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Hard gear skiving with PCBN tools offers a
technically and economically viable solution for
the hard finishing of internal gears, particularly in
applications with high demands on gear quality.

By ANDREAS HILLIGARDT, CHRISTOPH LEONHARDT, and MAXIMILIAN ZIMMER

ue to the increasing demand for drivetrains

with even higher power densities, high efficien-

cy, and low noise emissions, new gearbox con-

cepts with planetary gear sets are increasingly
being developed. Internal gears with a high load capac-
ity and geometric accuracy in a thin-walled design are
required for these concepts. These requirements can
be met in particular by hard-fine machined, case- or
induction-hardened gears. However, the high harden-
ing distortions of thin-walled components create major
challenges for hard-fine machining, meaning there is
currently no economical hard-fine machining process
available for internal gears.

In the last 15 years, gear skiving has established
itself as one of the most important processes for the
production of internal gears in green machining.
However, attempts to use the process in hard-fine
machining have failed due to the limited tool life that
can be achieved with tungsten carbide tools and the
resulting quickly insufficient workpiece quality.

This article introduces a novel PCBN tool system for
the high-quality, economical hard finishing of internal
gears. The tool system is complemented by a highly spe-
cialized hard skiving machine. Application examples
demonstrate how this technology machines internal
gears to a quality of ISO class 5 or better, achieving tool
lives exceeding 2,000 workpieces per re-sharpening.

1 INTRODUCTION

1.1 PROFOUND CHANGES IN DRIVE TECHNOLOGY
In the last 10 years, the requirements for modern
vehicle transmissions have changed massively, which
is why transmission designs have changed and are
still changing. Due to the increasing electrification of
vehicles, the requirements are increasing in four areas
in particular:

) Lower weights and lower use of raw materials.

) Higher gear ratios.

) Increased efficiency.

) Significantly lower noise emissions.

Hybrid and purely electric vehicles require weight-
intensive batteries. In order to keep vehicle weight and
payload within the target range, the motor transmis-
sion units must therefore achieve lower weights and
higher power densities. To reduce overall costs, it is
particularly important to reduce cost-intensive raw
materials such as copper, electrical steel, and magnetic
material. As the power is the product of torque and

speed, an electric motor with the same power can be
built in two ways: as a high-torque machine with low
speed or as a high-speed machine with low torque. The
volume of the active parts of the electric motor scales
with the torque and therefore the weight. This is why
an electric motor is significantly lighter and requires
less raw material as a high-speed concept. On the other
hand, high-speed drive units require gearboxes with
higher gear ratios to transmit into the target wheel
speed and torque range. In addition to the higher gear
ratios, lower power losses are also required, as power
losses, especially in electric vehicles, lead to direct
unwanted reductions in range.

To achieve high gear ratios and high efficiency with
high power density, planetary gearbox concepts are
increasingly being used, as they enable compact hous-
ings and high power densities due to their principle. In
particular, stepped planetary concepts are favored, as
they can achieve transmission ratios of up to 21:1 with
only two stages in the power flow. The power loss of a
gearbox scales with the number of gear contacts in the
power flow, which means such concepts achieve high
levels of efficiency with just two gear stages. Figure 1
shows an example of such a high-speed motor gear unit
with a stepped planetary gearbox on the left.

Due to the lack of masking noise from the internal
combustion engine (ICE) in a hybrid vehicle in sailing
or purely electric mode, as well as in a purely elec-
tric vehicle, noise emissions from the transmission
come to the fore and must therefore be significantly
reduced in these applications. Internal gears with an
ISO class 10 quality were still sufficient for ICE driven
transmission solutions, internal gears with ISO class
6 qualities are required for new electrified solutions
[1]. For high-speed drives, the surface structure and
waviness of gear flanks are particularly detrimental
for noise, which is why qualities better than ISO class
5 for profile and flank form errors are often required.
Moreover, a persistent trend toward reduced permis-
sible flank roughness values can be observed, aiming
to improve load carrying capacity [23]. These limits are
now entering the polish grinding range, with Ra values
below 0.15 pm.

In summary, the new drive trains of hybrid and
electric vehicles use new transmission architectures
that require internal gears and stepped planets as
shown in Figure 1 on the right. These gear types are
now required in large quantities and of high manufac-
turing quality with competitive production costs. This
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makes it necessary to develop and establish new production technolo-
gies for such gears.

