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Management Summary

In experimental analyses, the pitting load capacity of
case-carburized spur and helical gears is determined in
back-to-back test rigs.

Included for testing are one type of spur gear and eight
types of helical gears, with tests for the determination
of influences of varying load distribution, overlap ratio
and transmission ratio. The test results are presented
and evaluated on the basis of the pitting load capacity
calculation methods of ISO 6336-2/DIN 3990—Part 2.

A new DIN/ISO-compatible calculation method for
pitting load capacity is presented. This new calculation
method analyzes helical gears more adequately than ISO
6336-2/DIN 3990—Part 2, and has the ability to consider
tooth flank modifications. The new calculation method is
applied to test results and gears of a calculation study. It
shows better agreement with the experimental test results
than the present ISO 6336-2/DIN 3990—Part 2.
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Introduction

Modern gears are designed with helical teeth to improve
their noise behavior and the pitting load capacity. Therefore,
a verified calculation method to determine the pitting load
capacity of helical gears is essential.

ISO 6336-2 and DIN 3990-Part 2 calculate a higher-
endurance torque for helical gears than for spur gears of the
same size and material, but experimental research on the pitting
load capacity of helical spur gears is lacking (Refs. 2, 3).
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Thus the research project FVA 284 I/II “Helical Gear”
(Ref. 10) was initiated to analyze the pitting load capacity
of helical gears, theoretically and experimentally. Spur and
helical gears of the same size and material batch were tested
to determine the influence of the helix angle. The endurance
contact stresses were calculated according to ISO 6336-2/
DIN 3990—Part 2, based on the experimentally determined
fatigue-endurable torques. The results are shown in Figure
1, which shows that the expected pitting load capacity of
6,,= 1,500 N/mm® is only reached by the spur gears, not
by the helical gears. Consequently, the calculation methods
according to ISO 6336-2/DIN 3990-Part 2 determine the
pitting load capacity of spur gears more accurately than for
helical gears.

In order to confirm these results, additional tests (Ref.
12) were conducted. These tests prove the main result of
FVA 284 /Il (Ref. 10)—i.e., the calculated pitting load
capacity for helical gears is too high. Consequently, the
calculation of helical gears according to ISO 6336-2 has to
be reconsidered.

Optimum tooth flank modifications for uniform pressure
distribution result in maximum pitting load capacity. Hence
the research project FVA 284 Ic analyzed the influence of
several tooth flank modifications on the pitting load capacity
of helical gears.

The theoretical part of this research project included
the development of a new DIN/ISO-compatible calculation
method to determine the pitting load capacity of gears,
especially helical gears. This new calculation method analyzes
helical gears more accurately than the existing ISO 6336-2/
DIN 3990-Part 2 and includes the influence of tooth flank
modifications.

Test Program and Test Gears

One spur and eight helical gears were ground with
different tooth modifications for varying load distribution.
Table 1 summarizes the main geometry and details on tooth
modifications of spur gears Gk and the helical gears SO, Slk
and Stk.

The gear type Gk corresponds to the gear type of FVA
284 Tb (Ref. 12) and, except for a small lengthwise crowning
on the pinion, the reference gear of FVA 284 I/II (Ref. 10).
Hence this gear type is used to verify the results with the spur
gears of FVA 284/1 and 284 Ib. The helical gear type SO has
no modifications, except for a small lengthwise crowning on
the pinion. Type Slk has a long tip relief on the pinion and
wheel to achieve uniform pressure on the line of contact. The
gear type Stk is modified with a generated relief and a short
tip relief for optimally uniform pressure distribution. The
necessary modifications were determined according to the
calculation method in Reference 11, which is based on the
pressure distribution calculated with the program RIKOR G
(Ref. 8). The whole calculation is included in the program
RIKOR H (Ref. 7).

The test gears are made from case-hardened steel
18CrNiMo7-6. The gears were case-carburized and ground

after the teeth were cut. The case depth conformed to Eht =
0.15-m_according to DIN 3990-Part 5.
Measuring Gear Quality

The test gears were measured on a Hofler/Klingelnberg
EMZ 402 3D-coordinate measuring machine. The quality was
determined according to DIN 3960 by measuring the profile
along the involute and across the flank, as well as measuring
the pitch deviation and the true running. The quality of all test
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Figure 1—Endurance contact stress of the spur and helical test gears
according to ISO 6336-2/DIN 3990-Part 2 (Ref. 10).
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gears averaged a value better than DIN 5.

