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Abstract Oil-lubricated plastic gears enable significantly
higher power transmission compared to dry-running gears.
One of the most relevant damage mechanisms herein is
tooth root breakage. Due to the high elasticity of thermo-
plastics, load-induced deflections strongly affect the tooth
root stresses. In this work, a modified method for calculat-
ing the tooth root stresses is used to increase the accuracy
of the bending strength calculation of plastic gears. Exper-
imental results with steel-plastic spur gear pairings prove
that load-induced deflections and dynamic tooth forces are
not yet adequately considered in VDI 2736. In doing so,
it was to some extent possible to validate and confirm the
POM fatigue strength data in accordance with VDI 2736.

1 Current knowledge

The state of the art load carrying capacity calculation of
plastic gears is summarized in VDI 2736 [1]. The approach
to calculate the bending strength according to VDI 2736
[1] is based on DIN 3990 [2] Method C and therefore does
not consider elastokinematic effects on tooth root stresses.
Fiirstenberger [5] indicated the importance of load-induced
deflections and modified the calculation methods according
to VDI 2736 [1] by replacing the transverse contact ratio &y
with the actual contact ratio &4,,,. This particularly affects
both bending strength calculation methods and tooth and
flank temperature calculation methods according to [1]. The
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actual contact ratio is calculated using an empirical equation
that is taken from Rettig [13].

2 Aim of this work

The aim of this work is to validate the current state of
the art calculation methods according to VDI 2736 [1] in-
cluding the maximum root strength (org) data for POM by
comparison with own test results for injection molded test
gears made of a homopolymer POM (Delrin® 100NCO010
by DuPont™) material. The challenge in this context is,
that on the one hand many notable influence factors are
not yet considered in the bending strength calculation of
VDI 2736 [1] and on the other hand, the underlying test
conditions and test gears used for the determination of the
fatigue strength data (op;mn) of POM included in [1] are
unknown. Hence, this work is also an approach towards
correlating the bending strength of state of the art injec-
tion molded POM gears with existing fatigue strength data
according to VDI 2736 [1].

3 Modified calculation of tooth root stress

In prior work [8—10], the impact of the gear geometry, espe-
cially the number of teeth (compare Thoma [6]) of pinion
and wheel, on the increase in contact ratio under load is
evaluated. As the approach to calculating the actual contact
ratio &q,,, according to Fiirstenberger [5] does not consider
the geometric effects of the number of teeth, a modified
analytic-iterative method called ACORA (=Actual Contact
Ratio) is derived in [8]. The results for &4, according
to ACORA are in good correlation with results of nu-
meric calculations (finite element method). However, be-
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cause ACORA must be implemented as a calculation pro-
gram for practical applications, an extension of the empir-
ical equation according to Fiirstenberger [5] is proposed
in [10] to enable the consideration of the influence of the
number of teeth by a simplified approach. Calculation of
the tooth root stress oro acr (Eq. (1)) considering the ac-
tual contact ratio &4, is called ACORARS (=ACORA Root
Stress) [9] and contains a modified description of the contact
ratio factor which is given in Eq. (2) as Y, acr according to

[9].

F
OF0,ACR = Ypa * Ysa - Yeacr - Y5 - 5 1;1 (1
“itn
l1-a
Yeacr = aacr + AR ()
Ea,w
0.25

AACR = Max (min ((2.6 —Eaw) - W 0.25) , O) 3)
Furthermore, the calculation of the mesh stiffness is an
input parameter for the iterative calculation method ACO-
RARS [9] as well as for the calculation of the resonance
speed [2]. It is parametrized analogously using the auxiliary
factor aacr (Eq. (3)) and calculated according to Eq. (4).

cyack =€+ ((1 = aacr) * €a,w + dACR) “4)

4 Permissible root stress in the context of VDI
2736

One important disadvantage regarding bending strength cal-
culation of plastic gears is the lack of material specific fa-
tigue strength data. VDI 2736 [1] contains fatigue strength
data for two common thermoplastic materials — PA66 and
POM. While the data for PA66 is taken from Hachmann/
Strickle [11], the most elementary gear geometry parame-
ters (number of teeth, pressure angle) are known. However,
where the POM data is concerned, neither the geometry of
the test gears nor the details of the test rig and the test con-

Fig. 1 Estimation of the con-
tact ratio factor of the test gears
Y7 used for the determination
of the fatigue strength under
pulsating stress Opimn of POM
according to VDI 2736 [1]
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ditions are known. Furthermore, the underlying probability
of failure remains unknown in both cases.