1.2 PROCESS CHAIN FOR INTERNAL GEARS

Currently, there is no firmly established cost-effective solution for
the flank hard finishing of internal gears in large-scale production.
As a result, many internal gears in automotive applications are soft
finished and subsequently nitrided. The simplified process chain is
illustrated in Figure 2. Nitriding is a purely diffusion-based hard-
ening method, which leads to lower and more uniform distortions
compared to case hardening or induction hardening involving mar-
tensitic phase transformation. To achieve sufficient core strength in
nitrided gears, the blanks must be highly tempered. This requires
soft finishing at elevated material strength
levels, typically about 1,000 MPa tensile
strength. Consequently, cutting speeds must
be reduced, and tool wear increases signifi-
cantly. Combined with the long processing
times of nitriding and the higher cost of
nitriding steels, this process chain becomes
economically unfavorable. Furthermore, due
to the remaining distortions and surface
alterations after nitriding, the achievable
gear quality is limited to ISO class 7, with
moderate noise, vibration, and harshness
(NVH) behavior and reduced load carrying
capacity compared to martensitic hardening.

Due to the high cost of nitrided internal
gears, an alternative process chain, shown in
the middle of Figure 2, has been adopted for
certain applications. In this approach, com-
ponents are soft finished and subsequently
martensitically hardened, enabling high load carrying capacity. The
use of cost-effective hardening methods and more economical soft
machining at lower tensile strengths, typically below 700 MPa, results
in significantly reduced overall process costs. Despite the applica-
tion of advanced hardening technologies such as fixture hardening,
vacuum hardening, or multi-frequency induction hardening, random
hardening distortions remain. These distortions limit the achiev-
able gear quality in large-scale production to ISO class 9. As a result,
increased levels of noise, vibration, and harshness (NVH) may occur,
which are often unacceptable in demanding applications, particularly
in electric vehicles.

A high potential for both cost efficiency and quality remains
when applying the established process chain for external gears that
includes flank hard finishing, as illustrated in Figure 2 (bottom). This
approach uses martensitic hardening, while soft machining is limited
to generating a pre-gear profile with low accuracy requirements, fur-
ther reducing costs in this step. After hardening, hard fine machining
of reference surfaces is optional and depends on the gear assembly
method. For example, if the gear is press-fitted into a housing, the
joining diameter typically requires hard finishing. In the final step,
the gear flanks must be hard finished. However, for internal gears,
there is currently no solution available that combines consistently
high quality with economic viability.

1.3 PROCESS FOR THE HARD-FINE MACHINING OF INTERNAL
GEARS AND STEPPED PLANETS

In hard-fine machining, achieving the required quality is a funda-
mental prerequisite. At the same time, demands for process flex-
ibility and productivity continue to rise. Figure 3 classifies the most
important hard finishing processes based on their productivity and
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Figure 1: Left: Motor gear unit of a modern traction drive [2]. Right: Examples of
internal gear and a stepped planet.
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Figure 3: Classification of the processes for gear hard finishing.

flexibility. The ideal process, combining both attributes, would be in
the upper right corner of the diagram.

Generating grinding, the benchmark process for flank hard fin-
ishing of external gears, is often unsuitable for stepped planetary
gears. This is due to potential collisions between the grinding tool and
adjacent larger gears, which act as interfering contours. Internal gears
also cannot be processed using this method, as the worm-shaped tool
would collide with the workpiece. Similar limitations apply to skive
hobbing.
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short tool life between dressing cycles, and
the small tool sizes exhibit low form stabil-
ity and limited robustness against variations
in blank quality. This becomes particularly
problematic with increasingly thin-walled
internal gears that exhibit significant hard-
ening distortion, often leading to prema-
ture tool failure. Non dressable cubic boron
nitride (CBN) based honing tools, while
offering better tool life, show considerable
variation in tooth flank surface roughness
over their lifespan. Newly exposed sharp dia-
monds can produce roughness values around

