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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.
Currently, the process force prediction is based on a combination of experi-
mental investigations and simulation. However, the simulation of the process is
still a challenge due to the complexity of the material removal mechanism which
is not yet completely understood. In order to close this gap, an analysis on the
micro scale level of the process is required. The aim of this work was to analyse
the mechanical forces during the process considering the stochastic contact of
the grains and their influence on the material removal mechanism. This influence
was verified by the investigation of the specific energy k during the tests. The
evaluation of specific energy k was performed by means of the analysis of the
scratch geometry in combination with the process parameters as well as the grain
shape. A correlation between the specific energy k and the process parameters as
well as the grain shape was found, and a method for the determination of the
specific energy was developed.
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1 Introduction and Objective

Generating gear grinding is a hard finishing process mainly used to meet the high
requirements for gears in terms of geometry and surface quality. Currently, the pre-
diction of the process forces is an important tool to provide insight into the grinding
technology [1]. However, due to the interaction between the workpiece material and the
multiple irregularly shaped and randomly arranged grains, complex engagement con-
ditions are generated, and a robust prediction of the mechanical forces is difficult [2].
A fundamental understanding of grinding force models can be obtained by single grain
scratch trials [3]. This type of analogy trial uses one single abrasive grain to engage in
the material, enabling an analysis of the cut geometry and the local forces. Based on
this trial, energy models for the grinding process as well as a formula for calculating the
maximum chip thickness hcu,max were developed [4].

Although the single grain scratch analogy trial is able to explain certain aspects of
the cutting mechanism, it does not consider the influence of the grains interrelationship
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on the material removal during the process. Therefore, the connection between the
results obtained in a single grain scratch test to the grinding process cannot be easily
performed. As an example, Hübner [3] developed a kinematic material removal model
which can calculate the roughness as well as characteristic values for describing the
cutting process. Within the model, specifically positioned and shaped abrasive grains
are used. For each grain, analyses were performed and an approximation of the cutting
process is obtained. Additionally, Zahedi [5] also investigated the individual grains
stochastically distributed on the grinding wheel and their influence on the grain-
workpiece interaction. According to his results, the simulated forces are considerably
higher than the forces measured in the trials although the experimental and simulated
results follow the same incremental trend. This result was attributed to the number of
cutting edges that decreases due to grain breakage and pull-out which leads to a
reduced number of active grains. In addition, the actual shape of the grains was not
considered in the model. For the determination of the normal force in grinding, several
methods are available. One method frequently applied is the one established by Werner
[6], see Eq. 1. According to the equation established by Werner, the normal force is
linearly dependent on the empirically determined specific cutting force k.

F0
n ¼

Xm

i¼1

k � Acu ið Þn �Nkin ið Þ � Dl ð1Þ

The specific energy k is normally determined by cutting force measurements. It rep-
resents a local quantity of the instantaneous specific energy, depending on the contact
length [2]. The specific energy k is also responsible to represent the material removal
mechanism during the process in the model. Therefore, the determination of the
specific energy k and its application in the Werner model defined in Eq. 1, is an
important aspect in order to obtain a more reproducible prediction of the process force.

The main objective of this work is the investigation of the influence of the grains on
the material removal behavior by means of the calculation of the specific energy k.
Therefore, a more robust method for the calculation of the specific energy, taking into
consideration grains shape and process parameter can be developed. Tests were con-
ducted based on a multi-grain approach, where three corundum grains were used. The
three grains were placed in two different positioning layouts, line and triangle, as
shown in the left side of Fig. 1.

In addition, the effect of different process parameters as well as the grain geometry
on the specific energy was investigated. Next, the findings obtained in the multi-grain
tests were analysed in a grinding analogy trial, where a segment of the tool was used.
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2 Experimental Procedure

Due to the complex contact conditions induced by the process of generating gear
grinding, the trials for the preliminary analysis of the specific energy kwere performed on
a surface grinding machine. The trials were divided into two steps, multi-grain trials and
segment trials, Fig. 2. The trials were conducted on a Blohm 6000 surface grinding
machine. For the multi-grain trials, corundum grains with size of 250 µmwere used, with
a hardness of 60 HRC. Three grains were placed on a holder, shown in the zoomed area
‘a’, in the left of Fig. 2. The holder was fixed in a screw, which was fixed in an aluminum
wheel with diameter of de = 400 mm, simulating a surface grinding wheel. For each
condition of process parameters tested, a new set-up of grains was used.