All test gears had a flank roughness of R =0.2 ... 0.3 um.
Such a smooth flank roughness minimizes micropitting risk
and its influence on the pitting load capacity.

Test Rig

All pitting tests were run in FZG back-to-back test rigs
with a center distance a = 112.5 mm (Fig. 2). These test rigs
have a closed-power circuit with helical slave gears. Both test
rigs are equipped with a speed controller in a range of n =
50... 3,100 min™". The helical hand of the slave and test gears
is designed to cancel the axial forces on each shaft.

Test Conditions

According to the test conditions in Reference 4, the tests
were run with constant load until the pitting area exceeded
4% of the active flank area of one tooth, or until a maximum
running time of 50-10° load cycles on the pinion. All test gears
were run in for 6,000 load cycles on the pinion, with a normal

test pinion 1 torque measuring clutch slave pinion 3 driving shaft
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load clutch slave wheel 4

Figure 2—FZG back-to-back test rig with a = 112.5 mm.

Table 2:

Main lubricant data of FVA reference lubricant
no. 3 + 4 % Anglamol 99

viscosity

. . at 40 °C: v40 96 mm?/s

k|_nema_t|c at 60 °C: v60 39 mm?/s
viscosity

at 80 °C: v80 20 mm?/s

_ at 40 °C: n40 85 mPas

dynamic ™ 8 C. 140 34 mPas
viscosity

at 80 °C: n40 17 mPas
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Figure 3—Experimentally determined endurance contact stress o, for
50% failure probability, according to ISO 6336-2.

Oy —

contact stress of 6, = 1,000 N/mm?, and 18,000 load cycles
on the pinion with 6, = 1,200 N/mm®. The pinion speed was
n, =100 min". Test lubricant was the FVA-referenced oil
No. 3 mixed with four percent Anglamol 99. Table 2 shows
the lubricant viscosity. The lubricant was injected in the gear
mesh with a temperature of 60°C and a volume flow of O, = 2—
3 I/min. All tests were run with a driving pinion and driven
wheel. The pinion speed was n, = 3,000 min™'. Consequently,
the circumferential speed at the pitch point was v, = 17.3 m/s
for type Gk and v, = 16.9 m/s for SO, Slk and Stk.
Evaluation of the Test Results

Figure 3 shows the contact stress 6, calculated according
to ISO 6336-2 and based on the fatigue-endurable torque for
50% failure probability. The results are shown in Figure 3.
Figure 4 shows the fatigue-endurable torques on the pinion
of the four gear types—Gk, SO, Slk and Stk—which have the
same transverse contact ratio of € =1.5. In comparison to
the referenced spur gear Gk, the best modified helical gear
type Stk transmits approximately 32% higher torque, while
the endurance contact stress according to ISO 6336-2 is
11% lower. Without flank modifications (gear type S0), the
increase of torque is about eight percent compared to the spur
gear reference; the endurance contact stress according to ISO
6336-2 is 19% lower.

Summary of test results:

* Helical gears with equal transverse contact ratio transfer a
higher torque than spur gears.
* For helical gears, the experimentally determined endurance
contact stress 6, is smaller than the value calculated
according to ISO 6336-2.
* Tooth flank modifications that give uniform stress
distribution increase the pitting load capacity.

New DIN/ISO-Compatible Calculation Method

Following is a practical calculation method. This method
is independent of a calculated pressure distribution, and
compatible with the actual ISO 6336-2/DIN 3990-Part 2.
Since the maximum contact stress is approximated with
simple equations, the pitting load capacity can be determined.
It is planned to consider this calculation method in the new
ISO 6336-2 as method B.

In FVA 284 I/1I, a calculation method was developed,
based on the knowledge of the local contact stresses. This
method is described in Reference 11.