D Reaehasnd 10y Rz 5 pm. As the diamonds wear and become
- Pas rounded, surface roughness improves. In
i high-volume automotive production, such
s | fluctuations in surface quality over the tool’s

o AT i life are considered critical.
! Internal generating grinding improves
O Flatress upon honing by enabling higher axis cross-
W.:... ing angles and cutting speeds, thereby
C_: ) increasing productivity. However, this also
T raises the risk of grinding burn [4]. Issues
LA [ Alter soft machining related to robustness and surface roughness
B Ater hardening remain largely unresolved. Typically, inter-

nal generating grinding with corundum
achieves surface roughness values at about
Ra 0.3 pm. Recent developments in internal
polishing using the same kinematics have
= shown potential to reach Ra values as low as
' 0.1 pm [5]. Due to geometric constraints, it
is not feasible to combine grinding and pol-
ishing into a single tool with an economical
tool life, as is possible with external gears.
Instead, two separate tools and process steps
are required, increasing handling complex-
ity and cost.

Hard gear skiving is still a relatively
new process in terms of research maturity,
offering substantial potential for further
development. Studies have shown that its
stable, geometrically defined cutting edge is
highly robust against hardening distortions
and can even operate without protuberance
[6]. Applications using conventional coated
carbide tools demonstrate that ISO class
6 internal gears for automotive use can be
produced with extremely short cycle times,
maximizing productivity. Moreover, machin-
ing processes with geometrically defined
cutting edges have shown that, with prop-
erly designed microgeometry, low surface

Figure 5: Shape and gear quality before and after case hardening [6].
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Figure 7: Comparison of simulatively determined and real measured flank line angle deviation [6]. ing in high process flexibility. For instance,

crowned gears with minimized twist errors

Internal gear honing is restricted by tight geometric and techno- can be skived without tool modifications, simply by adapting the
logical boundaries, such as limited cutting speeds and tool dimen-  kinematics across the workpiece width [7]. Overall, hard gear skiv-
sions, resulting in high process costs [3]. Dressable honing stones offer ~ ing shows great promise in meeting the demanding requirements of

March 2026 29



hard-fine machining for stepped planetary
and internal gears.

1.4 STATE OF THE ART HARD GEAR
SKIVING OF INTERNAL GEARS
Gear skiving is a continuous machining pro-
cess to produce rotationally symmetrical,
periodic structures. Due to its high produc-
tivity combined with high flexibility, gear
skiving has established itselfin gear machin-
ing over the last 15 years [8]. The continuous
helical rolling motion creates surfaces with a
characteristic surface topography similar to
gear shaving [9]. These have a positive effect
on the tribological properties of the gear [10].
In the 1980s, the tooling materials, coatings,
and machine controls only allowed for short
and uneconomical tool life in the hard skiv-
ing process [10, 11]. In recent years, hard
skiving has increasingly been the subject of
research [6]. Thanks to advances in machine
technology, hard skiving now offers great
potential for cost-effective hard finishing of
case-hardened internal gears [12].

For example, a thick-walled, case-hard-
ened internal gear, for commercial vehicle
applications, was successfully hard skived to

i

Figure 9: Tool system, possible tool microgeometry and mechanical clamping device exemplary.

DIN class 4 gear quality with roughness Ra <
0.3pm and Rz < 1.5 pm in a single flank pro-
cess [13]. An automotive internal gear with
a protuberance pre-profile was successfully
machined with high productivity in DIN
class 6 [14]. Ultra-fine-grained carbide tools
with AICrN-based coating systems were used
[15]. The cutting speeds here are between 40
and 90 m/min.

The achievable tool life in hard skiving

N[

3] (]

ir

with carbide tools is typically between 50
and 150 workpieces. For example, in [22],
for a component with a module of 1.63 mm,
92 teeth, and a width of 24.4 mm, 80 com-
ponents per tool regrind are achieved with
tool reconditioning outside the machine. At
current exchange rates, the tool costs per
part are $5.30. At the same time, a solution
is shown for this component with tool recon-
ditioning in the machine without coating
the rake surface. The tool life per regrind is
reduced to 10 parts per component, whereby
the tool can be reground 200 times, resulting
in a tool life of 2,000 parts per tool [22]. The
tool life is limited by the profile form error ff,
which is in quality class 6 before regrinding. The lower recondition-
ing costs reduce the tool costs per part to $2.30 per workpiece [22].
Zapf et al. show measured wear values at the cutting edge of 78 pm
after a total manufactured gear length of 1.07m for a planetary gear
of an industrial gearbox with 23 teeth, protuberance pre-profile and
a hardness of 58+4 HRC, see Figure 4 [15].

