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Introduction and Motivation

Bevel gears are a machine element used for transmitting torque
and speed at a shaft angle (Ref. 1). When operating under an
axial offset, they are also referred to as hypoid gears. Both are
manufactured using a multipart tool consisting of a cutter head
as a solid body and exchangeable stick blades (Ref. 2). For dry
cutting, stick blades made of carbide are inserted into the slots
of a cutter head. The most common setup includes an inside
and an outside blade in one blade group, which distributes the
cut onto two cutting edges. Depending on their position in the
cutter head, the blades of a blade group are referred to as the
inside blade (IB) and outside blade (OB) (Ref. 1). The blades
are subject to wear. When they cannot hold the geometric tol-
erance of the part, they need to be taken out of the cutter head,

reground, and properly repositioned (Ref. 3).

Bevel and hypoid gears are usually manufactured on CNC
machines with six independent axes. The machine motions fol-
low the principle of the basic machine resulting in a complex
kinematic relationship between tool and workpiece (Ref. 1).

Nomenclature
A, machined area
i gear ratio For Related Articles Search
i chip thickness .
. design
leu chip length —
m mean normal module GBI o s
Ne, number of cuts ‘
R, nominal cutter radius
20 number of blade groups
21/2 number of teeth (pinion/ring gear)
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For the manufacturing of bevel and hypoid gears, the available
methods are characterized according to their way of indexing.
For discontinuous face milling, one slot is cut after another from
the stationary workpiece, the tool is retracted, the workpiece is
indexed, and the next slot is cut. For continuous face hobbing,
the indexing motion results from the relative position of the
rotating workpiece and rotating tool. For both cutting methods,
two ways of profile generation exist. When rolling, the work-
piece’s curvature is generated in the profile direction. As the
generating path increases with the outside diameter, ring gears
with a ratio larger than i > 2.5 are manufactured using a more
economical approach. When plunging, the tool is fed directly
into the workpiece resulting in straight gear flanks. The lack of
curvature is compensated by additional curvature on the rolled
pinion, so a smooth transmission is ensured for the gearset. This
paper focuses on the combination of face hobbing plunging and
face hobbing generating (Refs. 1, 4).

Due to the complex interaction between part design,
resulting tool geometry, and the process design, manufactur-
ing of bevel and hypoid gears poses several challenges (Refs.
3, 5-8). Figure 1 gives an overview of common obstacles dur-
ing machining.

Changing chip geometry along the cutting edge and during
the process oftentimes results in nonuniform tool wear. Areas
of increased tool wear determine the part quality and thus lead
to tool changes, regrinding of the blade, and process interrup-
tion (Refs. 3, 6, 8).

Through the inside and outside blades, the cut is divided
onto the cutting edges of the respective blade resulting in
enough space between the clearance side of the blade and the
opposing flank. Thus, a favorable chip flow as well as even
wear is ensured. However, poor tool design or adverse kine-
matic parameters can result in the engagement of the clearance
side in the cutting processes. This results in disadvantageous
cutting conditions and thus, increased or even catastrophic
wear of the clearance side (Refs. 1, 3).
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Tool Wear
S

Tool Design

Figure 1—Challenges in bevel gear manufacturing.

Interference between the tool and opposing flank occurs
often at the toe and root of the workpiece for face hobbing.
The crossing paths between inside and outside blades as well
as complex tool modifications result in an unintended change
of the tooth shape, which is detrimental to the gearset’s perfor-
mance (Refs. 1, 3).

The blade height can affect both efficiency of the tool’s
regrinding as well as the tool wear. If the blade height is cho-
sen too large, more material is ground off the worn blades.
Removing unnecessary material makes the process uneco-
nomical. If the blade height, however, is too small, the blade’s
shoulder or the cutter head touches the workpiece’s surface.
The results can range from damaging the part to breakage of
the tool or even a catastrophic failure of the machine axles
(Refs. 1, 2).

Poor tool design or unfavorable kinematic parameters can
lead to an incomplete machining of the workpiece’s root. The
remaining material sticks out in the form of a fin at the root.
Due to its small dimensions, the fin is likely through-hardened
during the subsequent heat treatment process. The brittle, hard
particles can lead to failure of the gear during the finishing
operation or during application (Refs. 1, 4).

