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Abstract

Generating gear grinding is a hard finishing process mainly used to meet the high requirements for gears in terms of
geometry and surface quality. However, due to the high friction generated in the contact zone, high temperatures are
achieved, which might cause thermal damages. To avoid the generation of these damages, an analysis of the resulting
energy conversion is recommended. The energy conversion is significantly influenced by the interaction between each
grain engaging with the material in the contact zone. However, current approaches for energy description do not take into
consideration the grinding tool topography due to the random and complex distribution of the grains in terms of position
and shape in the contact zone. For the specific case of generating gear grinding the challenge is increased due to the
complex contact conditions induced by the process kinematics.

The objective of this work is the investigation of the influence of the grains on the material removal behavior and the
implementation of this influence on a generating gear grinding energy model. The research is focused on an empirical
investigation of a single-grain trial and on the transferability of the findings first onto an analogy trial with surface grinding
process and last onto an analogy of the continuous generating gear grinding process.

The energy was analyzed in terms of normal force during generating gear grinding. An alternative approach for the
modelling of the normal force taking into consideration the tool topography for the process of generating gear grinding
was developed. According to the results, the alternative approach for the calculation of the normal force presented in this
work showed a promising method, even though further optimization is still required. Ultimately, the alternative approach
for normal force calculation can be further developed for the thermo-mechanical energy determination for generating gear
grinding process.
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Diskretisierung der Kontaktbedingungen unter Beriicksichtigung des Korneingriffs zur Verzahnung
Walzschleifen

Zusammenfassung

Das Wilzschleifen ist ein Hartbearbeitungsverfahren, das hauptsichlich zur Erfiillung der hohen Anforderungen an Zahn-
rdder in Bezug auf Geometrie und Oberflichenqualitit eingesetzt wird. Durch die hohe Reibung in der Kontaktzone werden
jedoch hohe Temperaturen erreicht, die zu thermischen Schiadigungen fithren kénnen. Um die Entstehung dieser Schéadi-
gungen zu vermeiden, wird eine Analyse der resultierenden Energieumwandlung empfohlen. Die Energieumwandlung wird
mafgeblich durch die Wechselwirkungen zwischen den einzelnen Koérnern beeinflusst, die mit dem Material in der Kon-
taktzone in Eingriff kommen. Aktuelle Ansdtze zur Energiebeschreibung beriicksichtigen jedoch aufgrund der zufélligen
und komplexen Verteilung der Korner in Bezug auf Position und Form in der Kontaktzone, nicht die Schleifwerkzeugto-
pographie. Fiir den speziellen Fall des Verzahnungswilzschleifens erhoht sich die Herausforderung durch die komplexen
Kontaktbedingungen, die durch die Prozesskinematik verursacht werden.

Ziel dieser Arbeit ist die Untersuchung des Einflusses der Korner auf das Zerspanungsverhalten und die Umsetzung dieses
Einflusses auf ein Energiemodell zum Wilzschleifen. Die Forschung konzentriert sich auf eine empirische Untersuchung
eines Einkornprozesses und auf die Ubertragbarkeit der Ergebnisse zunichst auf einen Analogieprozess eines Flachschleif-
prozesses und zuletzt auf eine Analogie des kontinuierlichen Verzahnungswilzschleifprozesses.

Die Energie wurde hinsichtlich der Normalkraft beim Verzahnungswilzschleifen analysiert. Ein alternativer Ansatz zur Mo-
dellierung der Normalkraft unter Beriicksichtigung der Werkzeugtopographie fiir den Prozess des Wilzschleifens wurde
entwickelt. Nach den Ergebnissen zeigte der in dieser Arbeit vorgestellte alternative Ansatz zur Berechnung der Nor-
malkraft eine vielversprechende Methode, auch wenn noch weitere Optimierungen erforderlich sind. Schlielich kann
der alternative Ansatz zur Normalkraftberechnung fiir die thermo-mechanische Energiebestimmung zur Erzeugung des

Verzahnungsschleifprozesses weiterentwickelt werden.