Heat treatment typically causes significant changes in gear geom-
etry. These changes are driven by so-called distortion potential car-
riers [16], such as phase transformations, shrinkage, and residual or
thermal stresses [17]. The resulting component distortion is the cumu-
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Figure 10: Left: RTD topography prediction. Right: input mask for gear corrections.
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Figure 11: Application example 1 with 1D and 2D roughness evaluation.

lative effect of these factors throughout the entire manufacturing
process chain. Thin-walled, ring-shaped components are particularly
susceptible to severe hardening distortions due to highly variable
residual stresses introduced during soft machining [18].

Figure 5 illustrates an example of shape and quality changes
caused by case hardening [6] in a thin-walled automotive internal
gear with a gear rim thickness of just 4 mm. A key observation is
that such internal gears become significantly oval after hardening.
In this case, the roundness deviation of the outer diameter increases
from 32 pm to an average of 175 um. Some parts exhibit even greater
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contrast, at the maximum stock allowance
(left), the tip chamfer is completely removed,
and the hard-skiving process cuts deeply into
the tooth root fillet. The tool must be suffi-
ciently robust to handle these demanding
conditions.

The machining stock fluctuates twice
over the circumference due to hardening
distortions, which is critical because cut-
ting forces during hard skiving are largely
influenced by the stock allowance [15]. The
machine must exhibit very low compli-
ance at the relevant characteristic frequen-
cies to prevent displacement between tool
and workpiece in areas of high stock. This

Figure 13: Topography evaluation and spectra analysis of an all-tooth measurement from application example 1.

distortion, with worst-case roundness values reaching up to 245 pm.
These second-order oval distortions manifest as a “peanut” shape in
the enlarged measurement protocol.

Simultaneously, the flatness of the component also distorts in a
second-order pattern, resulting in a “stacked potato chip” shape. In
this example, flatness changes from an average of 16 pm to 79 pm.
Due to the thin-walled nature of the component, the distortions of
the internal gear teeth closely follow the external reference surfaces.
As a result, the “stacked chip” shape dominates the wobble of the
flank line angle, while the ovality primarily affects the gear runout.

Typical hardening distortions lead to characteristic variations
in cutting conditions during hard-fine machining of thin-walled
internal gears. Figure 6 shows two tooth gaps from the same compo-
nent, offset by 90°. The gap on the left corresponds to the area with
the maximum actual machining stock, caused by oval runout due
to hardening distortions. The gap on the right represents the area
with the minimum actual machining stock. The light gray regions
indicate the soft-machined and hardened surfaces, while the dark to
black areas show the hard-finished tooth flanks. In the region with
minimal stock (right), remnants of the protuberance and tip chamfer
from soft machining are clearly visible. In such areas, pre-machining
and nominal stock allowance must be carefully designed to ensure
all material within the form circle diameters is fully finished. In

ensures hard skiving compensates for hard-
ening distortions rather than following them
[6]. Additionally, all axis drives must possess
high dynamic control within the character-
istic frequency ranges to counteract machin-
ing forces and prevent positional deviations.

In addition to a high-precision, high-
performance tool and a rigid, dynamically
responsive machine, the clamping device
plays a crucial role in the success of hard
skiving.

Figure 7 illustrates the interaction
between the flatness of the face contact sur-
face and the wobble error of the flank line
—— angle when using an axial clamping system.
: The deviations over 180° of the workpiece’s
polar angle are evaluated on the right side
of the figure. The gray data points represent
the flank line angle deviations of individ-
ual teeth after hardening, based on actual
measurements. The green curve shows the
results after hard skiving. The deflections
exhibit opposite signs, indicating the devia-
tions are not caused by insufficient system
rigidity or inadequate axis drive dynamics.
Instead, the root cause lies in the elastic deformation of the work-
piece during clamping and its reverse deformation upon unclamping,
which is influenced by the flatness of the face contact surface.

The flatness profile of the contact surface is shown as a black
line. The red line represents the result of a non-linear finite element
simulation of the clamping and unclamping process, predicting the
wobble error of the flank line angle due to reverse deformation. The
close agreement between the red simulation and the green measured
results highlights the critical importance of the clamping system in
determining the final gear quality [6].

