximal tooth root
stress, maximal contact pressure on the pitch cir-
cle and transmission error at two different bulk
temperatures, 40°C and 80°C. At 40°C, the gear
module supposed to be m=2.998 mm and at 80°C,
m=3.002 mm.

Results from Table 2 show a slight influence
of the thermal expansion on flank pressure and
tooth root stress. Nevertheless, a difference of 18%

is observed on the transmission error amplitude.
Therefore the expansion effect can’t be neglected.

Experimental Measurements

Testing device. An experimental test bench has
been developed by the LaMCoS laboratory. The
original characteristic of this bench is the instan-
taneous measurements of the thermal behavior,
done by an infrared camera, and the transmission
error; Figure 6 shows a view of the experimental
system.

The asynchronous motor (Ref. 1) is powered
by a variable speed drive. The mechanical power
created by the electrical motor is transmitted
by a belt to the rotating shaft of the pinion. The
shafts are supported by four plain bearings to limit
the dynamical effects. A powder brake (Ref.2)
mounted on the rotation axis of the gear creates
a torque. The infrared camera (Ref.3) is clamped
on an original system, able to capture images
closed to the tooth meshing in the transverse plane
(Ref.17). Two optical encoders (Ref.4) are placed
on each rotating shaft. The experimental device
is fixed on a heavy base plate, and the electrical
motor and the support of the infrared camera are
clamped on rubber pads.

Transmission error measurements

Transmission error measurements principle. The
angular positions of the pinion and gear that give
the transmission error are measured with optical
encoders directly clamped on the rotating shaft;

Table 2 Results without and with thermal expansion (TE)

Average Transmission |Transmission error| Flank pressure | Tooth root stress
error [mrad] amplitude [mrad] [MPa] [MPa]
40°C without TE 0.637 0.299 30 9.40
80°C without TE 1.269 0.310 23 8.82
40°C with TE 0.649 1,9% 0.329 10% | 30.5 16% | 93 0,2%
80°C with TE 1.251 1,4% | 0.255 18% | 22.5 21% | 8.4 0,6%

1: Electrical motor

2: Break

3: Infrared camera

4: Optical encoders
5: Torque meter

6: Gears

Figure 6 Perspective scheme of the test bench.
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Figure 9 Influence of the torque at 50 rpm.

these components measure the transmission error.
The principle of this measurement is based on
counting pulses delivered by a timer at a very high
frequency (80 MHz) between two rising edges
of the signal delivered by the optical encoders.
This time-counting method must be carried out
simultaneously on the two signals with the same
reference (Fig.7, i.e. —the same timer and coun-
ter). Then, the time evolution of the pinion and
the gear angular positions are defined with a sam-
pling rate given by the number of pulses on each
encoder.

The signal of the transmission error is built
using the two laws of angular evolution of the
encoders. (See the gear and pinion vs. time law
curves evolution on Fig.7). This angular measure-
ment method consists of performing the calcula-
tion at the rising edge — either on the pinion sig-
nal (pinion rising edge) or on the gear signal (gear
rising edge). The transmission error can be given
as an angular displacement on either the pinion
or gear shaft. In the presented study, the gear shaft
angular error is given at a stabilized speed. The
principle is based on the timer signal counting
between the encoder rising edge.

The numerical treatments of the results are
achieved in three main steps:

Figure 10 Reference cases at 50 rpm, 20 N.m.

In the first step, the transmission error measure-
ment is built on a single pinion revolution. The
pinion has 32 teeth that correspond to 32 different
transmission errors (Fig.8). The main oscillation,
with a 4 mrad amplitude on Figure 8, corresponds
to the eccentricity of the shaft.

Second step: to avoid the effect of eccentricity,
which is not taken into account in the simulation
model, the transmission error on a single gear rev-
olution is sampled in 32 pieces. One sample corre-
sponds to one tooth meshing.

The third step consists of computing the average
transmission error on each sample.

Transmission error measurement results. The
tested gears data is presented in Table 1. The tests
were carried out at low speed in order to conform
to the quasi-static conditions. Figure 9 presents
the torque influence at 50 rpm. A good agreement
regarding the shape of the curve is found with the
simulation results presented (Fig. 10).

Figure 10 corresponds to the reference cases
used for the numerical validation. Four cases are
used at two torque levels and for two center dis-
tance values. We can notice that an increase of
center distance leads to a slightly higher transmis-
sion error (Fig. 10).
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Figure 12 Transmission error comparison with tooth tip relief modifications.

On Figure 11, simulations are carried out on
a single tooth meshing, which represents one
transmission error period, at 19°C and 40% rela-
tive humidity; these conditions are close to the
glass temperature. Reference case “measure-
ment” — with simulation results, and without
geometrical tooth modification — are compared.
Similar trends are observed, but the gap between
the simulated results and measured one remain
important.

On Figure 12, tooth modifications on the pin-
ion and wheel have been implemented as previ-
ously described. Two simulations cases are pre-
sented — one taking into accounts the highest
geometrical deviation measure on the gear flank,
whereas the other is taking into account the lowest
geometrical deviation. Better agreements between
simulation and measured results are observed.
Transmission error amplitude difference remains
below 10%.

Conclusion

The presented numerical model simulates the
loaded behavior of polyamide 6+30% GF gears
obtained by injection molding. It is based on three
main steps: definition of real tooth geometry, kine-
matics simulation, and calculation under load.
The latter step is used to calculate the load sharing

GEARTECHNOLOGY | July 2019

between the teeth and also the transmission error.

Numerical investigation on thermal expansion
shows that its effect on transmission error is not
negligible. A thermal model taking into account
the working conditions to predict the gear temper-
ature was implemented. The simulation and mea-
surement results are used to validate the model.
Experimental validations are carried out on a test
rig, by measuring the loaded transmission error
with two optical encoders. The measurement is
based on the angular evolution of the sensors and
their phase differences. Results are then filtered
on one tooth meshing to remove the eccentricity
effects.

At first, similar curve shapes are obtained, but
an important difference of amplitude is observed.
A better correlation is obtained while implement-
ing the tooth profile correction according to the
measurement on molded gears. The next step of
the study will focus on the validation of this model
on a broader range of spur, as well as helical gear
size and, eventually, plastic-metal pairing. €}
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