Gear Skiving—A Step Changing
Manufacturing Process Applicable to
Multifunctional 5-Axis Machine Tools

Bethany Cousins, Chao Sun, Dr. David Curtis, Michael Farmery, Steven Staley,

and Ben Cook

The gear skiving cutting process is a machining method appli-
cable to producing both internal and external gear teeth. The
process is known to have significant productivity advantages
over shaping, and when compared to hobbing, the tool demands
less clearance and therefore has the advantage of being able to
machine in close proximity of shoulders. Despite only becom-
ing an area of prevalent interest within the gear industry in
recent years, the gear skiving method for gear cutting was first
patented in 1910 (Ref. 1). The process demands a high degree
of synchronization accuracy between the workpiece spindle and
the tool spindle, as the two mesh together, similarly to a pair of
gears at increasing depths to create the gear form. As stated by
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Figure 1 Gear skiving kinematics.

Weppelmann, “Machines and cutting spindles simply weren’t
robust and rigid enough to minimize vibrations caused by the
high spindle rpms and significant cutting forces generated by
the skiving process” (Ref. 2). However, as machine tools and
their capabilities have improved, bespoke gear skiving machine
tools have been manufactured. The AMRC has been keen to
pursue the capabilities and performance of generic multifunc-
tional machine tools such as those that are already in use on
many factory floors, when faced with the gear skiving cutting
cycle. The main benefits of performing the gear skiving pro-
cess on a multifunctional machine tool include smaller manu-
facturing cells, reduced capital expenditure, and the potential
for an increase in dimensional accuracy of components, as the
gear form can be generated in the same setup as the majority of
other turned/milled features. Sandvik Coromant AB state that
“Advances in machining centers have paved the way to a more
productive process for producing internal gears—gear skiving.
This faster process offers improved quality at lower cost and
is four to ten times more productive than, for example, shap-
ing. It also gives better flexibility and quality than broaching.
Consequently, machine tool manufacturers are now develop-
ing machining centers and software solutions capable of deal-
ing with the specific requirements of the process” (Ref. 3). The
medium-long term aim is to use the gear skiving process to both
rough and finish gears. Whilst in the short term, it is more fea-
sible to assess gear skiving as a roughing process only, where the
gears would undergo a secondary finishing operation such as
grinding after case hardening.

The gear skiving cutting process operates using a pinion-
like cutting tool (similar to a shaping cutter), held at a cross-
axis shaft angle, rotating in synchrony and meshing with the
workpiece gear. The cutter traverses the face width of the gear,
with ever-increasing radial depths over numerous passes, each
achieving a small depth of cut until the workpiece gear’s root
diameter is reached. A small scoop of material is removed from
each of the tooth gaps with each revolution, with V-shaped
chips generated. The process has attributes in common with
hobbing, shaping, turning, and milling, but in essence, is an
entirely distinct process for which new machining techniques
must be developed and optimized.

The method involves a geometry-specific tool with numer-
ous teeth, which rotates at high spindle speed whilst traversing
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Figure 1 Comparison of logarithmic decay (left) and exponential decay (right).

around the gear diameter (Fig. 1). The teeth mesh with the gear
shape as both the tool and workpiece rotate. A cutting action
is generated through an angle of inclination, or “shaft angle” of
the tool relative to the workpiece, as depicted in Figure 1 for an
external gear workpiece. The cutting speed achieved is directly
proportional to this angle of inclination, where a higher shaft
angle requires less rotational speed of both the tool and work-
piece spindles, up to a maximum possible inclination of 45
degrees (Ref. 7).

Parameters used in this process are not commonly under-
stood and are restricted to a few experienced engineers, and
these engineers still rely on iterative processes to define opti-
mum parameters. Iterative processes result in high costs due to
extensive time and use of materials.