2 OBJECTIVES

Modern drive technology places increasingly stringent demands on
the quality and load-bearing capacity of gears. New gearbox designs
frequently require internal gears that meet these high standards.
However, current state-of-the-art methods for the hard-fine machin-
ing of internal gears, especially processes with a geometrically unde-
fined cutting edge, exhibit significant limitations. These challenges
include achieving the desired surface roughness, maintaining form
stability, and ensuring tool robustness against total failure dur-
ing large hardening distortions. Hard skiving, which uses a stable,
geometrically defined cutting edge, has shown great potential for
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overcoming these issues. Nevertheless, the

cost-effectiveness of current solutions using
carbide tools is severely limited by high tool
wear. The aim of this work is the investiga-
tion and evaluation of the technological and
economic performance of a specially devel-
oped skiving tool made of polycrystalline

cubic boron nitride (PCBN) in combination

with a tailored machine tool. The focus will

be on the reliably achievable workpiece quali-
ties, surface roughness, the tool life, and the

resulting tool costs per part.

3 NEW SOLUTIONS FOR HARD
GEAR SKIVING

This investigation focuses on a newly devel-
oped tool system featuring an innovative cut-
ting material for hard skiving. To address the
strong interdependencies between mechani- - i
cal, control, and process domains identified 1.z =
in the state-of-the-art, a dedicated machine ! F 3
with customized control architecture, mon- 1=f

itoring system, and a gear skiving process

simulation was co-developed.

a) Part 702

3.1 HARD GEAR SKIVING MACHINE - )
The development of the new machine started 2
from scratch, without any legacy constraints.
It was purpose-built and optimized specifi-
cally for the demands of hard skiving. Figure
8 illustrates the complete machine (left) and
its patented structural design (right) [19]. The
system is a 6-axis vertical machine, with all axes operating in fully
closed-loop control. This configuration enables advanced function-
alities such as axis crossing angle adjustment across the workpiece
width, essential for twist control skiving.

Designed for components up to 300mm in diameter and a module
range of up to 3mm, the machine features a highly rigid structure.
With a mass of 14 tons, solid linear guides, gantry drives on the Z
and Y axes, and an HSK-F 100 tool interface, the mechanical founda-
tion ensures exceptional stability. As with any multi-mass machine
tool system, certain modal frequencies exhibit lower rigidity. A key
innovation of the RS 300 design is its broad frequency range of high
dynamic stiffness, specifically tuned to the excitation characteristics
of hard skiving at elevated cutting speeds, such as tooth meshing
frequencies and second-order harmonics of the workpiece spindle
speed induced by typical hardening distortions.

The control behavior of the machine’s axis drives is specifically
tuned to maximize dynamic performance at those characteristic exci-
tation frequencies. To achieve this, the system incorporates a range of
advanced control algorithms. Since different tool holders and work-
piece clamping setups significantly alter the relative mass inertia
of the rotary axes, using generic spindle control parameters would
result in substantial losses in dynamic response. However, precise
and highly dynamic synchronization of the rotary axes within the
electronic gearbox is essential for achieving high-quality gear skiving
and compensating the hardening distortions. Therefore, during the
setup process, each rotary axis is characterized individually for the
specific process configuration. Based on these measurements, the
spindle control parameters are automatically adjusted to achieve the
highest possible dynamic behavior, operating close to the stability
threshold for optimal performance.
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Figure 14: Application example 2 and development of diametral dimension over balls.

b} Part 2600

Figure 15: Application example 2: a) Chart after 700 parts; b) Chart after 2600 parts.

Precise alignment of the tool teeth within the gaps of the work-
piece teeth is critical for achieving high-quality hard skiving results.
This requires accurate knowledge of the relative positions of both
tool and workpiece teeth. To ensure this, the machine is equipped
with a high-precision laser bridge located near the machining area,
which measures the tool geometry after each tool change. Workpiece
positioning is determined using a relearning induction sensor, which
includes compensation functions for external disturbances such as
thermal drift. These measurements are repeated at configurable
intervals to maintain positional accuracy throughout the process.

Since hard skiving achieves optimal tool life under dry machin-
ing conditions, the machine was designed as a fully dry system. This
required comprehensive chip and thermal management to ensure
long-term repeatability and precision of the machine axes. In addi-
tion to process efficiency, dry machining offers significant potential
for reducing the CO, footprint per gear, as it eliminates the need
for cutting fluids and allows direct recycling of chips without prior
separation from oil or corundum.

