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The Influence of a Grinding Notch on
the Gear Bending Strength Rating

Ulrich Kissling and loannis Zotos

Introduction

To achieve the requested quality, most
gears today are ground. The usual grind-
ing process includes treating the gear
flank but disengaging before reaching
the root rounding area. If the gear is pre-
manufactured with a tool without protu-
berance, then at the position where the
grinding tool retracts from the flank a
grinding notch in the tooth root area is
produced. Such a notch may increase the
bending stresses in the root area, thus
reducing the strength rating.

The AGMA 2001 standard does not
address this topic, but in ISO 6336-3, a
rule to consider the stress increase due
to a grinding notch is documented. The
formulas presented are based on research
done by Wirth in the 1970s. A recent dis-
cussion in the ISO Workgroup respon-
sible for the development of this standard
showed that a review of the formulas is
necessary as it is presently, the method
can be interpreted in two ways.

Modern FEM (finite element method)
tools are well-adapted to calculate the
stress in the root area, so it is possible to
perform an FEM-based parametric study
to compare the grinding notch effect as
calculated by FEM with the formulas of
the standard. Additionally, in Wirth’s
work some factors are given that are cur-
rently not considered in the standard; this
is an additional topic of this investigation.

To make such a study possible, an
option for an external FEM software was
introduced in a calculation software for
strength analysis (ISO 6336). The neces-
sary data, such as the exact tooth form
and the load at the highest point of single
tooth contact, is transferred to the pre-
processor, which automatically gener-
ates the mesh and calls the solver and
the post-processor. The main results
are the stress at the 30° (60° for internal
gears) tangent point and the maximum
stress found in the overall root area. The

Symbols used in this paper:

Symbol Description Unit
Symbols for the grinding notch

Ysq Stress correction factor for gears with grinding notch (IS0 6336)
Ys Stress correction factor for gears without grinding notch (IS0 6336)
t, Grinding notch depth mm
Py Grinding notch radius mm

N gring™ Height of grinding tool (in module)

Paring™ Tip radius of grinding tool (in module)
q Grinding allowance g mm
O Nominal tooth root stress (without load factors Ky, Ky etc.)

Symbols for gear geometry
z,b,m, ... All symbols according 1IS021771 (Ref.13)

maximum stress is typically located at the
position of the grinding notch.

For helical gears, according to the pro-
cedure given in ISO 6336-3, the tooth
form of the equivalent spur gear is gener-
ated and used for the analysis. An addi-
tional topic of interest is the following:
if a 3-D FEM analysis is useful for heli-
cal gears, how well will the results of the
FEM correspond to the equivalent spur
gear model used by ISO 63362 This is
currently under investigation and will be
published later.

In the parameter study for different
gear geometries, the grinding allowance,
the tip radius of the grinding wheel, the
grinding process (generating and form
grinding), and the grinding depth were
varied. The results provide a good over-
view of the accuracy of the outcome of
the two interpretation variants of the ISO
method for the influence of the grinding
notch — compared to FEM results. Based
on the study, the best variant can be dem-
onstrated. The formula used to obtain
the grinding notch depth used in the ISO
method is deduced and will be presented.
The position of the notch on the tooth
has an important influence, which can
now be much better considered.

To get a high-torque capacity for
today’s gears in car transmissions,
industrial gearboxes, or wind turbines,

case-carburized steel materials are used.
Such gears are pre-manufactured, then
case-carburized and surface- hardened.
The hardening process generates rela-
tively large distortions of the gears due to
the high temperatures during treatment.
A gear having quality 7 (AGMA 2015)
(Ref.2) before treatment will typically
rise to quality 9 afterwards. To realize a
good contact pattern (for high-torque
capacity) and low noise behavior, such
gears must be reshaped by grinding (or a
similar process).

Research on the Grinding Notch
Effect

The effect of a grinding notch on the
tooth bending load capacity was
researched by Wirth (Ref.1) at the FZG
in Munich in the 1970s. Wirth made
many measurements on gears with and
without grinding notches and deduced
S/N-curves. He tested gears with module
3 mm on a test bench, and other gears
with module 8 mm were measured on a
pulsator. Wirth deduced the stress in the
tooth root with the photo-elastic method.
Today, the preferred tool to analyze tooth
root stress theoretically would be the FE
method. But in the 1970s this method
was not yet fully accepted, so Wirth used
the photo-elastic method to investigate
the stress. While the method can be
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used to indicate the position of the high-
est stress, the results obtained with this
method are limited.