Within literature, there are limited publications specifically on
cutting parameter calculation, some of which are in contradic-
tion. Many methods are discussed in theory but are not proven
in trials. It is suggested the parameters required for gear skiv-
ing include tool rpm, workpiece rpm, linear federate, and depth
of cut plan. The tool and workpiece rpms are related to surface
speed, and this will vary depending upon material. Surface
speed (Vc) or rpm has multiple variants of calculation depen-
dent upon academic resource. The AMRC has previous experi-
ence implementing the following formulae for rpm calculation,
hence these were taken forward:

n1 = 1,000 ve cosf / 7 Dypgj SINX (1)
nz = nl(Z[/Zg) (2)
where

B = Helix angle (radians)

z,= Number of teeth on part

z; = Number of teeth on tool

Dy =Major diameter of tool (mm)
X =Cross angle of tool (radians)

m = rpm of tool

n2 = rpm of part

v. = Surface speed (m/min)

Bylund (Ref. 7) discusses that a logarithmic decay in depth of
cut would be the most appropriate method to use. When assess-
ing a logarithmic decay, it can be seen that the initial gradient

of the decay is very steep, essentially taking an initial cut of
extreme depth followed by many cuts of very little depth. An
exponential decay would allow for a gradual transition from
deep cuts to shallow cuts and is therefore more suited to a
machining process. The logarithmic and exponential decrease
curves are compared in Figure 2.

The AMRC previously created and tested a spreadsheet cal-
culator that would give an exponential decrease for a given gear
depth but would use maximum and minimum depths of cut to
suit machining processes and also set boundaries for the expo-
nential decay to remain within. Machining processes gener-
ally begin with deep roughing cuts to remove large volumes of
material, but these are limited to a maximum depth due to the
cutting force required at greater depths. The inverse applies to
the final tool paths, as a minimum limit is required in order to
reach the material shear force; these are the limits in which the
exponential decrease must occur between in order to reach the
required total gear depth. This work highlighted the require-
ment to further control the force through each cutting pass.

The overarching focus was to specialize in developing gear
machining methods using multifunctional 5-axis machine tools
in partnership and collaboration with partner companies. This
was done to develop and quantify the capabilities and publicize
this for the benefit of the industry and to show gear skiving as a
viable option for gear manufacturers.

To achieve this, the objective was to develop and optimize a
toolkit to establish capable gear skiving parameters for a range
of gear and spline geometries over the course of three case stud-
ies. Previously, the AMRC developed a capability to demon-
strate the gear skiving process with high performance on a few
geometries, whilst supporting the development of a force pre-
diction software model for gear skiving. The objective of more
recent work was to continue and further this work into an inter-
nally developed toolkit to better understand the process, the
impact of parameters, the transferability onto a range of geom-
etries, and the limitations of the operating envelope.

The first case study’s initial focus was to undertake repeat-
ability trials to robustly demonstrate and quantify the perfor-
mance capability of the baseline process through manufactur-
ing batches of a particular geometry (a spur gear of 4.75-inch
diameter and DP 6.5, which had teeth roughed and finished in
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6 minutes 20 seconds) with varying force parameters to under-
- stand the influential variables affecting this and assessing tool
g E : life. The AMRC had previously demonstrated capability for gear

bob _ 1 1 } b skiving with high productivity and to an AGMA 2015-A01 class

s I | ! i ' -y A5 (AGMA 2000-A88 class Q12) for this baseline gear geom-
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etry, during previous parameter optimization trials. The profile,
: , lead, and spacing inspection results are shown (measured in
T T T =y metric assessed against the ISO 1328-1:2013 standard) in Figure 3.
L Following this initial work, a second case study aimed to
= develop and test the transferability of the internally developed
o toolkit to predict cutting forces and establish cutting parameters
_ . for new geometries, including splines, helical gears, and com-
rFr Tttt Tttt TT1T 1™ parably large ring gears. The aim was to expedite the process
| iy .. development and baseline performance onto different geome-
ek tries. Quality, vibration, cycle time, and tool life were monitored
throughout the trials.
This final case study facilitated the design of a planetary
|25 = gearbox, which aimed to be representative of a number of
T I | industry sectors to allow future technology development
; : and demonstration.
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Figure 3 Extract from the metric inspection report showing achievement Over the course of these trials, different methods for machin-
of (AGMA 2015-A01 class AS (AGMA 2000-A88 class Q12). ing chatter alleviation during the gear skiving process, including
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Figure 4 Work breakdown structure with component models.
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Gear Data

Quality Grade Assessment ANSI/AGMA IS0 1328-1-B14

Number of Teeth 29
Helix Angle 0°
Normal Module 3.9mm 0.154"
Pressure Angle 20°
Tip Diameter 120.90 mm 4.760"
Root Diameter 102.18 mm 4.023"
Reference Diameter 113.100 mm 4.453"
Base Diameter 106.2792 mm 4.184"

Figure 5 Pulsator gear table (left) and geometry with gear skiving tool (right).

spindle speed and feed rate optimization, were attempted based
on dynamic data and analysis of the process.