Fig. 1. Objective and approach

Fig. 2. Experimental procedure
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For the segment trials, a similar set-up was used, right of Fig. 2. The segment had a
length of l = 20 mm, a width of b = 8 mm, a height of h = 8 mm and the grains had
the same properties as the grains for the multi-grain trials. The segment was fixed in a
screw and the screw was fixed in the aluminum grinding wheel, right of Fig. 2. 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 case-
hardened 20MnCr5, with a length of l = 100 mm, width of b = 70 and a height of
h = 39 mm. The workpieces were pre-ground in order to obtain a smoother surface
(Ra = 0.15 µm and Rz = 1.18 µm). The workpiece was fixed on the top of a force
measurement platform type Minidyn 9256C1 from the company Kistler, for the
assessment of normal force component during the trials. For the multi-grain trials, three
process properties were varied, with two levels each. Two levels of cutting speed were
investigated, vc1 = 45 m/s and vc2 = 63 m/s, as well as two levels of feed rate, vf1 =
3008 mm/min and vf2 = 1504 mm/min. In addition, two different grain patterns were
investigated, line and triangle, as shown in Fig. 2. The design of the experiments is
described in the bottom of Fig. 2. The same design of experiments was also applied in
the segment trials.

3 Results and Discussion

In this topic, the investigations regarding a more reproducible determination of the
specific energy for the grinding process, represented by the k factor, is described. First,
the specific energy was investigated by means of a multi-grain approach. Considering
the influence of the process parameters and the grain shape on the material removal
mechanism, the specific energy behavior was determined. Following, the results
obtained in the multi-grain trial were further applied in the segment trial.

Analysis of the Normal Forces. The first analysis to be performed was the investi-
gation of the resulting scratch. The workpiece surface was measured with a light
confocal microscope Keyence VK-X100 and a 3D visualization of the surface was
obtained, upper left of Fig. 3. A 2D analysis of the scratch characteristics such as
scratch width, depth and area was also performed. According to the measurements
shown in the upper left of Fig. 3, only one effectively engaged in the material although
three grains were fixed in the probe. This behavior was detected in all trials.

Because only one grain engages in the material, the results obtained from the tests
were examined as a single grain scratch test. In the right side of Fig. 3, diagrams show
the influence of cutting speed, feed rate and kinematics on the normal force. The forces
are shown in a normalized form. The Pareto Diagram presented in the bottom right of
Fig. 3 indicates which parameter had the strongest influence on the force. According to
the literature, the kinematics plays a major role in the normal grinding force. In the
trials, the climb cutting had the highest values for grinding force. The second strongest
influence on the normal force was attributed to the grain apex angle. Initially, the tests
induced a variation in the feed rate. However, an increase of the feed rate caused a
decrease in the normal force. This is an unexpected result, since according to the
literature, the force is expected to increase for higher feed rates. This result induces the
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idea that not only the process parameters have a significant role in the grinding normal
force. According to the work of Rasim [7], a correlation between the grinding normal
force and the angles a (opening) and b (apex) of the grain could be found. This
hypothesis will be further analysed in detail later on. The influence of the cutting speed
is also shown in the diagram. This is the lowest factor influencing the normal force. As
the cutting speed increases, the normal force decreases.

In addition to the process parameters, the influence of the grain shape on the force
was also investigated. The grain shape was described by two angles, opening angle a,
and apex angle b, bottom left of Fig. 3. Their influence is verified in the two diagrams
in the bottom left of Fig. 3. In the diagrams, even under the same process parameters,
the magnitude of the normal force was different. The increase of the opening angle a
caused an increase in the normal force measurements. For the apex angle b, the
opposite behavior was detected. The increase in the angle b decreased the normal force
magnitude. The function Fn(b) for the normal force depending on the angle b is shown
in the diagram of Fig. 3, interpolated from the measured points. The analysis of the
angles of the grains used in the test with different feed rates showed that the opening
angles a are similar but the apex angle b = 107° for vf = 1504 mm/min and b = 52°
for vf = 3008 mm/min. If the function Fn(b) is applied for these both values of b, the
calculated values of Fn correspond to the values of the Fn measured, upper right of
Fig. 3. Hence, the influence of the grain shape, represented by the apex angle b,
overlapped the influence of the feed rate on the normal force.

The alteration in the force magnitude due to the difference in the process parameters
as well as in the grain shape was verified in the tests with the single grain scratch. For
the prediction of the normal force in the grinding process, a component describing the
influence of the material removal mechanism must be included, taking into consider-
ation both, process parameters and grain shape.