The ignoring of load-induced deflections for calculating
tooth root stresses according to VDI 2736 [1] implies that
the fatigue strength data (omimN), Which at the time were
evaluated using test results, contain a certain amount of
load sharing of the test gears used at that time. Hence, to
use the fatigue strength data with a calculation method (see
Sect. 3), that considers the geometry dependent and Young’s
modulus dependent load sharing, the contact ratio factor of
the test gears has to be considered when calculating the
maximum root strength opg. Therefore, the contact ratio
factor of the test gears Y,r is considered to calculate the
modified maximum root strength ogg,vpi—acr according
to Eq. (5).

OFG,VDI—ACR = OFlimN * YsT * Yer (5)

To estimate the amount of load-induced increase in
the contact ratio contained in the fatigue strength data,
a gear geometry must be assumed. As the macrogeometry
of the FZG-C [12] test gear is mentioned in Hachmann/
Strickle [11] and bending strength test results [5] with this
gear geometry confirm the good correlation with the pre-
dictions of VDI 2736 [1], this geometry is also assumed as
the test gear geometry underlying the POM fatigue strength
data according to [1].

By equating the Equations for or and ogg (Spmin = 1)
according to [1], the nominal tangential force F; as a func-
tion of opmn (rug, VL) can be determined. Furthermore,
this also enables the calculation of the contact ratio factor
according to ACORARS [9] for the presumed test gear ge-
ometry Y, as a function of ¥g,; and N. Fig. 1 shows the
characteristics of Y,r. Yer can be estimated using Eq. (6)
(parameters see Table 1) and is also plotted in Fig. 1 as

YsT,esl .

Yetost & @+ b - 98 +¢ - NE + (O - NL)? (6)

Yo 9=20 °C
Yer;0=40 °C
Yer; 9=60 °C
Y.;8=80 °C
Yer, est: 9=20"°C
YET.est; 9=40"°C
Yerest: =60 °C
YeT, ests 89=80"°C
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Table 1 Constant parameters to estimate Y1 according to Eq. (6)

a b be [ ce d
0.944 -0.498 0.147 -0.598  0.062 0.0442

POM

plastic gear rim
\ : L |

.

plastic
filled bore

steel insert

Fig. 2 Injection molded plastic test gear [10]

5 Essential results of recent gear tests

Experimental bending strength tests are conducted using
back-to-back test rigs according to DIN ISO 14635-1 [4]
with ground steel pinions meshing with injection molded
plastic gears (Fig. 2). Details regarding the development of
the injection molded test gears are reported in [7]. During
testing, the test gears are lubricated using a temperature

controlled oil bath. In prior tests [10], the increase in tooth
temperature relative to the oil temperature was measured
depending on speed and torque. Based on this knowledge,
the oil temperature during fatigue testing is controlled to
enable a constant tooth temperature level for each test con-
dition.

Table 2 contains the investigated gear geometries. Pri-
mary data of the tooth root breakages occurring and further
details of the test results are documented in [10].

The test results are evaluated in Fig. 3 by correlating
the calculated nominal tooth root stress opy for each tooth
root breakage that occurred according to VDI 2736 [1] as
well as ACORARS [9]. Despite all tests being performed
using test gears from identical POM material, the tolerable
tooth root stress level according to VDI 2736 [1] differs
significantly for each gear geometry. The main reason for
this is the negligence of the load-induced increase in contact
ratio in the calculation method of VDI 2736 [1].

Fig. 4 shows the calculated values of the actual con-
tact ratio &4, according to ACORA [8] for the test results
given in Fig. 3. Due to the geometric effect of the num-
ber of teeth on the increase in contact ratio under load,
significantly higher actual contact ratios result for gear ge-
ometries with higher numbers of teeth. The right-hand plot
in Fig. 3 shows that the calculated tooth root stresses ac-
cording to ACORARS [9] result in a common level of toler-
able tooth root stress for the given material and temperature
(Orug &~ 80°C). As kst-C contains cavities in the tooth root
area (see [10]), which as would be expected affect the load
capacity, it is plausible that the level of kst-C in Fig. 3 by
tendency is below kst-A or kst-B.

Table 2 Test gear geometries;
steel = 16MnCrSe (case
hardened and ground)