With optimized parameters obtained for the new geometries,
a tool life study was undertaken.

Case study 3, a final work stream, included the design of a
planetary gearbox that would be representative of aerospace-
geared turbofan applications but also suitable to showcase gear
manufacturing technologies applicable to numerous industries,
such as automotive and wind. To follow on from the previ-
ous work streams and transfer the findings to a larger internal
geometry, a helical ring gear of this large gearbox was selected
for further study of the application of gear skiving, utilizing the
AMRC’s developed analysis techniques.

Figure 4 Work breakdown structure with component models.

In parallel to the machining trials, process monitoring, and
optimization work was undertaken. Moreover, a new gear skiv-
ing force software simulation was developed to predict cutting
force/torque to output optimized depths of cut specific to the
gear geometry. The developed simulation model differed from
previous work significantly; the new model exploited a geomet-
ric repeatability assumption, which allowed for use of a single,
1D radial dexel map to record the part geometry and to predict
tool workpiece engagement. This assumption greatly reduced
the complexity required for simulation of gear skiving forces
and was adapted for force prediction and process planning for
both external and internal spur and helical gears.

In this project, different methods for chatter alleviation dur-
ing the gear skiving process, including spindle speed and feed
rate optimization, have been tried.

Equipment

Case study 1

A test spur gear geometry (known as the “Pulsator”) from
Newcastle University’s Design Unit (Ref. 6) was utilized as the
first of three workpieces for the most recent experiments. This
same workpiece geometry has been adopted by the AMRC as

their baseline for proof of concept on machines, tooling,
and novel processes. The gear geometry and its key attri-
butes are detailed in Figure 5, which approximate to 4.5-
inch reference diameter.

Case study 1 was completed on an Okuma MULTUS U3000,
kinematically pictured in Figure 6. The OSPP300 controlled
machine had a maximum turning spindle speed of 5,000 rpm,
maximum milling spindle speed of 12,000 rpm, and could turn
diameters up to 25.6". The AMRC machine was stocked with
Hangsterfers emulsion coolant, maintained at a concentration
of 8-10 percent. The gear skiving activity was always performed
with the tool loaded in the ‘A Turret’ (milling spindle) of the
machine, and the workpiece in the main spindle.

Inspection was undertaken using a Hexagon Leitz PMM-C,
which is a precision CMM with gear inspection capability. Its
accuracy specification, MPE-e, was 0.023622 + L / 800 thou,
where L is the measurement length, the machine has three
degrees of freedom (X, Y, Z), and it was maintained to a strict
temperature range of 19.5-20.5°C.
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Spindle
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Figure 6 Okuma MULTUS U3000, kinematic diagram.
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All gear skiving tooling is specific to each gear form. The
AMRC acquired their tooling for the Pulsator from Sandvik
Coromant AB mounted using a Sandvik Coromant AB
392.41005C6332060 HSK 63A holder.

Case study 2
The second geometry used for the trials was a hybrid workpiece
made up of three gear forms, known as Gear Shaft B (Ref. 4).
The workpiece shown in Figure 7 was designed by the AMRC
specifically, with the aim of expanding the range of gear geom-
etries and gear types the AMRC had experience in gear skiv-
ing, and to assess the transferability of all previous findings to
alternate geometries. The Gear Shaft B component consisted of
two external helical gears and an internal spline on a cylindri-
cal datum shaft; the key attributes of these gears and the spline
are listed in Table 1. The test components were manufactured in
EN36B steel with a through hardness of approximately 25 HRC.

Case study 2 was also completed on an Okuma MULTUS
U3000 described in Case study 1 and kinematically pictured in
Figure 6. The inspection was similarly undertaken on the same
machine (Hexagon Leitz PMM-C) detailed and described in
Case study 1.

