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Optimization of the Gear Profile Grinding
Process Utilizing an Analogy Process

Christof Gorgels, Heiko Schlattmeier, and Fritz Klocke

Equidistant infeed of grinding wheal

Radial infeed of grinding wheel

Figure 1—Local stock removal depending on the process strategy.

Management Summary

The requirements for transmission gears have con-
tinuouslyincreasedin pastyears, leading to the necessity
for improvements in manufacturing processes. On the
onehand,thematerialstrengthisincreasing, whileonthe
otherthereisademandforhighermanufacturingquality.
For those reasons, increasing numbers of gears have to
be hard-finished.

The appearance of grinding burn in gear profile
grinding, especially when using dressable grinding
wheels, seemed to increase over the past years. As we
know, grinding burn reduces the load-carrying capacity
of gears tremendously. Conversely, costs need to be cut
inordertoassureacompany’scompetitive positioninthe
global market. And yet, reducing the machining timesin
gear grinding still increases the risk of producing grind-
ing burn (Ref. 1).

In order to grind gears burn-free and as produc-
tively as possible, a better understanding of the process
is required. This is especially important for gear profile
grinding,duetothecomplexcontactconditionsbetween
workpiece and grinding wheel (Refs. 2-3). In this article,
ananalogyprocessandaprocessmodelwillbe presented
in order to gain a closer look into the process. Finally,
different process strategies will be analyzed using the
presented processmodelinordertogiveexamplesforthe
use of the described calculations.
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Introduction

Discontinuous gear profile grinding is com-
monly used in the manufacture of large-module
gears. And because the batch sizes are typically
smalltomedium, the process must be highly flex-
ible. In order to achieve this flexibility, dress-
able—ratherthan CBN-plated—grinding wheels
can be applied. But in using these tools, the
process robustness can be compromised by local
structural damage—such as grinding burn—to
the external zone.

In tooth-flank profile grinding, due to the
variation of contact conditions along the profile
between grinding wheel and tooth flank, process
optimization is difficult. And in comparison with
othergrindingprocesses, theseconditionsclearly
lead to varying grinding conditions along the
profile. Examination of the complex geometrical
andcontactconditionsrequiresfundamentaltech-
nological investigations in an analogy process.
In this way, the relationship between various
material removal conditions can be investigated
as functions of the machining parameters and
grinding wheel specifications.

The purpose of this article is to develop a
better process understanding in order to use
new potentials for process optimization. The
knowledge gained in the analogy process is the
basis for a new mathematical model, allowing
that understanding to be transferred to the real
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In this article, two examples of local grinding

burn—dependent upon the process strategy— Figure 3—Typical grinding burn for equidistant infeed of the grinding wheel.

will be shown. For these trials, a typical truck
gearfromthecase-hardened steel 20MnCr5E has
been ground using a dressable, white corundum
grindingwheelandusingdifferentprocessstrate-
gies.The tooth gaps have all been pre-ground in
order to remove the influence of heat distortions
and to ensure a constant stock removal in either
infeed or equidistant direction.

The results for a radial infeed of the grinding
wheelwithoutgrinding the tooth rootare shown
in Figure 2. In the trials, a variation of the spe-
cific stock removal rate Q'w has been realized by
a variation of the axial feed speed f . The picture
in the lower left shows the tooth flanks after nital
etching. It is readily apparent that the grinding
burn appears only in the area of the tip flank.

Additionally, technological trials have been
conducted with a constant stock removal along
the gear tooth profile (see results in Figure 3).
The specific stock removal rate Q'w varies in
this operation along the tooth profile.The values
shown in the chart are calculated at the index-
ing diameter in order to be comparable to the
previous results. The picture in the lower-left
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Discontinuous gear profile grinding

Non-orthogonal face grinding

Figure 4—Analogy process for gear profile grinding.
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Figure 5—Workpiece data.

wheel: 800 = T
Elow 70/80 HA 10V 10 £ r ) IR 5 ,_,L L
d, =177 mm e THA T T 1 p
Workpiece: Bu old / L i
l, =150mm g o= 30°
by, = 18.5mm ol B |
h, =15 mm 200 .
material; 16MnCrSE 11 | F A T
hardness = 81 HRC 299 = =
Etgseesy = 0.9mm M o= 10 . ]
Dressing parameters: E 200} = " Y 40
=2 L e A
gy = 0.7 (climb process) = s - 37—
a, = 0,02 mm E‘g 100 b

'_..i-

Grinding parameters: g = B

v, = 35 mis (climb process) 50

W = 1000 mmémin [ 1

As = 022 mm 0

0 3000 G000 S000 12000 15000 18000
stock rermoval Vi, , fmm?]