1 Introduction

During grinding, a major percentage of the generated en-
ergy is converted into heat. The generated heat is dis-
tributed mainly into four regions: Environment, tool (grind-
ing worm), chip and workpiece. The portion of heat trans-
mitted to the workpiece leads to the generation of high
temperatures in the contact zone, which can cause ther-
mal damages in the workpiece such as metallurgical phase
transformations and undesirable residual stress profiles [1].
To avoid the generation of thermal damages during the pro-
cess, a detailed analysis of the resulting energy conversion
is recommended.

The energy conversion is significantly influenced by the
interaction between grains of the grinding tool and work-
piece material. At each engagement of a grain, mechanical
energy from the chip formation is converted to heat [2].
The engagement between grain and workpiece is a result of
the combination of several parameters such as grain shape
and distribution, process parameters and workpiece mate-
rial. Therefore, the grinding tool topography, especially in
terms of grain shape and distribution, plays an important
role in the energy conversion and it needs to be taken into
consideration in the energy calculation [3].

Conversion of energy for grinding processes in general
was already investigated by several studies over the years
[4-7]. The outcome of these studies is normally transferred
into different available models. Essentially, the models used
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in these studies for the transference of their outcome are
based on pure kinematic-empirical relationships or on exist-
ing models such as from Malkin and Guo [1]. In their work,
Malkin and Guo [1] summarized numerous heat flux mod-
els for different grinding processes. In his model for surface
grinding, Malkin [1] defined that for a specific grinding en-
ergy, or power P, the energy conversion to the workpiece is
defined as

e-P
E= b €))
E [W/mm?] Energy input
e [-] Energy partition
P [W] Power
L. [mm] Length of contact zone
b [mm)] Width of contact zone

In Eq. 1 the numerator represents the fraction of the
grinding energy converted into heat entering the workpiece.
The denominator represents the area of the grinding zone.
The model of Malkin and Guo was already widely applied
in several works. For example, in his work Reimann [8§]
aimed to model the thermo-mechanical energy conversion
in generating gear grinding in order to predict the presence
of grinding burn. For this purpose, the model of Malkin and
Guo was used under some alterations. To calculate the en-
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ergy input for generating gear grinding, specific parameters
must be determined, as shown in Eq. 2.

Fcy-vcy~tky
Eysy = T @)

E’wsy [JJmm?]  Specific energy input

F., [N] Cutting force
Vg [m/s] Cutting speed
Ty [s] Contact time
Ayy [mm?] Area of contact zone

The four parameters—cutting force, cutting speed, con-
tact time and area of contact zone—form the basis for the
approach to thermo-mechanical modelling of the process of
generating gear grinding, according to Reimann [8]. Each
of these parameters were determined by analytical and em-
pirical methods.

In the approach of Reimann as well as in other current
approaches, the description of energy conversion is mainly
based on empirical relationships. In addition, due to the
random and irregular engagement between grains and ma-
terial in grinding, the distribution and shape of the grains
are neglected. For the process of generating gear grinding,
the modelling of the grains engagement is even more chal-
lenging due to the additional complex contact conditions
induced process kinematics.

2 Objective and approach

In this study, an approach for the modelling of the energy
conversion is proposed, considering the tool topography as
well as the process parameters for the process for the gen-
erating gear grinding. Therefore, the main objective of this
work is the investigation of the influence of the grains on
the material removal behavior and the implementation of
this influence on a generating gear grinding energy model.

In this work, the analysis of the thermo-mechanical en-
ergy is performed using the model of Reimann, presented
in Eq. 2. The influence of the tool topography is introduced
by means of the development of an alternative method for
calculating the grinding forces. With this purpose, the nor-
mal force is investigated according to the model of Werner
[9], Eq. 3.

l
F = / k- Aeu(1)" - N (1) d1 3)
0

F, [N/mm]
A [mm?]