Wirth's test gears were ground on Maag
grinding machines; the Maag dry grind-
ing process was popular at that time but
is clearly outdated today. The pre-manu-
facturing tools used are well-defined, but
the shape obtained by the grinding pro-
cess was documented by contrast pictures
only, so the shape, position, and radius
of the grinding notch on the different
test gears can only be roughly estimated.
A profile measurement documentation
from an involute measuring machine is
not available.

We tried to recalculate Wirth’s test
gears, but, as the exact tooth form after
the grinding process is not defined as
precisely as needed, this is unfortunately
not possible. Therefore, it is not possible
today to recalculate the test gears with
an FEM analysis. So, Wirth’s impressive
research work is of little use today if we
try to reproduce his findings with mod-
ern calculation methods.

Consideration of the Grinding
Notch Effect in IS0 6336-3

In the German DIN 3990-3 (Ref.3) stan-
dard, a rule is included for the consid-
eration of the stress increase due to a
grinding notch; the same rule was later
included in ISO 6336-3 (Ref. 4). Per the
references, the method is based on a
work performed by Puchner/Kamenski
(Ref. 5), published some years earlier then
Wirth’s work. Puchner investigated the
effect of a notch situated in the center of
a bigger notch in general —not on gears.
So basically, his results can be applied
to the grinding notch case only if the
normal to the 30° tangent point in the
root rounding and normal to the 30° tan-
gent point of the grinding notch coin-
cide. Wirth (Ref. 1, pp, 6-7) documents
the formulas as used 1975 in a working
document for the ISO 6336-3 standard.
But the formulas that were published in
the first official ISO 6336 edition in 1996
are quite different from the equations as
documented by Wirth. As a result, some
changes were made later, based on the
findings of Wirth and others.

The description of the grinding notch
effect in ISO 6336-3 is not easily under-
stood, unfortunately, and can be inter-
preted in various ways. With a grinding

Tooth form Gear 1

Grinding notch parameters as displayed
in IS0 6336-3 [4]

Blue: Premanufactured tooth form. Green dashed: Grinding
the active flank area. Red dotted: Grinding to the center of
the root rounding. Green circle: Reference diameter. Dark red

circle: Base diameter.

Figure 1

notch the stress concentration fac-
tor must be substituted by ¥;, accord-
ing to Equation 1. The sketch (Fig.1a) in
ISO 6336-3 (Ref.4) shows the two impor-
tant parameters used in the grinding
notch formula: 1) the maximum depth of
grinding notch (t,); and 2) the radius of
grinding notch (p,). The depth t,is indi-
cated as the distance between the 30° tan-
gent at the pre-manufactured tooth form
and the 30° tangent at the grinding notch.

(1)
Yoo L3

) 1.3 06ﬂtg
IV P7g

There is no indication on how to calcu-
late t,and p, in the standard. For a gener-
ating grinding process, the radius p, can
be calculated, as described in chapter 6
of ISO 6336-3, just using the tooth ref-
erence profile deduced from the grind-
ing tool (using hp=h,p: tip height of the
grinding tool; pp=p,p: tip radius of the
grinding tool). The position of the point
where the 30° tangent contacts the tooth
(at the critical section) can be deduced
with the tooth root chord sy, the bending
moment arm hy,, and the load direction
angle ay,,. These points must first be cal-
culated for the pre-manufactured tooth
and the grinding notch, then the distance
between the 30° tangents through these
points is the grinding notch depth ¢,.

In a recent meeting of the ISO work-
group TC60/WG6, the calculation of
the grinding notch effect was discussed.
It became evident that two different
interpretations were possible. Experts
(Interpretation I) from the German gear
industry claimed that t,and p, must be

A (left): grinding notch parameters; B (right): different positions of the grinding notch.

taken from the printout of the profile
measuring machine. In that case, ty will
always approximately correspond to the
grinding allowance, and the radius p,,
measured on the profile diagram, will be
inaccurate because it is slightly changed
due to the transformation in the profile
measuring machine. The position of the
grinding notch, whether higher up on the
tooth or not, will then not be considered.

Other experts (Interpretation II) claim
that the pre-manufactured tooth and the
grinding notch form should be calcu-
lated, using f, as the distance between
the tangents described above. The well-
known software STplus (Ref.6), devel-
oped by FZG in Munich, and the soft-
ware KISSsoft (Ref.7) are using this
method. The approach considers the
position of the grinding notch, i.e. —the
bigger the distance between notch
(higher up) and gear root area, the
smaller is t,; therefore, the smaller the
grinding notch factor becomes.