3.2 PCBN HARD GEAR SKIVING TOOLS

Polycrystalline cubic boron nitride (PCBN) is a high-performance
cutting material, well established in hard turning as well as in the
machining of gray and hard cast iron. Its effectiveness in these appli-
cations is well documented. PCBN is a composite material available
in a wide range of variants, similar to cemented carbide. Key factors
influencing its performance include the CBN grain content, grain size,
and binder phase. Typical substrates contain between 50% and 90%
CBN with grain sizes ranging from 1.5 to 4 microns. Substrates with
finer grains and lower CBN content are generally used for continuous
or lightly interrupted cutting processes. In contrast, substrates with
coarser grains are preferred for heavily interrupted operations such
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Module  Number of teeth Pressure angle Helixangle Tip diameter Width Hardness  ents a high risk of collision, a pronounced
1.475mm 117 22.88° (normal) 140 Ulsmm  somm  sgs4pRc  SCRSitivity to tool errors transferred to the
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr workpiece, and a strong dependency of chip
Tahle 1: Gear data of application example 1. formation on the tool geometry. To address
these challenges and ensure consistently

Module  Number of teeth Pressure angle Helix angle Tip diameter Width Hardness high-quality results, 3D process simulation is
1.04mm 86 21° (normal) 24.75° 95.6mm 26mm  58+4 HRC essential. This includes predictive models for

Tahle 2: Gear data of application example 2.

as gear skiving, due to their improved toughness. The binder mate-
rial plays a decisive role in determining both the fracture resistance
and thermal behavior of PCBN. Binders based on AIWCoB have dem-
onstrated particularly high resistance to edge chipping. Additional
phases within the binder are engineered to direct process heat into
the chip, thereby preventing thermal damage to both the tool and,
critically, the workpiece. Due to the varying force fluctuations and
gradients at the cutting edge, strongly influenced by the axis crossing
angle, it is not practical to use a single PCBN grade for all hard skiving
processes and workpiece geometries.

The extreme hardness of CBN presents significant challenges in
tool manufacturing. While single-tooth tools can still be produced
effectively using large grinding wheels, the production of full toothed
tools with minimal deviations and lowest edge chipping is particu-
larly demanding. Over the past decade, Reishauer has developed a
novel tool manufacturing process that enables the production of such
tools, as used in this study. A key feature of this process is the ability to
locally vary the microgeometry of the cutting edge along the cutting
profile, such as edge rounding and protective chamfers. This allows
precise adaptation to the highly variable cutting conditions encoun-
tered in hard skiving, see Figure 9. The patented radius-dependent
microgeometry [20] enables a tailored balance between sharpness and
surface finish. Tools produced with this method can be reconditioned
up to two times for modules in the 1-2mm range, and up to three
times for larger modules.

Unlike generating grinding, hard skiving does not allow dressing
of the tool on the machine because the cutting edges are geometri-
cally defined and remain stable. Therefore, in addition to a tool design
with a suitable number of teeth [6], minimal clamping errors are
crucial for achieving high machining accuracy, especially with regard
to low form deviations. To meet these requirements, the new tool
system was complemented by tool holders with high-precision inter-
faces and carefully adapted tolerances. These holders are designed to
allow kinematic adjustments for twist and profile corrections without
causing collisions. At the same time, they are optimized to ensure
excellent dynamic stability and vibration behavior.

The tooling system is complemented by mechanical and hydraulic
centric clamping devices, designed for components with well-defined
reference surfaces such as internal gears. These gears are typically
assembled into housings and clamped via their joining surfaces. In
addition, axial point clamping solutions are available for internal
gears that are mounted in a self-centering manner on planetary sys-
tems and therefore require low-deformation clamping. The dynamic
behavior and chip evacuation characteristics of clamping devices are
specifically tailored to the demands of hard skiving and machine
behavior.

3.3 TECHNOLOGY AND DIGITAL SOLUTIONS

Gear skiving involves highly variable cutting conditions that change
both over time and across the cutting edge. In contrast to gear hob-
bing, not only does the chip thickness vary, but also the clearance and
rake angles along the cutting path. Additionally, gear skiving pres-

tool load and the resulting workpiece quality.