Specific normal force
Chip cross-section area

1 [mm)]

k [N/mm?]
Niin [1/mm?]
n [-]

Contact length

Specific energy

Number of kinematic cutting edges
Material constant

The factor k is called specific energy and is normally de-
termined by cutting force measurements. It represents a lo-
cal quantity of the instantaneous specific energy, depending
on the contact length [2, 9]. The specific energy k is also
responsible for representing the material removal mecha-
nism during the process in the force model. In the work of
Teixeira et al. [10], an alternative method for determination
of the specific energy k taking into consideration the tool
topography and process parameters was developed. In their
work, the tool topography was analyzed in terms of cutting
angles such as opening angle o and apex angle . The alter-
native method for the specific energy calculation also takes
into consideration the position of the grain along the contact
length. In Eq. 4, an alternative approach based on Werner
model is proposed for the calculation of the specific energy.
The research is focused on the transferability of the findings
from the work of Teixeira [10] first onto surface grinding
process and last onto an analogy of the continuous gener-
ating gear grinding process. Therefore, trials with surface
grinding and generating gear grinding must be performed.

ki = f(Acu, ve, lc) 4)
K; [N/mm?] Specific energy

Ac [mm?] Grain cross-section area

V. [m/s] Cutting speed

L. [mm)] Contact length

3 Experimental scope

The trials for surface grinding were performed on a surface
grinding machine Blohm 6000, Fig. 1. For the tests, seg-
ments of a surface grinding wheel were used. The segments
had a length of /;=20mm, a width of b;=8mm, a height
of hy=8mm and the grains had the same properties as the
grains for the single-grain trials. The segment was fixed in
a screw and the screw was fixed in the aluminum grinding
wheel with diameter of d,=400mm, left of Fig. 1. Before
each trial, the segment was dressed, in order to eliminate
irregularities introduced by the segment fixation procedure.
For both trials, the workpiece was a block of 20MnCr5
with length of /=100mm, width of =70 and a height
of 7=39mm. The workpieces were pre-ground in order to
obtain a smoother surface (R,=0.15um and R.=1.18 um).
The workpiece was fixed on the top of a measurement plat-
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Surface Grinding

Fig. 1 Description of exper-
imental procedure for surface
grinding and generating gear
grinding trials
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form of piezoelectric sensors from Minidyn 9256C1 type
from the company Kistler Instruments, with a sample rate
of f=1MHz, for the assessment of normal force during the
trials.

In the surface grinding trials two factors were varied.
Two levels of cutting speed were investigated, v.;=45m/s
and v.,=63m/s, as well as two levels of feed rate, vy=
3008 mm/min and vy = 1504 mm/min.

The findings in surface grinding were transferred to the
process of generating gear grinding. Due to the complex
contact conditions induced by the kinematics of the process,
the analogy trial for generating gear grinding developed by
Reimann [8] was used. The principle of the analogy trial
is shown in right side of Fig. 1. According to Reimann, in
a specific point in the gear flank, the involute can be approx-
imated by a circle with a specific local radius of curvature
[8]. In his analogy trial, Reimann approximated the contact
conditions at the pitch circle. The diameter of the workpiece
of the analogy trials is determined as the double radius of
curvature at the pitch circle. The grinding tool in the anal-
ogy trial is a face wheel with a conic working surface. The
parameters for the trials are shown in the right side of Fig. 1.
With this analogy trial, the forces can be measured in one
contact point in the process of generating gear grinding. The
analogy trial represents a generating gear grinding with the
following properties: grinding worm with external diameter
of dyp=196 mm, module of m,y=4.5mm and pressure angle
of ap=20°; workpiece with number of teeth z=31, module
of m,=4.5mm, pressure angle of a=20°, and tip diameter
of d,=146.7mm.

The use of the analogy trial leads to an easier transfer-
ability of knowledge from surface to generating gear grind-
ing. Due to this, a comparison between the measured force
and the calculated force with the alternative procedure de-
veloped by this work is possible. In the end of this work it
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is expected to validate the alternative approach for normal
force calculation.