Both interpretations will yield the
same result if the grinding notch is very
deep in the root area, in the center of
the root rounding (Fig. 1b, dotted line).
But standard practice in grinding is to
NOT do that; normally, only the active
range of the tooth flank is ground. The
grinder will emerge out of the flank
shortly after the active root diameter (dy,)
is reached (Fig. 1b, dashed line). Figure
1b (dashed line) shows a normal case of
a gear having a tip clearance of 0.25%m,
to the meshing gear. The position of the
usual grind notch is at a distance from
the root rounding area. It is evident that
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Interpretation I is on the safe side, but
probably for most practical cases it is too
conservative.

It is evident that the history of the
development of Equation 1 as the inter-
pretation of #,in Figure 1 is not so clear.
We therefore decided to calculate some
typical gearsets — using Interpretation I
and Interpretation II—and to also com-
pare the results with an FEM approach.

Root Stress Calculation by 2-D
Finite Element Method

To minimize the risk of errors by handling
a big number of gear calculations in a cal-
culation software according to ISO 6336
and in parallel with an FEM software, we
decided to integrate directly an FEM cal-
culation into the KISSsoft (Ref.7) soft-
ware, i.e.—a gearset is calculated accord-
ing to ISO 6336, after which the tooth
form is generated and then transmitted

to an external FEM program. The FEM
program selected is code aster, which has
a wide user base and can be controlled
through scripts (Ref. 10). For the same
reasons, the program Salome (Ref. 11) was
selected for the pre-processing (geometry
handling and FE mesh generation).

The accuracy in the generated tooth
profile is of great importance for the
accurate calculation of stresses in gears,
since even the smallest inaccuracies
can lead to virtual stress concentration
areas — thus influencing the results.
For that reason we were based on the
advanced tooth form calculation capa-
bilities of KISSsoft (Ref.7). Figure 2 pres-
ents the difference in the generated tooth
form when using polygon lines vs. cubic
splines to export the tooth form.

In the case of polygon lines, the high-
lighted areas result in stress peaks that do
not represent real stresses (Fig.2, right);

Figure2 Polygon lines vs. cubic splines in tooth form export.

Figure 3 Two different options for clamping locations.
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hence it was decided to proceed using
cubic splines for the tooth form export.

Regarding the analysis type used, it was
decided to proceed in a first step with the
2-D plane stress assumption. That way,
the computational time is shorter and
more cases can be computed in a shorter
time. Beyond that, 2-D plane stress is a
common assumption for gear tooth stress
analysis (Ref. 12); the smaller the gear
face width, the closer to reality is this
approximation.

For the FE mesh generation pro-
cess, an automatic meshing procedure
was selected based on the NETGEN
algorithm. Since there was a need for
the mesh generation to work flawlessly
for many different cases, it was decided
to prefer second-order triangular over
quadrangle elements, since it is known
that the latter option could result in
highly distorted elements in case of
abrupt geometry changes (as, for exam-
ple, in the grinding notch area). The min-
imum and maximum element sizes were
selected based on the normal module of
the gear analyzed, whereas a mesh refine-
ment was performed in the stress concen-
tration areas. In order to reduce the size
of the generated mesh, only a segment of
three teeth of the complete gear is ana-
lyzed. That way we manage to reduce the
calculation time without losing the infor-
mation of the area surrounding the root
of the loaded tooth. By choice of the user,
the gear is clamped either in the inner
diameter or at the sides of the segment
analyzed (Fig.3). Also, the mesh density
can be selected by the user, i.e. — with
‘very high density’ about 24 nodes are
generated in the root rounding area; the
total number of elements is 4,000; other
choices are ‘high density’ (17 nodes,
2,200 elements) and ‘medium density’ (10
nodes, 1,300 elements).

After the mesh generation is completed,
specific nodes are moved to the exact loca-
tion where results are to be extracted, such
as at the 30° tangent point. Since in stress
concentration areas (like the grinding
notch), there is a high gradient in stresses
and the exact location of the extracted
result plays an important role (Fig.4). The
mesh refinement at the stress concentra-
tion, together with the selection of trian-
gular elements and the performed mesh
quality checks, guarantee that this node
movement does not affect the accuracy of

[www.geartechnology.com]



the resulting mesh.