Fig. 3. Influence of different factors on the normal and tangential force components [7].
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Analysis of the Local Specific Energy. It was already established that the specific
energy k is an important component in the model of Werner for the calculation of the
normal forces during the grinding process. This factor introduces to the model the
characteristics of material deformation derived from the correlation between material
properties, process parameters and grain shape.

In this work the specific energy k was calculated by an adapted equation of the
Werner model, upper left of Fig. 4, in combination with the data obtained from the
single grain scratch trials. It is known that during the scratch with a single grain, the
material undergoes different phases of deformation, until the chip formation [7]. In the
first phase, the first contact between grain and material causes an elastic material
deformation. As the penetration of the grain increases, additional plastic deformation is
introduced. In the last phase, a specific grain cutting depth is reached and the chip
removal begins [8]. This specific characteristic of the process must also be taken into
consideration for the determination of the specific energy k. Therefore, in this work a
variable k was determined along the contact length. The contact length was considered
until the point with maximum chip thickness, left of Fig. 4. The tangential contact area
Acu was measured from 0%, in the beginning of the grain engagement, to 100%, in the
point of maximum thickness.

Next, the specific energy k was calculated along the contact length for the different
testing conditions. The right side of Fig. 4 shows the values of k calculated for different
cutting speeds, vc = 45 and 63 m/s. For both cutting speeds, k was not constant along
the contact length. In the beginning of the cut, the specific energy k was maximum and
it decreased as the normal force increased. This result can be attributed to the individual
phases of chip formation mentioned before. In the beginning of the contact length, the
material was in the elastic deformation phase. Therefore, a larger amount of energy was
required in order to cause the deformation. As the process advanced, the deformation
started to be plastic, decreasing the specific energy. During this stage, less energy was

Fig. 4. Analysis of the specific energy k along the contact length
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required for the material deformation, because at this point the yield stress was
exceeded. In the end of the contact length, the chip removal starts and the specific
energy still decreased. When the chip was removed, the shear strength was exceeded.
Due to this, the specific energy decreases because less energy is required to induce
shearing in the material.

According to the diagrams in Fig. 4, for both cutting speeds investigated, the
specific energy k presented the same tendency to decrease along the contact length.
However, the magnitude of k is different for each cutting speed. This difference cannot
be attributed only to the cutting speed alteration. The calculation of the specific energy
k takes into consideration the cross-section area Acu of the grain, which is mainly
influenced by the shape of the grains. The analysis of the angles b and a for the grains
of both tests, vc = 45 and 63 m/s, showed that for the test with lower cutting speed, the
angle a was bigger than the angle of the grain for the test with higher cutting speed.
Due to this, the cross-section area Acu was bigger for the test with bigger opening angle
a, decreasing the specific energy k. The grain shape influence on the specific energy
does not erase the influence of the cutting speed. In his work, Rasim [9] showed that
the specific energy increases with the increase of the cutting speed, for grains with
angles a and b until a specific value. For the apex angle b, this value was > 150° and
for the opening angle a this value was > 180°. For grains with angles above this range,
the cutting speed has no influence on the specific energy. For the current tests, the
angles were not large enough, and the influence of the cutting speed cannot be
neglected. The influence of the grain shape on the specific energy k was also inves-
tigated, as shown in the diagrams in the right side of Fig. 4. For these two cases, the
process parameters were kept constant. The influence of the opening angle a on the
specific energy k was verified. For a higher opening angle a, the specific energy k was
smaller. This behavior can be attributed to the fact that with a higher angle a, the
contact area Acu engaging in the material will be bigger. The analysis of the specific
energy k with the single grain scratch showed that both, process parameters as well as
the grain shape, are relevant factors for the material removal mechanism. Therefore,
both parameters Acu and vc must be take into consideration for the calculation of the
specific energy k. In addition, the calculation of the specific energy must be performed
for each point i along the contact length lc, considering its different phases of the
material deformation. In the Eq. 2, an alternative approach is proposed for the calcu-
lation of the specific energy.