The AMRC acquired their tooling for Gear Shaft B compo-
nent from two suppliers: Horn Cutting Tools Ltd manufactured

Table 1 Gear Shaft B key attribute,

Geometry Spline A Gear B Gear C
Quality Grade

Assessment ANSI B92.1-1970 ANSI/AGMA 1S0 1328-1-B 14
Number of

Teeth 28 26 29

Helix Angle 0 22° 14°
Spline Pitch/ 2.935 " "
Normal Module 20/40 mm_ | 0.116" | 276 mm | 0.109
Pitch Diameter/

Reference 14 82303 3.240" | 8249 mm | 3.248"
Diameter

Figure 7 Gear Shaft B component geometry (Spline A internal, Gear B
bottom external, Gear C top external).
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by Paul Horn GmbH and Dathan Tool & Gauge Co. Ltd. Three
separate tool holders were used during the trials. For Gear
C, a Sandvik Coromant AB 392.41005C6332060 HSK 63A
holder was used, whilst Gear B utilized the longer length of an
Erickson HSK63ASMC32100M HSK 63A holder to allow access
to gear skive in the center of the shaft. Due to the small size
of the cutter used to produce Spline A, a Horn Cutting Tools
MLtdX60.0063.0150HSK 63A holder was used.

Case study 3

The third geometry used in the most recent trials was designed
internally to develop key technologies from across the AMRC
Machining Group teams, demonstrated via a representation of
a geared turbofan engine assembly, visualized in Figure 8. Each
key component team collaboratively designed aerospace engine
components that would showcase new technologies and would
also be assembled into a display piece.

The gearbox design was chosen to be representative of aero-
space geared turbofan applications but also be suitable to show-
case gear manufacturing technologies applicable to numerous
industries, such as automotive and wind.

The gearbox consisted of two helical ring gears, a double-heli-
cal sun gear, and seven double-helical planet gears with carrier.
An unusually large number of planet gears was chosen in order
to showcase a number of manufacturing routes (e.g., generative
milling, form milling, broaching, gear skiving, hobbing, grind
from solid), materials (e.g. steels, stainless, PEEK, bronze), and
design attributes (e.g. varying helical gap, microgeometry, light-
weighting features) in a single showcase assembly. This enables
discussion of their relative merits and emphasizes the flex-
ibility of the AMRC’s offering whilst showcasing the majority

Figure 9 Planetary gearbox designed.
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of our technologies in a single place. The components were
designed with oversized wall thicknesses to maximize flex-
ibility in the light weighting approaches planned to be show-
cased in future trials.

Figure 9 shows a CAD model of the full gearbox.

The design features large ring gears to allow demonstration
of gear skiving in its element, where the productivity will offer a
step change to the legacy manufacturing route, on a component
type key to future 11 21FTM15 propulsion and renewables. The
ring gear with its overall size and thin wall thickness is poten-
tially the most challenging gear to produce, requiring detailed
analysis and development, but with the potential for the most
impact on productivity improvement.

This report includes details of the gear skiving development
of the right-hand ring gear pictured in Figure 10. The key attri-
butes of this gear are listed in Table 2. The test components
were manufactured in forged BS-S132 steel in a soft condition
of approximately 42 HRC (Ref. 9). This is a common aerospace
nitriding steel with a tensile strength of “1320-1470 MPa” (Ref.
8). This material was recommended as industrially relevant to
ring gear applications by industry experts via the British Gear
Association’s Special Interest Group for Modern Manufacturing.

Case study 3’s ring gear trials were completed on a second
machine, an Okuma MUB8000V-L, kinematically pictured in
Figure 11. This is a 5-axis vertical mill turn trunnion platform
with gear skiving capability. The OSP-P300 controlled machine
had a maximum turning spindle speed of 800 rpm, maximum
milling spindle speed of 10,000 rpm, and table size of 800 mm
diameter with a load capacity of 700 kg. The gear skiving activity
was always performed with the tool loaded in the milling spindle
of the machine, and a prepared blank fixture to the machine bed.

Inspection was again undertaken using a Hexagon Leitz
PMM-C detailed in described in Section 1.1.1. The ring gear
utilized a Dathan Tool & Gauge Co Ltd gear skiving tool
mounted on a Sandvik Coromant AB 392 41005C10040100M
tool arbor with HSK100 spindle interface.