Figure 10 (left) shows an example of the
predicted surface topography of the left and
right flanks for an off-center hard gear skiving process, where both
flanks are machined separately at high feed rates. Process-induced
vibrations can be approximated using an integrated cutting force
model combined with a semi-empirical frequency response model.
This model considers the compliance characteristics of the machine,
clamping system, tool, and tool holder, enabling realistic simulation
of dynamic behavior under actual machining conditions. Using this
simulation in combination with waviness analysis, deviations that
could negatively affect noise, vibration, and harshness can be identi-
fied and eliminated during the design phase.

As part of this work, a two-stage, software-based design process
was implemented using 3D process simulation. In the first stage, an
optimized macro-level process layout is developed for each individual
workpiece. This layout is primarily defined by parameters such as
axis crossing angle, eccentricity, number of tool teeth and tool profile
shift. In the second stage, the cutting strategy is refined by consid-
ering actual hardening distortions. This includes the definition of
roughing and finishing strokes, cutting speeds, feed rates, and the
cutting-edge microgeometry.

The well-established ARGUS monitoring system [21] enables com-
prehensive monitoring and optimization of both the machine and
the process, similar to its application in grinding. Hard skiving and
the skiving machine represent the first processes and products to be
developed and optimized through the consistent use of ARGUS. The
system not only supports process monitoring during hard finishing,
but also allows correlation between the quality of input parts and
the resulting quality of the finished workpieces. For example, varia-
tions in hardness between parts or even within a single part can be
detected and linked to deviations in flank quality. In this way, ARGUS
makes previously invisible influences visible and, more importantly,
controllable in the high-speed and otherwise inaccessible hard skiv-
ing process.

The user interface of the machine has been designed to align
with established standards from gear-finishing applications.
Comprehensive plausibility and safety checks help prevent opera-
tional errors, increase machine availability, and reduce scrap. Gear
correction inputs remain straightforward. The operator enters the
desired values for profile angle, flank line angle, crowning, point
correction, or twist. The system then automatically calculates all
necessary process adjustments while ensuring that collision limits
are not exceeded. Figure 10 (right) shows an example of the correc-
tion interface.

4 PRACTICAL EVALUATION - APPLICATION EXAMPLES

4.1 TYPICAL USE CASE - INTERNAL GEAR OF A BATTERY
ELECTRIC VEHICLE
Typical internal gears used in purely electric vehicles fall within a
module range of 1 to 2 mm, with gear diameters between 120 and
250mm. Table 1 summarizes the gear specifications for such a com-
ponent, which is shown on the left side of Figure 11.

For this example, a conical PCBN tool with 85 teeth was designed
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Figure 16: Close-up view of PCBN hard gear skiving.

using the method described above. The PCBN hard gear skiving pro-
cess achieves a process time of 81 seconds per part, measured from
NC start to NC stop. A four-stroke strategy is applied, consisting of
one roughing and one finishing stroke per flank. The component
was green-machined with a stock allowance of approximately 100
pm and included a protuberance. Hardening was performed via low-
pressure carburizing followed by high-pressure nitrogen quenching.
As expected, the part exhibited characteristic hardening distortions,
particularly oval runout, with post-hardening gear runout values
ranging between 80 and 160 pm. The component was axially clamped
on double-face ground surfaces, with radial centering on the outer
diameter.

Figure 11 (right) presents a one-dimensional roughness evaluation
of the finished tooth flanks. For tactile measurement, tooth segments
were separated from the test components using wire EDM.

The measured surface roughness values were Rz < 0.6 pm and
Ra < 0.1 pm on both flanks. Additionally, a two-dimensional tactile
surface analysis is shown in Figure 11, including the Abbott-Firestone
curve. The Spk value (equivalent to Rpk in 2D surface analysis) was
found to be below 0.13 pm.

These roughness results underscore the high performance of the
new PCBN hard gear skiving, achieving surface qualities comparable
to polish grinding.

The classic gear measurement protocol is presented in Figure 12,
with all features magnified at a scale of 1000:1. All gear characteris-
tics fall clearly within ISO quality class 5. While runout and total pitch
still exhibit the typical ovality resulting from hardening, the gear
runout was significantly improved from an average of 120 nm to less
than 20 pm through the hard gear skiving process. This demonstrates
the minimal tendency of the new tool and machine technology to
follow hardening distortions.