ki ¼ f Acu; vc; lcð Þ ð2Þ

Transfer of Findings from Single-Grain Trials to Segment Trials. In this chapter,
the findings regarding the specific energy k obtained in the single grain scratch tests
were transferred to the segment trials. This was performed by means of the application
of Eq. 2 for the calculation of the specific energy k for the segment trials. In addition,
the calculation of the specific energy for the segment trials was also performed with a
standard method applied in research and industrial environmental. For this standard
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method, k is empirically determined based on the force measurements. Finally, a
comparison between the two methods for the specific energy calculation was per-
formed. For the calculation of k with the standard method, an adapted version of the
Werner equation was used, as shown in the bottom left of Fig. 5. The specific energy
calculated with the standard method is referred to as ks. In order to obtain the
parameters for the equation application, such as kinematic cutting edges Nkin and grain
cross-section area Acu, an analysis of the tool segment was performed. For this analysis,
a part of the tool segment was submitted to the evaluation of a specific software
specialized in the analysis of grinding wheel topography, according to [6]. The tool
topography information (Acu, Nkin and Dlc), in addition to the measurement of the
normal force during the process, were used for the calculation of the specific energy kS.

Next, the specific energy for the segment trials was calculated using the findings
from the single grain scratch test. The specific energy calculated with this method is
referred to as kSG. The procedure for the kSG calculation is shown in the upper left part
of Fig. 5. In order to calculate the specific energy kSG for the segment trials, the
fraction of the energy at the point of maximum chip thickness kHcu was first calculated.
The calculation took into consideration the shape of the grains of the segment as well as
the process parameters. The grain shape was considered by means of the grain cross-
section area Acu. The graphic in the upper left side of Fig. 5, opening angle a, shows
the influence of Acu on the specific energy kHcu, and a function derived from these
measurements. In the diagram in the upper right of Fig. 5, the influence of the cutting
speed is shown. Although there is a difference in the cross-section area between both
points, the increase in the specific energy kHcu can also be attributed to the increase of
the cutting speed. After the definition of kHcu, the other values of kSG along the contact
length were defined, using the curve obtained in the single grain scratch tests, Fig. 5.

Fig. 5. Application of the specific energy k calculation method obtained in the single grain trials
on the segment trials
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This procedure was performed for three set-ups of the segment tests, right of Fig. 5.
The three specific energy curves calculated are shown in graphic in the right of Fig. 5.

In the right of Fig. 5, a comparison between the specific energy calculated with the
standard method kS and the specific energy kSG calculated with the method based on the
single grain findings was performed. For both calculation methods, the tendency of the
specific energy due to the change in the process parameters of the trials was the same.
However, the specific energy calculated with themethod of the single grain scratch varied
along the contact length, while the specific energy calculated with the standard method
was constant along the entire contact length. This result was expected, because the
calculation with the method of the single grain scratch took into consideration the
influence of the grains that are engaging in the material at the same time, but in different
points along the contact length. As already established before, the grains in the beginning
of the contact length are still in the phase of elastic deformation, requiring higher specific
energy than the grains in the end of contact length. The standard method for specific
energy calculation did not take into consideration the alteration of specific energy along
the contact length. Therefore, the value of specific energy kS was constant in all the point
of the contact length. Due to this, the contribution of the grains in the beginning of the
contact length was reduced. The comparison between the two methods for the specific
energy calculation shows that the method based on the single grain scratch is a more
detailed and reproducible technique for the specific energy determination.

4 Conclusions

In this work, an alternative method for the calculation of specific energy was inves-
tigated, taking into consideration the influence of process parameters and the grains
shape. The increase in the cutting speed led to higher values of specific energy k. In
addition, it was also verified that the shape of the grains in terms of the grain angles
was also relevant for the specific energy k determination. Larger angles generated
higher grain cross-section areas that ultimately led to a smaller specific energy. The
specific energy was also investigated along the contact length. It was shown that the
specific energy k required for each point along the contact length was different. The
findings of the single grain scratch trials were further applied in the segment trials by
means of an alternative method for the specific energy k calculation. In addition, a
standard method for the specific energy calculation was also used. The standard method
essentially an empirical one, depending mainly on the force measurements during the
process. Due to this, this calculation method is not only time consuming, but also not
reproducible, since for each alteration in the process parameters or in the tool char-
acteristic, tests must be performed. Therefore, the alternative method of specific energy
calculation based on the findings of the single grain scratch gives the opportunity for a
reproducible determination of the specific energy. The knowledge of the influence of
grain characteristics and cutting conditions on the specific energy provides a repro-
ducible method for the specific energy calculation, without the need of force mea-
surements during the process. Ultimately, the more reproducible determination of the
specific energy k is a first step into a more reproducible calculation of the normal force
during grinding process.
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