kst-A kst-B kst-C

Pinion  Gear Pinion  Gear Pinion  Gear
Normal module mm 1 2 3
Normal pressure angle deg 20 20 20
Helix angle deg 0 0 0
Face width mm 22 20 22 20 22 20
Number of teeth - 72 108 36 54 24 36
(Tool) addendum factor - 1.25 1.25 1.25 1.25 1.25 1.25
(Tool) tip radius coefficient - 0.3 0.46 0.25 0.39 0.25 0.33
(Tool) utilized dedendum - - 0.78 - 0.74 - 0.7
(Tool) chamfer angle deg - 45 - 45 - 45
Tip diameter mm 74.8 111.3 76.5 113.0 76.5 114.7
Usable tip diameter mm 74.8 111.0 76.5 112.4 76.5 113.9
Tip edge radius mm - 0.25 - 0.5 - 0.75
Tip relief amount um - - 45 - 65 -
Modification length mm - - 0.58 - 0.96 -
Base tangent length mm 29.4 41.8 27.8 46.2 323 41.8
Measured number of teeth - 10 14 5 8 4 5
Transverse contact ratio - 1.18 1.19 1.20
Material Steel Plastic Steel Plastic Steel Plastic
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Fig. 3 Nominal tooth root v kstA,POM @ kst-B,POM a4 kst-C, POM
stress for different gear ge-
ometries kst-A, kst-B, kst-C — 5
according to VDI 2736 [1] and & 250 v Oruz = 80°C
ACORARS [9]; ¥y ~ 80°C; @ @ 200 v v
see [10] ® %
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Fig.4 Calculated actual contact ratio for the test results shown in 1

Fig. 3 according to ACORA [8]

To estimate the probability of failure for the test
gears, the referenced load level is evaluated according to
Rossow [14] and illustrated in Fig. 5 as a normal probabil-
ity plot. It is expected that the higher amount of scattering
of kst-C compared to kst-A or kst-B is due to the already
mentioned cavities in the root area of kst-C. As kst-A has
twice as much teeth compared to kst-B, a higher probability
of failure for kst-A, as seen in Fig. 5, is reasonable.

6 Influence of the resonance ratio on bending
strength of POM

In general, gear pairings are vibrating systems. Depending
on the vibrational state, the tooth loads may be higher due
to dynamic forces, compared to the static model underlying
the analytic tooth root stress calculation methods. There-
fore, according to DIN 3990 [2]/ISO 6336 [3], operation at
the resonance speed ng must be avoided. For ranges near

@ Springer
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Fig. 5 Probability of failure due to root breakage evaluated according
to Rossow [14]

the main resonance speed, the additional dynamic forces
can approximately be allowed for by the dynamic factor
K.

Like the fundamental frequency, the resonance speed is
proportional to the square root of the stiffness divided by
the mass of the system under consideration [2, 3]. Because
of the low Young’s moduli of thermoplastic materials, the
mesh stiffness ¢, of a steel-plastic pairing is about 1/50 of
the stiffness of a steel-steel pairing. Additionally high per-
formance plastic gears often feature a steel hub (compare
Fig. 2), which results in a relatively high mass. Accord-
ing to DIN 3990 [2]/ISO 6336 [3] the dynamic operating
condition is expressed as the resonance ratio N which is de-
fined as the operational rotational speed of the gear under
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Fig. 6 Nominal tooth root 120

stresses for different resonance &8
ratio test cases; kst-B; according
to ACORARS [9]

—_
[e2] o] o
o o o
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Table 3 Experimentally derived K, for POM
N <0.6 06<N <14 N =>14
K, 1.0 1.2 1.0

consideration divided by the resonance speed ng (compare

Eq. (7).

N:n_l:nl'”'zl [ Mred )
ng1 30000 cy,ACR

Hence by calculation, the resonance speed of test gear
kst-B is about 1100 rpm. To check whether dynamic forces
can have a significant effect on the bending strength of
plastic gears, fatigue tests are performed at approximately
equal torque levels, but at different rotational speeds and
therefore different resonance ratios.

Fig. 6 shows the tooth root stress values orp acr accord-
ing to ACORARS [9] corresponding to the failures due
to tooth root breakage/crack. Tests at a resonance ratio
of N ~ 0.8 fail at significantly lower numbers of cycles
compared to tests at a more subcritical resonance ratio of
N =~ 0.6. Highest fatigue durability is obtained in the su-
percritical range (N > 1.4), while the differences between
tests at N ~ 1.4 and N ~ 2.8 are almost negligible. There-

fore, it can be stated that supercritical operation can have
a positive effect on the bending strength of plastic gears.

7 Interpretation of the test results and integration
into state of the art bending strength
calculations according to VDI 2736

The maximum root strength ofgvpr—acr according to
Sect. 4 is plotted in Fig. 6. Obviously ogg,vpi—acr corre-
lates well with the subcritical test results. This indicates
that the permissible root stress according to VDI 2736 [1]

108 107 108
Load Cycles N,

is valid for subcritical operation near the resonance speed
(N = 0.8). In contrast, for supercritical conditions the
permissible tooth root stress can be higher. To consider this
for the calculation of the maximum root strength org acr
according to Eq. (8), a dynamic factor of the test gears
K, is used to consider the fact that org,vpi—acr correlates
with subcritical operation near the resonance speed and can
be higher for supercritical conditions.