Spur gears. Spur gears are ideal for
a 2-D FEM analysis, because the load
distribution over the face width is not a
topic of this investigation. As in ISO 6336
(Ref. 4), the line load F,/b (F,/b=F, /cos
(a,)/b) is applied at the outer point of sin-
gle pair tooth contact (HPSTC). The load
application angle ay,, according to ISO is
used. AGMA 908 (Ref. 8) allows, for spur
gears, the choice between load applica-
tion at tip or at HPSTC. For this inves-
tigation only the more accurate method
with load application at HPSTC is used.
The load angle ¢,; of AGMA is identical
with ap,, of ISO, so the applied load is also
F,/b.

Helical gears. For helical gears, both
standards —ISO and AGMA —are con-
verting the helical geometry into a virtual
spur gear. The virtual gear is a spur gear
having the same tooth form (tooth height

Initial and final location of moved node.

Figure 4

Table 1 Basic gearsets data
*

Module | z, | x, z, X, he* [ a, B

and tooth thickness) as the helical tooth Setla | 2mm | 12 | 03 | Vvaried -0.3 1.0 1.25 0.38 20° 0°
in the normal section. Then, to get the Setlb 2mm 12 0.3 varied 0.0 1.0 1.25 0.38 20° 0°
stresses, the same formulas are used as Setlc 2mm 12 | 03 varied +0.3 1.0 1.25 0.38 20° 0°
for native spur gears Setld 2mm 12 0.3 varied -0.3 1.0 1.25 0.10 20° 0°
) . Setle | 2mm 12 | 03 varied 0.0 1.0 1.25 0.10 20° 0°

Therefore, for the FEM analysis we  [“gotif | omm | 12 | 03 | varied | +03 | 10 | 125 | 010 | 20° | 0°

transform the gear geometry into the vir- Module | 2z, | x, 2 X, he* | hp* o o, B

tual spur gear (as given by the rules in | Set2a | 6mm | 25 [0.25[ varied 0.0 10 | 125 | 038 | 20° 0°
ISO or AGMA). The tooth form of the Set2b | 6mm | 25 | 0.25| varied 0.0 1.0 1.25 0.10 20° 0°
Virtual gear is then generated and trans- Set2¢ 6mm 25 0.25 varied 0.0 1.0 1.25 0.10 25° 0°

Set2d | 6mm 25 | 0.25 varied 0.0 1.0 1.25 0.10 20° 20°

terred to the FEM procedure. The load,

load position at HPSTC, and load angle
in the FEM model are transferred, as
described for the spur gears.

Calculating the bending stress in the
root area, using the virtual spur gears for
helical gears, is a certain simplification.
That is why both the ISO and AGMA
standards use an additional factor to
compensate for the difference in stress
obtained on the virtual spur gear and the
effective stress in a helical gear. In ISO, the
stress obtained on the virtual gear is multi-
plied with helix angle factor Y. In AGMA,
the stress is multiplied by 1/(C,*K,) (C,:
helical overlap ratio, K,: helix angle factor
(Ref.8)). Therefore, the stresses obtained
by FEM in the documentation are multi-
plied with these factors to provide values
that can be compared to the stresses, as
given by ISO or AGMA.

It is clearly interesting to compare
stresses obtained by the standard for heli-
cal gears with a 3-D/FEM analysis. That
is why we decided to have an option in
the software to generate data for a 3-D
analysis, which is discussed further on.

Comparing Gear Stress According
to 1S06336 and AGMA 2101

with 2-D/FEM Results (on Gears
without Grinding Notch)

The aim of this investigation is the evalu-
ation of the grinding notch effect. Before
performing this task we wanted to test
the FEM method used with ‘normal’
tooth forms and compare the results with
ISO 6336 and AGMA 2001. For a good
test, we wanted to check a wide range of
examples, but this is difficult as FEM cal-
culations are time-consuming.

We therefore decided to integrate
the entire calculation procedure in an
Excel calculation in order to automati-
cally calculate multiple variants and to
control interesting inputs and outputs.
This is possible using the COM inter-
face of KISSsoft (Ret.7). The Excel appli-
cation permits us to load a gear pair
example and then execute through dll-
calls an ISO 6336, an AGMA 2001, and
finally —a call of the tooth form calcula-
tor with appended FEM calculation.