Figure 6—Grinding forces depending on the profile angle.

corner shows the gear after nital etching, and
the tempered zone has moved from tip flank to
root flank. Again, this is a typical phenomenon
for this process strategy of removing a constant
stock along the profile.

These results show that process strategy
greatly influences local grinding conditions and,
inturn,theareawhere grinding burncanappear.
But why this area in particular shows thermal
damage from grinding burn is not obvious. As
thediagramsshowing the specific spindle power
P'c clearly reveal, the grinding burn nearly
alwaysappears beforethespindle powershowsa
disproportionate increase.

Analogy Process for Gear
Profile Grinding

The main difference between gear profile
grindingandstandardgrindingisthevaryingpro-
file angle @ along the tooth flank. Investigations
of gear profile grinding can only show total
effects overthe whole profile heightand varying
grinding conditions. This is a major reason why
it is difficult to find out what leads to grinding
burn occurring only locally on the tooth flank.

In order to investigate the technological
conditions separately along the tooth flank, an
analogy process has been developed at the WZL
laboratory at RWTH Aachen University. The
basic setup of this analogy process is shown in
Figure 4.The left picture shows the varying con-
tact conditions along the tooth flank for a radial
infeed of the grinding wheel into a pre-ground
tooth gap. The radial infeed a_is constant along
the profile height, while the stock in normal
directions varies with the local profile angle ¢.

On the right side of Figure 4, the analogy
process is shown. The local contact conditions,
infeed a, stock As and profile angle ¢ of one
position of the gear tooth profile are transferred
tothegrinding ofarectangularworkpiece.Inthis
way, all possible grinding conditions occurring
along the profile can be examined separately.

Thefirsttrials using the analogy process have
beencarriedoutusingacorundum-whitegrinding
wheel, commonly used in industrial practice for
gear profile grinding. The machining parameters
havealsobeenadjustedtothosecommoningear
profile grinding. The trials were conducted on a
Kapp VAS55P gear grinding machine in order to
keepthepre-conditionsintheanalogyprocessas
close to gear profile grinding as possible.

The workpieces are rectangular parts of the
case-hardenedsteel 16MnCr5E, withahardening
depth of 0.9 mm. In the trials, a maximum total
stock of As = 0.4 mm was removed in the grind-
ing process. The hardness of 61 HRC was nearly
constant from the surface to this depth. The
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are displayed, depending on the stock removal
for different As and a profile angle of ¢ =10°. Figure 8—Development of an empirical process model.
The grinding forces increase with the stock As, tion of profile grinding processes, an empirical
especially the maximum stock removal, untilthe  process model was developed to allow applica-
super-proportional increase of grinding forces tion of the results from the analogy process to
begins lowering significantly. profile grinding. In the analogy process, a large
The results in the analogy process provide number of trials with profile angles varying from
a better understanding of the effects occurring @ =2° to ¢=90° and a stock varying from
in gear profile grinding. It has been shown that  As=0.05 mm to As = 0.4 mm, were conducted.
geargeometries witharathersmall profileangle A function shown in Figure 8 was chosen as an
lead to high grinding forces and to increased approachinordertocalculatethegrindingforces
wear of the grinding wheel. And yet, itisrather in profile grinding, based on the results of the
difficult to transfer the results to the gear profile  analogy process. The coefficients were deter-
grinding process directly. At this point,onemust mined using the least-squares method. Grinding
analyze the local grinding conditions along the  forcesforconditionswithinthe parameterstested
profile and attempt to find similar conditions intheanalogy processare calculated using linear
in the analogy process. In order to more eas- interpolation.
ily compare the profile grinding process to the The graphs in Figure 8 show the correlation
analogy process, developing a process modelis between the measured value and the calculated
required. The model that has been developedis value for all three grinding forces in the different

explained below. coordinate directions. A perfect result would be
Transfer of the Analogy Results to the gained if all points were on the 45° line, mean-
Real Process of Gear Profile Grinding ing that the measured values are exactly the

Developmentofanempirical processmodel. same as the calculated values. In this case, the
As afirst approach to the technological descrip-  graph shows quite clearly that the pointsare very
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Figure 9—Local contact conditions in gear profile grinding with a constant stock As along
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Figure 10—Transference of the analogy results to gear profile grinding.
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Figure 11—Local grinding forces when removing a constant stock As along the profile.

close to this line, and that there is a very good
correlation between the measured and calcu-
lated values. Additionally, the stability index
amounts to values between r*=0.93 for the
tangential grinding force, and r* = 0.98 for the
grinding force in the direction of the x-axis—a
good result in this case.