4 Results and discussion

In this chapter, the findings regarding the specific energy
obtained in the works of Teixeira et al. [10] are transferred
to a macro-scale level. First, the findings are transferred to
the process of surface grinding. Next, the findings will be
transferred to the generating gear grinding, a process with
a more complex kinematics.

The transferability of findings is first performed from
single-grain to surface grinding. The model of Werner for
the calculation of normal force for the process of grinding
is used, applying an alternative method for the determina-
tion of the specific energy. In this alternative method, the
specific energy is calculated based on the number of grains
engaging in the workpiece in the contact zone, the grains
shape as well as their distribution along the contact length.
Fig. 2 shows the first steps for the specific energy calcu-
lation. First, a step of surface topography analysis is per-
formed. In this step, the tool topography is measured and
analyzed by the software TopoTool. The tool was devel-
oped in the Laboratory for Machine Tools and Production
Engineering (WZL) Aachen [3]. It enables the description
of the contact conditions between grinding wheel topogra-
phy and workpiece based on the resulting kinematic con-
tact conditions [3]. Based on inputs such as tool topography
and process parameters, the TopoTool provides information
regarding the number of kinematic cutting edges N, and
grain cross-section area A, in the point of maximum chip
thickness. Therefore, an analysis of the shape of each grain
engaging in the material is possible. The next step is the
determination of a statistical distribution of the kinematic
cutting edges Nu»n, upper right of Fig. 2. The method used
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Fig.2 Analysis of contact con-
ditions for surface grinding and
procedure for determination of
instantaneous kinematic cutting
edges
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for the determination of the distributional fit is the analysis
of the histogram of the actual data of the grains cross-sec-
tion area A.,. With this information it is possible to analyze
the presence of different grain shapes in engagement.

It is important to highlight that the number of Ny, given
by TopoTool represents the number of all grains engaging
in the material during one tool revolution. However, for the
application of this parameter in the calculation of normal
force according to Werner, the quantity of the grains engag-
ing in the contact area A, in one specific time frame is has
to be known. This parameter is called instantaneous number
of kinematic cutting edges N,..m, and it is calculated accord-
ing to the equation shown in the bottom right of Fig. 2 [9].
The parameter a is a model parameter that takes into con-
sideration the form of the grains. For this work, a standard
value according to Werner, are used for the calculation of
N,om. The combination between the results of the statisti-
cal distribution and calculation of instantaneous kinematic
cutting edges provides information regarding the shape dis-

tribution of the grains that are actually in contact locally
with the material.

The next step is to take into consideration the informa-
tion regarding the quantity and the shape of the grains in
contact for the determination of the specific energy k for
surface grinding. In the upper left of Fig. 3, two diagrams of
the specific energy according to the grain shape, in terms of
cross-section area, and cutting speed are shown. The value
of the specific energy shown in these both diagrams repre-
sents the value of k for a specific grain positioned in the
point of the contact length with maximum chip thickness.
Once this value is defined, the other values of specific en-
ergy along the contact length are defined, as shown in the
diagram in the upper right of Fig. 3.

With the information regarding how many grains engage
locally in the contact zone, as well as their maximum cross-
section area A.,, it is possible to determine the specific en-
ergy k for each of these grains. However, the TopoTool cal-
culates the information of the grains in the moment where
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Fig.4 Procedure for calculation
of normal force and analogy
for contact condition analysis
in generating gear grinding
according to Schriefer [11]
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they have the highest chip thickness, it is not possible to
know precisely the position of each of the grains N,.,. en-
gaging along the contact length. Therefore, in this work it
is assumed a distribution of these grains in three different
positions along the contact length is assumed: Al;, Al; and
Al;. For each position, a specific energy k is calculated
according to the curve shown in the upper right of Fig. 3.