Gear parameters can be changed auto-
matically, step by step; the calculations
can be performed and the results can be
stored and displayed in an Excel graphic.
We selected several basic gearsets (Table
1) and varied, with the Excel application,
the tooth number of the gear (from 16 to
200 teeth) in six steps. Thus we obtained
results from multiple gearsets and could
verify the best possible FEM method.

In the graphics, the following results
are displayed on the Y-axis:

o From FEM: the maximum stress on

the gear found in the root area, the

stress at the 30° tangent point accord-

ing ISO 6336, and the stress at the Lewis
parabola point according AGMA908.

o From IS0 6336: The nominal tooth
root stress op.

o From AGMA 2001: The nominal bend-
ing stress number oy, (equal to oy, if all

K-factors are in unity)

On the X-axis, the tooth number of the
gear is displayed.
The results displayed in Figure 5a-5f

November/December 2018 | GEARTECHNOLOGY 67



P

=g Bending stress 1506336-3

g FEM: Maximum bending stress

FEM: Stress at 30°tangent position (acc. 1SO)

=——g— Bending stress AGMA2001

= == = FEM: S5tress at Lewis position (acc. AGMA)
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Figure 5 Bending stress o, results with module 2mm gearsets.
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6d: Set 2d, B =20°, m, 6 mm, z, 25, p,,* 0.38

Figure 6 Bending stress results with module 6 mm gearsets.

and Figure 6a-6b are interesting. For
example, the curve shapes over the gear
tooth number for the maximum FEM
stress and for the ISO stress are very
similar. ISO stresses are always higher
than the FEM results — between 5% to
15%, depending on the case. Therefore
ISO values are on the safe side, which
is reasonable for a simplified analytical
method. In some cases the maximum
FEM stress and the FEM stress found at
the 30° tangent point are identical, which
means that the highest stress found by
FEM is located exactly at the 30° tangent
point.

AGMA stresses compared to FEM
results also show a relatively similar curve
shape. But often, AGMA stresses are
lower than the FEM results. We found
AGMA stresses below FEM stresses spe-
cifically for:

« Higher profile shift, x

o Smaller root radius of the reference
profile pgp*

« Higher tooth number of the gear

AGMA results are probably too opti-
mistic in these cases. And as the FEM
stresses found at the Lewis parabola point
(according AGMA) in most cases are
a bit smaller than the stresses found at

the 30° tangent point (according ISO),
it seems that the 30° tangent is a better
approach for the location of the section
with highest stress. It must be noted that
AGMA 908, with ‘tip loading’ instead
of load at HPSTC, gives much higher
stresses; so ‘tip loading’ is on the safe side,
but not ‘load at HPSTC!

It must be noted that we did not
directly compare the FEM results with
measured data on the tested gears
because we know that ISO 6336-3 rules
were tested with measurements (Ref.12).
So, we compared with analytical results
obtained by ISO rules; this allowed us to
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check a much higher number of exam-
ples. Overall, the tests confirmed that the
FEM method is well-adapted to check
and compare with stresses according ISO.
Therefore, this method can be used for
the grinding notch analysis.

Root Stress Calculation by 3-D
Finite Element Method

It is very interesting to compare the
results from the root stress calculation
using a 3-D FEM approach with the
results from the bending stresses calcula-
tion using the ISO and AGMA standards
for helical gears.

But the grinding notch effect as
explained in ISO 6336 is based on the
equivalent spur gear, so 2-D FEM is best-
fitted for this research. In this study the
3-D FEM results will not be used; they
will be given in further publications.

Grinding Notch Effect Calculation
by 2-D Finite Element Method

The application of the 2-D/FEM calcula-
tion, as previously discussed, provides
good results and therefore will be used
to investigate the grinding notch effect,
as grinding notches, especially when
form grinding is used, can be quite sharp.
Therefore, all calculations were made
with very high grid density.