Calculation of local grinding forces in
gear profile grinding. For the transfer of
these results to the profile grinding process,
a typical spur pinion with a gear geometry
of the FZG-C gear was chosen. It has z=16
teeth; a module of m =4.5mm; a pressure
angle of o = 20° and an outside diameter of
d, =82.638 mm.The grinding wheel diameter
usedtocalculatethegeometricalcontactlength
Ig isd_=200 mm.

As agood firstexample, a grinding process
with a constant stock As along the profile was
chosen. This is a typical process occurring in
single-flank grinding with an in-feed realized
by the rotation of the workpiece. The stock
amounts to As = 0.1 mm constantly along the
profile geometry. The radial infeed a_ differs
along the tooth flank due to the changing
profile angle ¢. It amounts to a maximum of
a, . =1.239 mmin the area of the minimum
profile angle ¢ . = 3° on the root flank. The
distribution of the stock and the profile angle
versus the local radius is shown in the upper
diagram of Figure 9.

The lower diagram shows the calculated
geometrical contact length along the profile,
which varies from Ig =4 mm in the tooth root,
l, .. = 16 mmontheroot flank,and | =5 mm
in the tip flank area. The stock removal related
tothelengthoftheconsideredcontourelement
amounts to a constant value of V /I =2 mm>/
mm along the profile. So it can be concluded
that, using this process strategy, the extreme
values for the infeed a , as well as for the con-
tact length Ig, can be found in the area of the
root flank below the root form radius.

The grinding forces have been calculated
for grinding 1, 16, 50 and 100 gaps. Even
thoughtheworkpiecedoesnothavemorethan
16 gaps, these calculations make senseinorder
to show the behavior of the grinding forces
after a high stock removal, which can occur
when grinding a similar gear with a much
larger face width.

By knowing the local contact conditions,
it is now possible to apply the results gained
from the analogy trials to the gear profile
grinding process. The first step is to transfer
the analogy trials’ contact conditions to each
point of the gear profile. These calculated con-
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tact conditions are shown in Figure 10.

The different curves showing the tangential
grinding forces versus the stock removal are
representative of contact conditions occurring
in the gear profile grinding process. The x-axis
hasasecondlabelindicatingthe numberofgaps
being ground after removing a certain amount
of stock. This method is rather time consuming,
and it is only possible to determine the grind-
ing forces in areas of the profile, i.e., where the
contact conditions (stock As and profile angle ¢)
are known from the analogy process. Therefore,
the calculations of the local contact conditions
are used in order to calculate local grinding
forces, as opposed to using the process model.
The results of the calculations of the tangential
grinding forces related to the contour length of
I,=1 mmversustheworkpieceradiusareshown
in Figure 11.

Those results show that the lowest grinding
forces of F, /I, =1.2N/mm can be found in
the area of the largest profile angle, which is
the tooth root. Along the profile geometry, the
grinding forces are increasing up to a maximum
of F,__/1,=23N/mm in the area of the root
flank just below the root form radius, where the
minimum profile angle ¢__ is found. The grind-
ingforcesarethenobserveddecreasingagain, to
F/l,= 1.5 N/mm in the area of the tip flank with
a rather high profile angle. Furthermore, these
calculations show that the grinding forces are
increasing most when machining multiple gaps
in the area with the maximum grinding forces.
Inthisarea, initial grinding burn can be expected
for this process strategy. This has already been
shown by Schlattmeier (Ref. 2).

The most common process strategy inindus-
trial practice is the radial infeed of the grinding
wheel. In this case, the local stock As varies
along the profile geometry. For typical trials, as
wellasforthese calculations,a pre-ground gapis
used in order to make sure that infeed a_ is con-
stantalong the profile. Theimportant geometric
values for a radial in-feed of a ,=0.235mm
versus the workpiece radius are shown in
Figure 12.