OFG,ACR = OFlimN * YsT* Yot - Ky (8)

Consequently, when calculating of acr, according to
Eq. (9), the resonance ratio has to be considered by the
dynamic factor K,. Here, the dynamic factor is empirically
estimated based on the test results according to Fig. 6 and
determined conservatively according to Table 3.

F
b-my,

©))

0FACR = Ky Yra- Ysa- Yeacr - Yg -

8 Comparison of test results with bending
strength data according to VDI 2736

Following the assumptions of the previous sections, the per-
missible tooth root stress values based on VDI 2736 [1] are
compared to the test results in Fig. 7.

The test results are plotted as a semi logarithmic par-
tial regression line considering an estimated probability
of failure of 10% according to Eq. (10) by assuming
JxF,50%—10% = 0.95 (see Fig. 5). Here, a failure probability
of 10% is chosen rather than 1% (see [2, 3]), because of
the limited number of tests per variant.

OF,10% = fxF,50%—10% * OF,50% = 0.95 - OF 50% (10)
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Fig.7 Comparison of maxi- ®
mum root strength ogg acr and
root strength according to exper-
imental tests of gear geometries
kst-A and kst-B according to
ACORARS [9]

=== OFG,ACR,60°C
— UFG,ACR,80°C
====* OFG,ACR,100°C

60

Tooth root stress in N/mm?
S
o

[s]
o

[POM; K7 =1.2]

0
10°

Fig. 7 indicates very good correlation of the evaluated
test results of kst-A and kst-B for a tooth temperature
Urus &~ 80°C and therefore confirms the sufficient accuracy
of the tooth root stress o r acr calculation method. Further-
more, the test results for Y,z ~ 80°C and Jgg ~ 60°C
correlate well with opg acr, Which is based on opimN ac-
cording to VDI 2736 [1]. However, the spot check tests for
Urg &~ 100°C indicate a significantly higher permissible
stress level for this temperature level.

9 Summary

A modified method, called ACORARS [9], is introduced to
consider load-induced deflections for calculating the tooth
root stresses of cylindrical steel-plastic gear pairings. Ex-
perimental tests confirm the necessity to take deflections
into account as, according to VDI 2736 [1], the permis-
sible tooth root stress levels for test gears with different
gear geometries, but made of the same material, partially
deviate by values greater than 100%. Furthermore, experi-
mental results show that the resonance ratio may also affect
the bending strength of POM gears and therefore has to be

@ Springer
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considered in load carrying capacity calculation. Tests per-
formed at a speed close to the resonance speed (N & 0.8)
correlate with the maximum root strength data derived from
VDI 2736 [1]. At higher speeds (N > 1.4), the experimen-
tally tolerable stress is about 20% higher compared to the
maximum root strength derived from VDI 2736 [1]. There-
fore, it is important to note that for the chosen POM material
with adequate cooling/lubrication provided, higher speeds
in the supercritical range are not critical but even result in
higher durability when compared to subcritical operation.
The presented calculation method includes, by extending
an approach based on VDI 2736 [1], the effects of load-
induced deflection as well as dynamic tooth forces and fur-
thermore allows maintaining of the known fatigue strength
data opmn according to [1].
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Appendix

Nomenclature

AACR - Auxiliary factor used to [9]
calculateYs acr

b mm Face width -

c N/(mm-pm)  Single stiffness 2]

Cy,ACR N/(mm-pm) Modified mesh stiffness [9]
according to ACORA

o - Transverse contact ratio [2]

Ea,w - Actual contact ratio [8]

F, N Nominal tangential load -

K, = Dynamic factor 2]

K. = Dynamic factor of the test -
gears

my mm Normal module -

Mied kg/mm Relative mass of a gear pair [2]

n min~! Rotation speed of pinion [2]

nEg; min~! Resonance speed of pinion [2]

N - Resonance ratio [2]

Np - Number of load cycles -

SEmin - Minimum required safety [1]
factor for tooth root stress

OF0.ACR MPa Nominal tooth root stress [9]
according to ACORARS

O F.ACR MPa Tooth root stress according -
to ACORARS

OFG MPa Maximum root strength [1]

OFG.ACR MPa Maximum root strength -
according to ACORARS

OFG,VDI—ACR MPa Maximum root strength
derived from VDI 2736

OFlimN MPa Fatigue strength under pul- [1]
sating stress

Drus °C Root temperature 1

Ye acr - Modified contact ratio factor [9]
according to ACORA

Yer - Contact ratio factor of the -
test gears

Yg - Helix angle factor [1]

Yra - Form factor (DIN 3990 2]
Method C)

Ys. - Stress correction factor [2]
(DIN 3990 Method C)

Ysr - Stress correction factor of [1]

the test gears
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