Finally, the findings of the specific energy are applied
in an adapted Werner model for the calculation of nor-
mal force for the surface grinding process, bottom left of
Fig. 3. In the adapted model, a final normal force F’, is
defined. F’, is the sum of the normal force components
F'.(p) induced by each type of grain detected in the tool to-
pography analysis. The normal force components F,(p) are
calculated for each individual class A.(p) of grain shapes
determined in the statistical distribution of the kinematic
cutting edges. Based on the A.(p), the specific energy is
determined, according to the procedure explained before.
F'.(p) is the sum of the product between specific energy k,
grain cross-section area and kinematic cutting edges over
the contact length. As already stated, the contact length is
discretized in three parts, and for each of them the specific
energy is calculated accordingly.

The procedure for the normal force calculation is vali-
dated for two different grinding conditions: (1) v.=45m/s
and v=2148mm/min and (2) v.=63m/s and v=
3008 mm/min. For these parameter set-ups, the feed per
rotation remains constant. In the diagram in the bottom
right of Fig. 3 the maximum normal force calculated and
measured are compared. According to the graphic, the
calculated normal force is in accordance with the measured
forces for both the grinding conditions investigated. The
increase in the process parameters increases the normal
forces. This result is expected because higher cutting speed
requires higher specific energy [10]. Due to this, the frac-
tion of specific energy input for each grain engaging in the
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contact zone is higher for higher cutting speeds, and an
increase of the total normal force is verified.

Next, the procedure for the calculation of the normal
forces applied for the process of surface grinding is adapted
for the process of generating gear grinding. According to
the procedure showed in the topics before for the calculation
of normal force in surface grinding the first step is the
analysis of the tool topography by means of the software
TopoTool, Fig. 4.

However, due to the complex contact conditions of the
generating gear grinding, a direct analysis with the soft-
ware is not possible. To overcome this challenge and to
perform an analysis with the TopoTool, an analogy of the
generating gear grinding process is required. This analogy
will be called in this work: contact analogy. It is important
to highlight that the analogy trial of Reimann is differ-
ent from the contact analogy. In order to avoid confusion
between the two analogies, the analogy of Reimann will
be called Reimann analogy. According to Schriefer [11],
the generating gear grinding process can be replicated by
finite sequence of surface grinding processes along the dis-
cretized movement of the grinding worm. For the contact
analogy, an equivalent grinding wheel diameter d., is used,
positioned in one specific point P along the gear flank, as
shown in the bottom right of Fig. 4. Therefore, the process
of generating gear grinding can be represented by the sur-
face grinding process for one specific point P in the gear
flank.

The use of the contact analogy enables the analysis of
the tool topography with TopoTool. The process parameters
used for the analysis are specified in Sect. 3. The cutting
speed is kept constant at v.=65m/s, the axial cutting depth
is kept constant at a.=0.3mm and the axial feed is varied
between f,;=0.1mm, f,,=0.2mm and f,;=0.3mm. These
three set-ups of parameters were also used by Reimann in
his Reimann analogy. Therefore, the force measurement ob-
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Fig.5 Comparison between
normal force calculated mea-
sured for the analogy trials from

Calculation Method

Steps of the Normal Force

Reimann [8]

) W A WY A W A

Calculation of normal force
based on WERNER approach

tained by Reimann in his trials can be used to validate the
procedure for the force calculation developed in this work.
It is important to highlight that the resulting force presented
by Reimann in his work had to be adapted. In his work, the
resulting force results from a vectorial addition from com-
ponents which are not assumed to be in peripheral direction.
Therefore, in order to obtain the correct value of the nor-
mal component from the resulting forces from Reimann,
a factor was implemented based on the contact conditions
induced by the trials. All the three set-ups are submitted to
the analysis of the TopoTool and the number of the kine-
matic cutting edges as well as the shape of each of them
are obtained. Next, cutting edges analysis is performed, fol-
lowing the same procedure showed for the case of surface
grinding. The statistical distribution of the kinematic cut-
ting edges is performed, followed by the calculation of the
instantaneous number of kinematic cutting edges Nyom. In
the next step, the specific energy k for each class of the
grain shape determined in the statistical distribution is cal-
culated. In these trials, since no variation in the cutting
speed is performed, only the influence of the grain shape is
taken into consideration for the calculation of the specific
energy k. Following the procedure developed for surface
grinding, the grains are also distributed in three different
positions along the contact length.