The described challenges of bevel and hypoid gear manufac-
turing can be addressed with the help of process design, tool
design, and gear design. Since there is a unique interdependence
between tool, gear, and process parameters for bevel and hypoid
gears, it is oftentimes difficult to determine which parameter has
the highest impact without changing the design. Furthermore,
current available design software can only give a qualitative out-
put on the effect of design changes (Refs. 1, 3, 4, 8-11).

Objective and Approach

As the challenges in bevel and hypoid gear manufacturing need
to be addressed, the objective of this paper is to show the tool
and process design can be optimized based on the results of the
manufacturing simulation BevelCut. As in the past, research

Fin at
the Root
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has focused on face milling processes, for the first time both
face hobbing rolling, and face hobbing plunging are analyzed
in this paper.

First, the manufacturing simulation BevelCut is introduced.
The underlying mode of operation for the planar penetration
calculation is illustrated. An overview of the current scope and
features as well as simulation results demonstrates the capabil-
ity of the software.

As a next step, examples of experimental hypoid designs are
analyzed by simulating the manufacturing of both ring gear
and pinion by means of BevelCut. The resulting characteristics
will indicate the cutting conditions for both parts.

As the different characteristics represent different aspects of
the cutting conditions, the relationship between individual sim-
ulation results and cutting phenomena is investigated. Based on
the underlying principle, corrective measures are deduced.

Finally, the tool and process data are adapted for the sample
gearset according to the findings. The optimized design is
simulated again by means of BevelCut. The simulation results
verify and quantify the effect of the changes.

Manufacturing Simulation BevelCut

The manufacturing simulation BevelCut has been developed at
the Laboratory for Machine Tools and Production Engineering
(WZL) of RWTH Aachen University and has been applied
mainly to analyze face milling rolling and plunging processes
in the past (Refs 3, 12). Due to recent innovations, the pro-
gram’s scope has extended to face hobbing rolling and plunging
processes as well (Ref. 8). The planar penetration calculation
as the underlying principle, however, remains the same for all
process methods and is illustrated in Figure 2.

Importing the Input Data
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Figure 2—Mode of operation of the manufacturing simulation BevelCut.
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After importing all necessary data from the design software, the
workpiece blank represented by a bevel frustum is discretized along
its rotational axis. As a result, the blank is represented by circular
planes of differing diameters. The tool is discretized along its cut-
ting path. The resulting enveloping body includes the tool geom-
etry as well as the machine and process kinematics (Ref. 3, 12).

The core of the penetration calculation consists of four steps.
First, the tool and workpiece need to be positioned correctly
according to the regarded moment in time. Subsequently, the
tool profile is projected onto the individual planes, and the inter-
sections between the workpiece and the projected tool outline
are determined. With the help of these intersecting points, the
chip outline can be determined and thus, the new slot outline.
This information is stored and as a next step, the tool and work-
piece are repositioned again. These four steps are repeated until
the end of the process has been reached (Refs. 3, 12).

The resulting workpiece geometry as well as all information on
the undeformed, 3D chip geometry are evaluated as part of post-
processing. For every cut that occurred throughout the process,
the chip thickness ., can be evaluated along the unrolled pro-
file edge as a maximum Aeyme Or mean h.,,mean value. The chip
thickness ., represents the load of material a point on the profile
edge has to the machine. Similarly, every point of the unrolled
profile edge can also be attributed to a chip length I.,. The chip
length /., indicates how long the tool and workpiece are in con-
tact and thus, is an indicator of friction and heat within the pro-
cess. The machined area A, combines the chip thickness with the
length of the chip. These values are available for every chip cut at
every point in time by every blade. To condense the information
further, the maximum and mean chip thickness can also be evalu-
ated for the entire process. Based on this information, the number
of cuts N, each point on the profile edge contributes to through-
out the process can be determined. By analyzing the number of
cuts N, the influence of the pulsating load on the blade’s fatigue
life can be determined (Refs. 3, 12).