The local stock shows a maximum of
As =0.235mm=a_in the area of the tooth
root, and lowers to a minimum short below the
root form diameter of As . =0.02 mm. Towards
the tip flank, it increases again—to a local
maximum of As =0.2 mm. The contact length
Ig is constant along the profile, but the oriented
stock removal shows an absolute maximum in
the tooth root, a minimum short below the root
form radius, and a local maximum in the area of
the tip flank.
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Figure 12—Local grinding conditions for a radial infeed of the grinding wheel.
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Figure 13—Tangential grinding forces for a radial infeed of the grinding wheel.

With this data, it is now possible to calculate
the local grinding forces along the gear profile
geometry. The calculations of the tangential
grinding forces F_versus the workpiece radius
are shown in Figure 13.

The grinding force F, shows a maximum
in the tooth root and a minimum in the area of
the root flank, just below the root form radius.
Another local maximum can be observed in the
area of the tip flank. After grinding multiple gaps
in the area of the minimum forces, there is hardly
any increase. But in the areas of the tooth root
and the tip flank, grinding forces are increasing
withthenumberofgroundgaps.Increasedgrind-
ing wheel wear can be expected, and grinding
burn is most likely to occur in these areas.

With these calculations, it is known that
in the areas found to be critical, grinding burn
occurs when using a radial infeed strategy in
gear profile grinding (Ref. 2). When grinding
the gear with a radial infeed including the tooth
root, a grinding burn occurs mostly at the tooth
root. When grinding the gear with aradial infeed

www.powertransmission.com - www.geartechnology.com « GEAR TECHNOLOGY « NOVEMBER/DECEMBER 2006 39




Grinding wheel:
ﬂ,=2l:lunﬂnm i [
Workpiece: £ ha "ot
d, =82638mm E i 3ot i
& =60804mm "IN A |
dy =B8685mm g 01 ' ="
z =18 ek . el |
m, =4.5mm : f H:'_“"---__,:I
uy, =200 ol

="
- 10, T
x =0.182 = 08[: :
Grinding parameters: ,E, 06 H ‘V/
total amout of stock i © o
As, =0.15mm g 0.4 /| 7
radial infeed ; U.Z';?" : - £l
Aa, =02 mm ! I \_"""'-..._ L
three passes 0 = A

workpieca radius [mm]

Figure 14—Local stock removal in infeed direction a_ and normal to the profile As.
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Figure 15—Tangential grinding forces for a radial infeed of the grinding wheel.

without the tooth root, the grinding burnis most
likely to occur at the tip flank. These are the areas
where,basedonthesecalculations,themaximum
grinding forces can be found.
Evaluation of Process Strategies
Using the Process Model

Following is an example for the evaluation
of process strategies, using the empirical pro-
cess model to calculate local grinding forces.
Grinding forces are calculated not only for one
grinding step, but also for an infeed strategy
using multiple steps, including deviations from
the desired shape that can be due, for example,
to centering deviations. It is only necessary to
be able to calculate the local stock removed in
the evaluated cut, as well as in the local profile
angle. An example of this using the grinding of
a test gear will be simulated with three radial
infeed steps of 0.2 mm each. This means that the
first cut takes place at a center distance between
grinding wheel and gear which is increased by

0.4 mm, compared to the final center distance
creating the final contour.

In Figure 14, the local stock in the direction
normal to the tooth flank As and the stock in
infeed direction a_ are shown. In the first grind-
ing step, material is removed from the gear flank
only in the area of the root flank. In the infeed
direction, the infeed into the material is up to
a, = 1.0 mm, which means that a stock in normal
direction of As = 0.13 mm is removed. The result
is that, in the area of the root flank, nearly all the
stock is removed by completion of the first step.
In the last step, material is removed along the
whole profile, and the radial infeed amounts to
a,=0.2mm.

This is because the whole profile height has
beengroundinthesecondstep.Intheareaofthe
root flank, only a very small amount of stock is
removed in the normal direction. While in the
area of the root and tip flanks, nearly all stock is
removed in the last cut.