To check the grinding notch effect, we
calculated the same gearset (Table 2) with
different grinding tool tip height ().
So, the position of the grinding notch is

able Ba gjea i3
Module | z, | Xy | 2, | X, | hgins® | Pging™ | Grinding a, [ t,

Set3a | 6mm | 25 [0.25]| 76 [-0.25| varied | 0.10 | generation | 20° | 0° | 0.16mm
Set3b | 6mm 25 |0.25| 76 |-0.25| varied | 0.02 | generation | 20° | 0° | 0.16mm
Set3c | 6mm | 25 |0.50| 76 |-0.50| varied | 0.20 form 20° | 0° | 0.16mm
Set 3d 6mm 25 [0.50| 76 |-0.50| varied | 0.10 form 20° | 0° | 0.16mm
Set3e | 6mm 25 |0.25| 76 |-0.25| varied | 0.10 | generation | 20° | 0° | 0.32mm
Note: b=44mm, T,=3600 Nm, Bending safety S;, acc. IS0 ca. 1.4
Grinding Allowance 0.16 mm; pre-manufacturing h,s* =1.32, p;» =0.38 (Ref. profile final tooth h*=1.25)
FEM: Very high mesh density, clamped at the sides of the segment

varied, starting from a position near the
root diameter (in the center of the root
rounding), going higher up to the nor-
mally used positions (near the active root
diameter), to a last point in the active
flank range (which, in practice, should be
avoided) (Fig.8).

Generation grinding with two differ-
ent grinding tip radii and form grind-
ing with two different grinding tip radii
is checked, including different grinding
allowances (Table 2).

Different gearsets were analyzed, and
an extract of the results is displayed
(Fig.7); the most important parameters
to check are:

« The height of the grinding tool, A,
« The tip radius of the grinding tool, p,;
o The grinding allowance, g

The radius of the grinding tool is pro-
ducing the grinding notch radius p,,
which will be very different if generat-
ing grinding or form grinding is used. A
grinding tool radius p,,;,,= 0 will still pro-
duce a notch radius of (approximately)
p,=0.17*m, in a generating grinding

process, but will produce a sharp edge
when form grinding is used. The latter
is bad practice and should be avoided.
We checked generating grinding with tip
radius on the tool p,,;,;*=0.1 and 0.02;
form grinding with p,,;,;*=0.2 and 0.1.

The grinding allowance q used in
most cases of the study is a standard
value according DIN 3972 III, which is
often applied in gear manufacturing. If
the grinding is increased, then the notch
radius p,is unchanged, but the notch
depth t,is bigger, therefore increasing the
notch effect. As displayed in Figure 7a
and 7e, the stresses are higher in 7e with
twice the grinding allowance q.

All the diagrams in Figure 7 show the
maximum bending stress oy, in the root
area, calculated with FEM and with the
analytical method according ISO6336-3
for Interpretation I and Interpretation II,
as discussed earlier. The FEM stresses in
all gearsets are highest when the grind-
ing notch is in the lowest position in the
center of the root rounding (Fig. 8, right).
The higher up the position of the notch,

Figure 8 Grinding notch depth tg according to Interpretation Il for a notch position in the dy; area (left) and for a notch position very low

in the root rounding area (right).
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the lower are the stresses. From a cer-
tain position on, the stresses are constant.
Constant stress behavior indicates that
the location of the maximum stress is no
longer in the grinding notch —but in the
root rounding area.

The analytical calculated stresses
according ISO, using Interpretation I
(constant t,), demonstrate a very differ-
ent behavior. The highest value is at the
same position as the FEM stress, but with
higher position of the notch, the stress
first decreases a bit, but then remains
constant and even starts to increase
slightly (due to the fact that the grinding
notch produced by generating grinding
is decreasing with higher position of the
tool).

The stresses according to ISO, using
Interpretation II (¢, used, as indicated in
Figure 8, left) is identical to the stress
according to Interpretation I in the lowest
notch position, but then it decreases sig-
nificantly to become constant at a higher
notch position — or very similar to the
FEM results. We found similar behavior
between FEM and Interpretation II in all
gearsets we checked.

Also important to note is that, with
few exceptions, the FEM stress is always
lower than the Interpretation II stress,
meaning that the ISO approach is on the
safe side; the exceptions found are all
cases where the notch is in a low posi-
tion. As already mentioned, gears are

Annex A: Formulas Used to Calculate the Grinding

Notch Factor ¥;,

In ISO 6336-3, only the equation for ¥, is documented, but y
there is no indication of how to get the notch depth t,and
radius p,. For an outer gear, the notch geometry data can be
obtained as follows: All symbols are according to the defini-

tions in ISO 6336-3 (Ref. 4).

All data needed for the form factor Y; (see previous Root
Stress Calculation by 3-D Finite Element Method) (Ref.4))
must be calculated twice — first for the pre-machining tool,

and then for the grinding process.

normally not ground so deeply into the
tooth rounding area.