Currently, the manufacturing simulation BevelCut can simulate
both face hobbing and face milling processes. Straight plunging
and single-generating methods are implemented as well. Therefore,
every combination common in the industry is represented. The
standard blade profile as well as all blade modifications such as
profile crowning, tip relief, and root relief as well as their combina-
tions allows for reproducing every possible gear design.

Simulation Results

The simulation was performed for a gearset of an automotive
application. For this example, neither gear design nor process
was optimized. The input data is shown in Table 1.

Parameter Pinion Ring gear
Number of teeth z; / z» [-] 1 39
Normal mean module ., [mm] 3.59 3.59
Number of blade groups z, [-] 17 17
Nominal cutter radius R,, [mm] 88 88

Generating process [-] Rolling Plunging

Table 1—Simulation data.

www.geartechnology.com



The distribution of the chip thickness A, is shown in
Figure 3. For every cut, different characteristics were calcu-
lated. The color gradient represents each cut from the
beginning of the process (blue) to the end of the process
(red). The superimposed black line represents the maxi-
mum value of the characteristics while the gray line shows
the mean value.
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Figure 3—Chip thickness distribution hey, heumaw and heymean

The ring gear was manufactured by plunging. The outside
blade shows a significantly higher chip thickness h., than
the inside blade. Both blades have a significant portion of
the clearance side contributing to machining. The outside
blade furthermore shows a larger number of high values for
the chip thickness hc, occurring on the radius of the clear-
ance side.

For the pinion, which was manufactured by rolling, the out-
side blade also displays significantly higher values for the chip
thickness A, than the inside blade. However, the highest maxi-
mum chip thickness hcyme 0ccurs at the tip of the blade. The
clearance side of the outside blade contributes to machining to
a great extent.

Overall, the values for the chip thickness k., vary signifi-
cantly during the cutting process for both pinion and ring
gear. The maximum values occur mainly during the initial
tool rotations. The course of the chip thickness k., however,
differs between the ring gear and pinion. The chip thickness
he at the clearance side indicates the existence of interfer-
ence. The cuts are differently distributed between ring gear
and pinion. For both processes, the outside blade shows the
most critical values.

Figure 4 focuses on the number of cuts N., on the left and
the maximum chip length I, mq on the right side for the out-
side blade as it is the most critical one. The maximum number
of cuts N, is reached at the tip of the ring gear and at the flank
of the cutting edge for the pinion. While there is a uniform dis-
tribution for the ring gear, the pinion shows a more irregular
course with two maxima.
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Figure 4— Analysis of the number of cuts N., and max. chip length 1o, max.

The peak of the maximum chip length leyme Occurs at the
clearance side radius for the ring gear. The pinion, however,
machines the longest chips at the flank of the cutting edge. The
clearance side contributes to short chips for the ring gear, but
longer chips for the pinion.

As the number of cuts N, conveys information on the
dynamic load, the highest pulsating load occurs at the tip of the
ring gear blade and at the cutting edge of the pinion blade. The
chip length [, allows conclusions on the contact length between
the workpiece and tool during the process. The longest contact
occurs at the radius of the clearance side for the ring gear and at
the flank of the cutting edge when machining the pinion.

The 3D model in Figure 5 shows the total view or the individ-
ual flanks of the workpiece including deviations due to manu-
facturing. Details of the slot outline are visible in the individual
intersecting planes. Thus, the noticeable fin occurring in the
root of the ring gear can be detected easily and its dimensions
can be quantified. The pinion outline shows no fins.
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Figure 5— Analysis of resulting workpiece geometry.
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Application Suggestions

As the characteristics represent the cutting process, the correla-
tion between the individual variables and cutting phenomena
is necessary to optimize the tool and process parameters.
Figure 6 gives an overview of the cutting phenomena and the
underlying characteristics, whose relevant area is marked with
ared circle.
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Figure 6—Correlation of characteristics and cutting phenomena.

Tool wear can be influenced by many parameters such as cut-
ting speed, tool angles, tool radii, and feed. The feed directly
influences the chip thickness k... Areas of increased chip thick-
ness he, as well as steep gradients or peaks indicate a higher risk
for increased or disproportional tool wear. Corrective measures
include the identification of where on the profile edge and where
during the process these irregularities occur. By adapting the
feed ramp accordingly, the chip thickness k., can be affected.
The general blade position as well as changing the feed strategy
such as vector feed or modified plunging can affect how the chip
load is spread between the inside and outside blade.