The resulting grinding forces for these con-
tact conditions are shown in Figure 15. The
upper diagram shows the grinding forces in cut-
ting and normal direction for the first cut. The
drawn-through lines show the grinding forces
whengrindingthefirstgap withanewly-dressed
grinding wheel. The broken lines show the
grinding forces for grinding the sixteenth and
last gap in order to gain an impression of the
development of the grinding forces with the set-
in time of the grinding wheel.

In the area of the root flank, very high local
grinding forces can be seen, and those forces are
increasing quite a lot with an increasing stock
removal. This means that this area is susceptible
to grinding burn in the first grinding step. To
reducethatburnrisk,thecenterdistancebetween
the grinding wheel and the workpiece must be
increased. However, this will require more cuts
andthusincreasethemanufacturingtimeonthe
machine tremendously.

In the last grinding step, the grinding forces
are smaller than in the first. There is also a small-
er increase of those forces, with an observed
increase of material removal. It is nevertheless
apparent that the grinding forces are increasing
towards the tip flank and the tooth root. This
means that these areas are very sensitive to
grinding burn when using an infeed strategy for
aradialinfeed of the grinding wheel. These areas
are known to be most critical towards grinding
burn, which can be seen in the grinding forces
(Ref. 2).

It can thus be concluded that the areas most
critical to grinding burn can be evaluated by a
calculation of the local grinding forces. While
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the area of the root flank is most susceptible
to grinding burn occurring in the first grinding
step, the areas of the tooth root and the tip flank
are most susceptible for burn in the last grind-
ing step. Using this calculation of the grinding
forces, it can be evaluated qualitatively how criti-
calageargeometryisinrelationtogrindingburn
towardsanother,andifthechoseninfeedstrategy
is critical as well.
Summary and Outlook

Gear profile grinding, especially using dress-
able grinding wheels, is a process rather sensi-
tive to grinding burn. It therefore is important
to understand the process well in order to either
prevent grinding burn or, at minimum, if a grind-
ingburnappears,tobeabletochangetheprocess
in a way that prevents it. This is especially impor-
tant since grinding burn reduces the hardness of
the external layer, and leads to tensile stresses
which reduce the load-carrying capacity of the
gear, thereby making gear failures more likely.

Themainconsiderationwhentryingtobetter
understandthe processof gear profilegrinding is
theconstantlychangingcontactconditionsalong
the profile. In real process trials, only effects
resulting from all those contact conditions along
the profile can be observed. And since grind-
ing burn, in most cases, occurs only locally, the
effect on values like grinding power or grinding
forces often cannot be seen initially.

In order to attain better knowledge of the
effect oflocal grinding conditions on the process
behavior, an analogy process was established to
analyze them.

Rectangular workpieces were ground in a
clamping fixture that can be turned in order to
set the different profile angles occurring on a
tooth flank. Particularly in this analogy process,
grinding forces have been measured. The results
reveal that grinding steep profile angles leads to
a high risk of grinding burn, which can be due
to the increasing contact length, and, in turn,
canleadtoahigheramountofenergy conducted
into the workpiece. The main goal of these tests
is to facilitate an understanding of the real-time
process.

Since the amount of heat conducted into the
material is proportional to the cutting force, a
process model has in fact been developed for
calculation of local grinding forces. This model
enables calculation of local grinding forces, pro-
videdlocal contactconditionsandtheset-intime
of the grinding wheel are known.

With the aid of this process model and
CASTOR software (with the ability to simulate
different gear finishing processes), various pro-
cess strategies in gear profile grinding can be
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considered and analyzed. Calculations show that
in a radial infeed strategy of the grinding wheel
in the first cut, maximum forces are calculated in
the root flank area. In the last cut, the maximum
is calculated in the tooth root and the tip flank—
areasknowntobemostexposedtogrindingburn.
With these calculations, the reasons for this expo-
surecanbedemonstrated.Theyalsodemonstrate
thatfor the removal of an equidistant stock along
the profile, the maximum forces can be observed
in the area of the root flank. This is also the area
known from the real process of gear profile grind-
ing to be most sensitive to grinding burn.

In order to evaluate the risk of grinding
burn, both qualitativelyand quantitatively, future
research must focus on developing a specific
value. Since the level of grinding forces observed
depends very much on the ground profile angle,
the goal in developing a specific value is find-
ing a limit where, if the value exceeds the limit,
grindingburncanbeobservedindependentofthe
contact conditionst¥
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