Parameter selection

Case study 1

The initial experimental trials assessed the performance of two
parameter sets through the production of a number of repeats
with a single tool per set of repeats. The parameter sets were
trialed on a geometry the AMRC had previously gained high
confidence in gear skiving, the Pulsator. Experiment 1.1 used a
parameter set derived from the AMRC’s previous work consid-
ering the capability of gear skiving and its application to indus-
try. Experiment 1.2 used a parameter set derived by the AMRC
from previous work exploring the dynamics of gear skiving
through modeling and simulation to provide a tool to further
assess the process.

Case study 2

The subsequent experimental trials in case study 2 aimed to
transfer all the accumulated prior knowledge from the previous
work at the AMRC to alternative gear geometries to broaden
gear skiving knowledge and provide a greater understanding of
how the gear skiving process performs for geometries that are

Figure 10 Planetary gearbox and right-hand ring gear component
geometry.

Table 2 Ring gear key attri

Feature Size (metric) Size (imperial)
Quality Grade Assessment ANSI/AGMA IS0 1328-1-B14
Number of Teeth 152

Module 25mm | 0.098"

Helix Angle/Hand 28°/Right hand

Tip Diameter (Minor "
Diameter) 424.199 mm 16.701

Root Diameter (Major "
Diameter) 435.949 mm 17.163
Flange Outer Diameter 525.000 mm 20.669"

Trunnion

Figure 11 Okuma MU8000V-L, kinematic diagram.
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likely to be applicable to the wider gear industry. This included a
single test piece with two different external helical gears and an
internal spline. The first 26 test pieces were produced in an iter-
ative manner, with CMM inspection and data analysis between
each test piece to reflect on performance and make the relevant
parameter changes to improve the quality and understanding of
the subsequent gears.

A following 19 test pieces were produced over a five-day
period, without any changes to parameters, to further assess the
limit of tool wear.

Case study 3

A similar iterative approach was utilized during Experiment
3.2, trials on the Ring Gear geometry. Parameters were
selected based on the performance of the two previous case
studies but limited to produce static cutting forces ranging
from 500 N-1,000 N. Figure 12 plots the trialed tool spindle
speeds along the graph produced from the dynamic tap testing
process that was performed at the start of machining. A speed
that intersects the graph at an area of high magnitude would
have undesirable performance, as the machining frequency

304 RPM 530 RPM 671 RPM 760 RPM 1000 RPM
46 m/min 80 m/min 102 m/min 115 m/min 152 m/min
267 Hz 468 Hz 593 Hz 671 Hz 883 Hz

lagnitude (Channel 1)

307.719 497.804 592p81

682068 783.156
Frequency (Hz)

878243 973331 1068418

Figure 12 Tool spindle speed—frequency magnitude analysis.
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would match the natural frequency of the tool assembly or
workpiece setup.

A new gear skiving force simulation capability was devel-
oped to predict cutting force and torque during gear skiving
operations. The new model exploited a geometric repeatability
assumption, which allowed for use of a single, 1D radial dexel
map to record the part geometry and to predict tool-workpiece
engagement. This assumption greatly reduced the complex-
ity required for the simulation of gear skiving forces and was
adapted for force prediction and process planning for external
spur and helical gears.

The force prediction model was implemented during the Gear
Shaft B and Ring Gear experimental trials to provide a series of
depths of cut for both external helical gears, which was specifi-
cally designed to control the forces at the specific depth for each
pass specific to the individual gear geometry.

Load data recorded from the machine during the cutting
process was used for comparison against the theoretical forces
predicted by the model to refine the output and improve the
accuracy of the depths of cut to reduce the level of vibration and
improve the quality of gear produced.

Results and observations

Case study 1

During Experiment 1.1, with varying force parameters, all
components conformed repeatedly to an AGMA 2015-A01
Class A7 (AGMA 2000-A88 class Q10), whereas Experiment
1.2, with force normalized parameters, only conformed to
Class A7 on 45 percent of the components tested. The remain-
ing components were a range of Class A8-Class A1l at worst,
despite consistent cutting parameters. The range of perfor-
mance in Experiment 1.2 was not accredited to tool qual-
ity, due to the lack of consistent errors within the inspection
report. Due to the pattern of results not showing a constant
degradation in quality as part number increased, the range of
results was also not attributed to tool wear.