Similarly, wear on the clearance side can be detected with
the help of the chip thickness h., as well. Corrective mea-
sures for this case focus on avoiding a contribution to cut-
ting. This can be achieved by changing the blade position and
spreading the chip load evenly between the inside and outside
blades. Adapting the tool geometry to obtain slimmer blades is
another measure. If no chip thickness occurs on the clearance
side, but wear still occurs, a further analysis of the chip flow
will be necessary.

56 GEAR TECHNOLOGY | September/October 2023

Interference can be detected by the existence of chip thickness
hey on the clearance side. They are usually high but only occur for
a short amount of time. Corrective measures include the adapta-
tion of the blade position as well as the inactive tool geometry.

Whether the blade height needs to be adapted can be deter-
mined through the position of the chip thickness h., on the
unrolled profile edge. If the entire profile edge contributes to
machining, increasing the blade height is advisable to avoid
a collision with the shoulder. If the simulation results show a
large inactive portion of the profile edge, a reduction of the
blade height is advisable. When adapting the blade height,
however, the building tolerances during cutter head setup
should be taken into consideration.

A fin at the root can be detected when analyzing the result-
ing workpiece geometry. So far, available design programs give
a qualitative, visual output of the root geometry. Currently,
there is no detailed possibility for quantitative validation.
Corrective measures to avoid fins are the adaptation of the
blade position as well as adapting the tool geometry.

Optimized Process Design

For optimization, the same gear design as defined in Table 1
was used. To keep the functionality of the gearset, the flank
geometry must remain identical, and the tool and process
optimization may not change or interfere. As most problems
occurred at the ring gear, the focus is on the simulation results
of the ring gear.

Figure 7 shows the effect of the changes on the distribution
of the chip thickness %... The increase in the blade height
resulted in more clearance between the shoulder and the work-
piece surface. By decreasing the blade width as well as the
clearance radius, the slimmer blades do not interfere with the
clearance side anymore. Through an adaption of the position
of the inside and outside blades, the chip thickness k., is more
evenly distributed between the blades. As a consequence, the
maximum chip thickness hcyme is reduced significantly and
interference was eliminated.
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Figure 7—Ring gear chip thickness distribution hc., heymao and heymean.
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To eliminate the fin at the root of the ring gear, further modifi-
cations were added to the optimization. The ring gear’s slot geom-
etry with and without the optimization is depicted in Figure 8.
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Figure 8—Ring gear slot geometry.

The limitations, however, consisted of not creating interfer-
ence at the toe again and backlash as well as tooth thickness hav-
ing to remain the same. As the blade width cannot be increased
to cover more of the slot width, the point radius and thus the
position of the inside and outside blade were adapted once more.
This results in a decreased risk of interference, and a more even
distribution of the cut between inside and outside blades is the
result. As a consequence, the reductions of the maximum chip
thickness hymae is reduced and the fin is eliminated. However,
this example also illustrates that the challenges in manufacturing
and connected phenomena limit the scope of possible changes
to tool and process design. Therefore, it is important to deter-
mine the quantitative effect of the changes on the cutting char-
acteristics and the resulting workpiece geometry.

Summary and Outlook

In this paper, the mode of operation as well as the current scope of
the manufacturing simulation BevelCut was presented. The cutting
characteristics for an exemplary design were evaluated for both
pinion and ring gear manufactured using face hobbing rolling and
plunging. A relationship between the simulation results and cutting
phenomena was established. Based on this relationship, corrective
measures were deduced. The simulation results show a success-
ful optimization of the tool and process parameters for the gear
design. Thus, for the first time, a simulation-based tool and process
optimization were conducted for face-hobbing processes.

In the future, the manufacturing simulation will be extended
by process modifications such as modified plunging and dou-
ble roll. Quantifying the height of the fin for the individual
intersecting planes will aid in the optimization of the tool
design. Implementing algorithms for predicting chip forma-
tion will contribute greatly to the analysis of the mentioned
challenges and cutting phenomena. For this, a validated cut-
ting force model for bevel gear cutting is necessary.
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