Particularly noteworthy are the very low form deviations in ffa
and ff, which are characteristic of the PCBN hard gear skiving.
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These low deviations are especially beneficial for minimizing high-
frequency noise excitation in gearboxes. Figure 13 shows a topography
measurement of a complete tooth across 50 flank lines, along with
the corresponding spectral analysis derived from an all-tooth mea-
surement followed by waviness analysis.

4.2 TOOL LIFE TEST - INTERNAL GEAR OF A PLUG-IN HYBRID

To validate the performance of the new technology, testing was con-
ducted not only under controlled laboratory conditions at the Tech
Center, but also under real world industrial conditions. For this pur-
pose, a test machine was installed at a partner site: an automotive
supplier located in Michigan.

The gear shown in Figure 14, with specifications summarized in
Table 2, was manufactured there in extensive tool life trials. A cylin-
drical tool with 55 teeth was used. A three-stroke strategy was applied.
The leading flank was machined using one roughing and one finish-
ing stroke, while the trailing flank was finished in a single stroke.
This cutting strategy is derived from the 3D process simulation and
is based on the pronounced asymmetry of gear skiving with respect
to local cutting conditions.

With an average machining allowance of 55 pm, the process time
was 36 seconds per part, resulting in an average tool life of 2,700
parts in gear quality ISO class 5. This corresponds to a cumulative
gear width of 70 meters. Once this tool life is reached, the tool can
be resharpened twice and reused. A key advantage of the PCBN tool
technology is its high performance without coating, which elimi-
nates variability in results after re-sharpening due to de-coating and
re-coating effects.

The cost of the tool, including reconditioning, results in a tool cost
of $1.50 per workpiece.

To demonstrate the robustness of the tool’s stable geometrically
defined cutting edge, additional tests were performed on blanks with
amachining allowance of 120 pm, without protuberance. Despite the
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tool cutting deeply across the tip rounding in these conditions, tool
lives of 1,600 parts per resharpening were achieved.

The tests with protuberance were conducted in single-shift opera-
tion, producing the first 2,500 parts over several days. No corrections
were applied during this period, and the machine was not explicitly
warmed up each morning. The fluctuation in the over-ball dimension
across the first 2,500 parts was 26 pm, as shown in Figure 14.

After the initial run, the trial was paused for four months due to
blank availability. During this time, ambient temperatures varied
from 75°F to 10°F.

Upon resuming the tests, no corrections were made, and the
change in the over-ball dimension remained below 40 pm, demon-
strating the high thermal stability of the new machine.

Figure 15 illustrates the change in classic gear measurement
charts between part 700 and part 2,600, covering the full tool life.
Notably, there is no significant change in the flank lines or the left
profile. The form deviation ffa remains below 1.5 pm throughout
the tool life.

The right profile shows a slight increase in profile crowning of
approximately 1 pm due to tool wear. The form deviation ff increases
from less than 1.5 pm to less than 2.5 pm, which is still within ISO
class 3 tolerances.

5 CONCLUSION

This study demonstrates that hard gear skiving with PCBN tools offers
atechnically and economically viable solution for the hard finishing
of internal gears, particularly in applications with high demands on
gear quality. Compared to conventional carbide tools, the use of PCBN
enables a significant extension of tool life, with up to 2,700 parts
per resharpening, while maintaining consistently high gear quality.

The achieved surface roughness values below Ra 0.1 pm and total
gear qualities of ISO class 5 or better confirm the suitability of the
process for noise-sensitive applications, such as electric vehicle drive-
trains.

A key advantage of the PCBN tooling system lies in its ability to
maintain low form deviations (ffo and fff) throughout the tool life.
These deviations remain well within the limits of ISO class 4, even
under varying cutting conditions and hardening distortions.

From an economic perspective, the potential cost savings per
part are in the region of 30% when comparing the most competitive
carbide hard skiving solution with the new PCBN approach. These
savings are primarily driven by the extended tool life and reduced
reconditioning frequency, while simultaneously improving work-
piece quality.

In conclusion, the integration of PCBN tools with a dedicated hard
skiving machine enables a high-performance manufacturing solu-
tion for internal gears. The approach combines improved gear quality,
extended tool life, and reduced cost per part, making it a promising
candidate for future drivetrain applications requiring precision, effi-
ciency, and scalability. §
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