The modernized calculation method presented here is
called RV II (Rechenverfahren II), and uses double-signed
variables like 6", . The actual ISO 6336-2 uses no signed
variables; e.g., G,

Nominal contact stress 6",

See Equation 1 on page 49.

defines the basic value 6", used in calculation method II
(RV ID):

The factors Z,, Z, and Z_are identical to the same factors
in ISO 6336-2.
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Factor Z"B' According to ISO 6336-2, ZB is calculated
with:

Zg =/cos B

Based on the results of the research projects 284 I/II (Ref.
10), 284 Ib (Ref. 12) and the present research program, the
factor Z"  is redefined as

1

" = 2
“ cos B @

7" is an empirical factor, which takes the research results
for helical gears and theoretical thoughts into account. For
gears with only a small helix angle, the factor Z"; should be
similar to the factor ZB’ according to ISO 6336-2. This factor
is valid for helix angles between 0° and 35°. The factor Z"B is
shown in Figure 5.

Contact stress ¢",. The contact stress 6", is calculated
according to Equation 3. Compared to the nominal contact
stress 6", , the contact stress 6", considers stress increasing
influences resulting from non-uniform load distribution,
additional dynamic force and so on.

n1n=Zuwp Al Ka Ky - Kyp- Kig 3

The load factors K, K, K 16 and K, are the same as in the
actual ISO 6336-1.

Factor Z", . The single-pair tooth contact factor Z",
considers that the relevant contact stress for pitting is not
necessarily that of the pitch point. With Equation 4, the factor
Z" ~ can be calculated to estimate the maximum contact

B/D
stress.

"o = Zap A/ Tzcar12 4
With Z

o according to ISO 6336-2 and 1,
equations 5,6,7,8 or 9 (Table 3).

The factor Z, is from ISO 6336-2. The contact stress of
point B (inner point of single contact) is important for spur
gears. So for spur gears the factor Z, " is the same as the
factor Z, , according to ISO 6336-2. In this case the factor
fzcm,z is 1.0 (Table 3). Thus the calculation method for spur
gears remains unchanged.

Factor f, . The tooth flank correction factors f,.
for pinion and wheel consider the higher contact stress at
the beginning and the end of the path of contact for helical
gears, for the case where there are inadequate tooth flank
modifications. Table 3 describes the determination of the
tooth flank correction factor.

The tooth flank correction factor f, depends on the
load and considers inadequate tooth flank modifications
through comparison of the existing and required tooth flank
modifications. Here only the amount of profile modifications is

taken into account, but an adequate length of the modifications

car» according to

Foou+l
dl'b u

O'woip =PcZe Z'3=Zy Zp Z. Z'p:

Equation 1.

140%

120%

100%
I 80%
K60%
40%
20%
0% T T T
Gk S0 slk Stk

Figure 4—Fatigue-endurable torque on pinion T, of the tested gear types
Gk, SO, Slk and Stk.

12 — -1S0 6336-2
——RV I, new calculation method
1.1
/
|
1.0 = —  — — — | —
z" B s S

" 09 =
0.8
0.7
0.6

0° 5° 10° 15° 20° 25° 30° 35°

helix angle 8

Figure 5—Helix angle factor Z'; according to Equation 2 in comparison to
Z, according to ISO 6336-2.

Table 3: Determination of the tooth flank

correction factor f, . ,.

spur gears (=0 °),

with and without fr6a1, = 1.0 ©)
modifications:
. f _ \/: Ca —Ca,
helical gears (§ >0 °), 012 Ca, (6)
with and without 11=h,,,,51.2
modifications Ca: effective amount of profile
(tip relief, root relief): modification

Ca,: tooth deflection

helical gears (B >0 °),
with profile and lengthwise
modifications,
calculated with a 3D-load
distribution program for working
load and operated at this load:

helical gears (8> 0 °),
with profile modifications,
designed for working load and
operated at this load:

11 (8)

zca12 ~

helical gears (8 >0 °),
without modifications and with-
out calculating f,, , , according
to equation (6):

f =12 (9)

zcat2
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Figure 6—Contact stress according to 1SO 6336-2 and to the new
calculation method RV II.
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Figure 7—Permissible torque according to ISO 6336-2 and to the new
calculation method RV II.

Table 5: Permissible torque for 6,,, = 1500 N/mm? according to

ISO 6336-2 and to the new calculation method (RV 1)

is required. If the whole flank topology is to be considered, the
calculation method according to Reference 11 can be used.

For spur gears, the tooth flank correction factor £, , is
1.0. Hence it is assumed that the contact stress of the inner
point of single contact (B) is higher than the contact stress of
the starting point (A) with double-tooth contact, which is the
usual case for practical spur gears.