Finally, the normal force F’, is calculated for the process
of generating gear grinding. The diagram in the bottom
right of Fig. 5 shows the calculated forces as well as the
normal forces measured in the Reimann analogy trials.

In both calculated and measured forces, the increase of
the axial infeed increases the normal force as well. How-
ever, the magnitude of both forces is not the same. It is
important to highlight that the tool topography used by
Reimann in his trials could not be analyzed in the current
work. Therefore, the topography used for the calculation
of the forces in the generation gear grinding trials was the
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topography of the surface grinding trials. Although both
tools are from the same material, the grains from both tool
have different sizes. In addition, the tools were submitted
to different dressing parameters. The combination of these
two factors, grain size and tool dressing parameters, can
lead to significant differences in the tool topography which
can contribute for the difference in the final normal force
calculated. In addition, the influence of the wear was also
not taken into consideration in this work. The wear of the
grains can change the material removal mechanism and,
consequently, can change the forces during grinding. The
presence of wear can explain in particular the difference in
the force magnitude for the trial 3 shown in the graphic in
the bottom right of Fig. 5, with the highest axial feed.

The bottom right of Fig. 5 showed an analysis of the
influence of the axial feed on the residual stress state at
the workpiece surface. It is possible to see that around
f.=0.5mm, the residual stress state changes from compres-
sive to tensile in the axial direction. An analysis of the nor-
mal force shows an increase in the force when axial feed
f.:=0.5mm. From the comparison of results between force
and residual stress state it is possible to assume a limit for
the axial feed in order to avoid undesirable residual stress
state.

Ultimately, the force for the process of grinding has a sig-
nificant influence on the energy conversion, as it is shown
in the models of Malkin and Reimann, Egs. 1 and 2 respec-
tively. Therefore, the consideration of the tool topography
for the calculation of the normal force developed in this
work is an initial step towards the understanding of the
influence of each grain on the energy conversion.
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5 Summary and outlook

In this work, an alternative approach for the modelling of
the normal force taking into consideration the tool topogra-
phy for the process of generating gear grinding was devel-
oped. This alternative approach considers that each grain
engaging in the material generates a different specific en-
ergy k that depends on the grain shape, process parameters
and position of the engaging grain along the contact length.

A methodology was developed, in order to take into con-
sideration all the instantaneous cutting edges in the contact
zone, as well as the specific energy k for each of these cut-
ting edges for surface grinding. In the end, the calculation
of the normal force by the application of the alternative
approach showed a good agreement with the force mea-
surements. Finally, the alternative approach for the normal
force calculation was transferred to generating gear grind-
ing. Due to the complex contact conditions of the process,
an analogy was used for the analysis of the tool topography
and kinematic cutting edges distribution. The force during
the process was analyzed based on the force measurements
from the analogy trials developed in the work of Reimann
[8]. The comparison between the calculated and measured
force showed a good accordance in terms of the curve ten-
dency for the different axial feed. The magnitude of both
forces, on the other hand, presented different results. This
difference can be attributed to the tool topography used for
the calculation of the normal force, which was not the same
topography used in the work of Reimann [8], as well as by
the grain wear, which was not considered in this work.
Analysis of the residual stress state showed that for the set-
up where the force increases, an alteration in the residual
stress is also detected.

The alternative approach for the calculation of the force
presented in this work showed promising results. Further
optimization is still required, based on the limitations cur-
rently found. Such optimizations can be listed as: consid-
eration the specific shape of the contact area of generating
gear grinding for the characterization of the kinematic cut-

@ Springer

ting edges; investigation of the single grain contact path
during generating gear grinding; investigation of the influ-
ence of different process parameters as well as different
workpiece materials on the magnitude of the specific en-

ergy.
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