The conclusion is that the use
of Equation 1 for Y, according to
Interpretation II, yields realistic results;
whereas, Interpretation I is greatly over-
estimating the notch effect when the
notch is in a position just beyond the
active flank area (the most-often-used
procedure in manufacturing).

Conclusion

Depending on the pre-manufacturing
process, often a so-called ‘grinding notch’
is created during grinding at the posi-
tion where the grinding tool retracts
from the flank. The maximum bending
stress, which is normally in the tooth
root rounding area, is increased due to
a grinding notch. ISO 6336-3 disposes a
method that considers the grinding notch
effect. The application of this method is
analyzed in this paper.

The investigation is made with an FEM
tool, which is directly and automatically
combined with a verification according
to ISO 6336. Therefore, many different
gearsets could be analyzed, comparing
the maximum stress obtained in the FEM
analysis with the stress calculated accord-
ing ISO 6336. To validate the method,
first a set of gears without a grinding
notch were calculated; FEM, ISO 6336,
and AGMA 2101 results are compared.
The outcome is very satisfactory in that

P

good agreement between FEM and ISO
results was obtained. It is therefore evi-
dent that the method can also be used for
the investigation of the grinding notch
effect.

The grinding notch depth #,used in the
grinding notch formula in ISO 6336 can
be interpreted in two ways. Interpretation
I basically does not consider the position
of the notch (in the tooth height direc-
tion), whereas Interpretation II considers
the effective notch depth in dependency
of the notch position. Many gearsets with
different position of the grinding notch
(generated by a different tip height of the
grinding tool), different grinding tool
tip radius, form and generating grinding
processes, and different grinding allow-
ance are analyzed. The FEM results con-
firmed that the stress increase through a
grinding notch significantly depends on
the notch position. The results accord-
ing Interpretation II show good consis-
tency with the FEM results. In contrast,
Interpretation I results are overly conser-
vative, partially showing even contradic-
tory (unrealistic) stress values.

As the method to calculate the grind-
ing notch depth #,and the grinding notch
radius p,is not documented in ISO 6336-
3, the formulas to obtain these values are
explained. (&

A

Flank Grinded

30°

7
o— >
Gear =
Center

Flank Pre-machined

30°

Figure 9 Grinding notch geometry points; P1: 30° tangent point of
root rounding; P2: center of root rounding radius; P3: 30°
tangent point of grinding notch.
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Pre-machining tool data. A first cal-
culation of ¥; with the basic rack profile
data of the pre-machined gear — using
the pre-machining manufacturing profile
shift xz,,, —must be made to get s, z,, 0,
G, pp» Pr» according to ISO 6336-3.

PointP1(x,y,): x,=S,:/2
My o _G__pPm
iin =75 [Z"COS(3 9)+( cos9Y m, )]
o d 1
= A
NZrt z( <cos/3b)2)

PointP2 (x,, y,): X, =X, +pp- cos(%)

V2=Yo+ P sin(%)

Grinding tool data (generation grind-
ing). For a generating grinding process,
a second calculation of Y. with the basic
rack profile corresponding to the grind-
ing tool data (Fig.10) — using the final
manufacturing profile shift x;, hy,;,, for
hp and p,,;,4 for pp— must be made to
get s, , F, 0, G Py Prp according to
ISO 6336-3.

PointP3 (xs, y5):  x3=S,,/2

oy s Gy _ Pry
Vstng == [z,, cos( 3 Sg) + ( s8, 1M )]

o d 1
= =_1-—
y3 yang + 2 ( (COS /31,)2 )

Reference profile
preliminary treatment

m2*m
New
Pre hae
Neap
F h
R |

m™2*m

Pgrina

Reference profile grinding treatment
(Generation grinding)

Figure 10 Definition of the gear reference profile for the grinding process.

Grinding notch data.

30°

Then the grinding notch

geometry is obtained with:
t,= P,P;-cos(y)-Prand Pg= Prg

In this paper, the formulas
for outer gears using generat-
ing grinding are documented.
The method to get the grind-
ing geometry for form grinding
is similar, but simpler, because
the notch radius is equal to the
grinding tool tip radius. For
inner gears, both for generating

Figure 11  Grinding notch depth &,
With g=arctan (% z:z Z )

we getangle Pl1-P2-P3 Yy =%—£

ﬁ: V (Xz—x3)2 + ()’2—)/3)2

For Related Articles Search

and form grinding, a very simi-
lar approach can be used.
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