If helical gears have no tooth modifications or only
standard modifications—Ilike tip or root relief—the factor
f, .1, 18 calculated according to Equation 6.

The value ranges from 1.1 to 1.2. For helical gears
with adequate tooth modifications, which cause maximum
contact stress near the pitch circle, the factor fzc“l,2 is 1.0.
These adequate tooth modifications are normally generated.
For helical gears with tooth modifications designed for the
working load and operated at working load, the factor f,  ,
is 1.1. For helical gears without modifications a tooth flank
correction factor f,,  , = 1.2 can be estimated.

Existing and required profile modifications. The amount
of profile modification C in Equation 6 is the actual profile
modification on the tooth flank in microns. C  is the required
amount of profile modification in microns for having the
maximum contact stress around the pitch point, not at the
beginning or the end of the path of contact. The required
profile modification can be calculated according to the
manufacturer’s experience or recommendations, according to

Niemann/Winter (Ref. 6), Sigg (Ref. 9) or Equation 10.
F,/b

Gy

Cap= (10)
The factor C  depends on the load for all recommendations.
According to Equation 10, the required profile modification is
calculated by the nominal tangential load F', the face width b
and the stiffness c, according to ISO 6336-1.
Applying the New DIN/ISO-
Compatible Calculation Method

The following contact stresses are calculated from the
fatigue-endurable torque. Figure 6 shows the contact stresses
on pinion 6, of the test gears according to ISO 6336-2, as
well as the contact stress 6",,, as determined by the new
ISO-compatible calculation method RV II. Obviously the
calculation method RV II gives the same contact stress for the
spur gear as ISO 6336-2. However, for helical gears a higher
contact stress is calculated.

The contact stresses of the different gear types o,
according to ISO 6336-2 range in a spread of £ 11% of the
mean value. According to RV I, the contact stresses 6",
range in a spread of + 2% of the mean value. Especially for
the helical gears with practice-relevant modifications (Slk
and Stk), the calculated contact stresses (RV II) are nearly the
same as the contact stress of the spur gear.

Consequently the new calculation method RV II
corresponds better to test results than the ISO 6336-2
calculation method.

?;pag e | Z | 27 | ToomeNMI | T, g [N
G 1.0 1.02 1.02 991 991
S7 1.01 1.01 1062 1044
S15 1.01 1.01 1182 1103
S22 1.0 1.0 1372 171
S30 1.0 1.0 1675 1256
S37 1.0 1.0 1981 1287
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Theoretical Study to Determine the
Influence of Helix Angle on the Endured Torque

The following study estimates the permissible torque as a
function of the helix angle according to the new calculation
method. Therefore the contact stresses according to RV II for
six different gears (Table 4) were calculated. All gears have
the same center distance, face width, transverse pressure
angle, transverse module, number of teeth, transverse contact
ratio and constant tip diameter. The permissible contact stress
is the same as in ISO 6336-2.

The maximum endurable torque can be determined for
the condition where the contact stress according to the new
calculation method is equal to the permissible contact stress
according to ISO 6336-2:

c,=0 (11)

A permissible contact stress of ©,,=1,500 N/mm? is
assumed for all gears. The load factors and f,  are set to 1.0
K, =K, K K, K, =10andf,  =1.0).

Consequently, it is assumed that all helical gears have
uniform load distribution, resulting from adequate flank
modifications.

The calculated torque 7', on the pinion and the main factors
according to the new calculation method are printed in Table 5,
and the permissible torques are shown in Figure 7. Obviously,
the permissible torque increases with increasing helix angle.
In comparison to the spur gear (G), the helical gear S30, with
a helix angle of 30°, has a 30% higher calculated torque.

Conclusions

The results of the experimental part of this research project
prove that the calculation of the contact stress according to
ISO 6336-2/DIN 3990-Part 2 isn’t accurate for helical gears.

Hence a new calculation method to determine the pitting
load capacity was developed. This calculation method is
compatible with ISO 6336-2/DIN 3990—Part 2. It takes the
maximum contact stress into account and can be used as a
new method B. This calculation method, called RV II, treats
helical gears more precisely than ISO 6336-2, and is capable
of accounting for tooth modifications. For spur gears the new
calculation method is equal to ISO 6336-2. ¥
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