To further analyze any pattern in the results from compo-
nent to component, the inspected profile and lead features
of each tooth across the batch were plotted sequentially for
all profile and lead features for both Experiment 1.1 and 1.2.
Figure 13 shows the metric plots of the right flank line angle
error (fHP) profile results for both experiments. As the gear
skiving cutting process contacts several teeth at any one time,
the first tooth cannot be accurately determined. For the pur-
pose of the below graphs, a tooth was selected at random with
all further teeth counted in a clockwise direction (viewed from
the datum B end).

The metric plots in Figure 13 show a pattern representative
of the majority of the profile and lead inspection results. When
plotted in sequence the teeth showed an emerging wave pat-
tern with some—but little—noise. This pattern appeared to be
consistent throughout the full experimental batches indicating
a potential behavioral pattern within the machine tool that was
not affected by a component change or machine restart—the
components within the batch are separated by hashed vertical
lines in Figure 13.

mp—— |

;
B

I

_r

Figure 14 Extract of inspection data for Experiment 1.1, Component 19.

Figure 14 shows the best quality gear out of the two batches of
components. Experiment 1.1, Component 19 conformed to an
AGMA 2015-A01 class A6 (AGMA 2000-A88 class Q12).

Table 3 shows the Cp data, which assesses the repeatabil-
ity of the results through the amount of scatter alone, regard-
less of any skew in the data. The Cp, rather than the Cpk (with
skew), was chosen for the process capability assessment due to
intentional offsets that were made for the trial. For example, to
improve the quality of the tooth profile, the root diameter was
intentionally offset towards the top tolerance. Therefore, despite
highly repeatable results, the process capability score for root
diameter was low at 0.359 (1 o) due to the off-centered results.
When the skew is removed from the equation, the root diameter
shows a favorable process capability score of 4.559 (6 0), as seen
in Table 3.
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Table 3 Process capability (Cp) scores for both sets of Pulsator
geometry trials

Inspected Feature Equlr.i‘lment Expe1r.i2ment
Profile angle error fHa right 1.897 1.830
Total profile error fa right 2.202 2.035
Profile error Profile form error ffa right 1.876 1.663
Profile angle error fHa left 1.915 1.703
Total profile error fa left 1.847 0.974
Profile form error ffa left 1.442 0.789
Flank line a;lr;](};]lte error fHB 1.009 1.032
Flank line trace error f{ right 1.232 1.260
Lead error | Flank line form error ffp right 1.676 1.737
Flank line angle error fHP left 1.015 1.007
Flank line trace error ff left 1.337 0.705
Flank line form error ffp left 2.376 0.589
Cumulative fp right 1.926 1.977
Individual fp right 1.131 1.844
pitch error Cumulative fu right 1.496 3.261
Cumulative fp left 4.004 2.056
Individual fp left 1.131 1.264
Cumulative fu left 1.496 3.261
Runout deviation fr 1.5635 1.472
Dimension over balls—mean 17.096 15.991
Root diameter 4.559 4.179

Table4 Maximum and mean force comparison of the 15th and 20th

Tool life

The life of the tooling used during both sets of parameter trials
on the Pulsator geometry was monitored and assessed under
a microscope every fifth gear. The trials saw 21 components
produced using the varied force parameters in Experiment
1.1 and 20 components produced using the force normalized
parameters in 1.2. This result is comparable to and supports the
AMRC’s previously published tool life of 22 gears for the same
gear geometry (Ref. 5). Due to increasing wear levels through-
out the trial, the teeth chipped at some point after the tool was
inspected on the microscope after production of the fifteenth
test piece. However, there is no data to suggest at which point
before the final microscope inspection at 21 and 20 test pieces
the teeth became chipped. Up to the point of tool fracture, no
consequence of tool wear was reflected in the gear metrology
reports. Table 4 compares the milling spindle load data recorded
from the machine for the fifteenth and twentieth test pieces
produced in Experiment 1.2, as no data was recorded during
the production of test pieces 16-19. The table compares the
maximum and average loads on a pass-by-pass and overall basis.
This shows that no increase in load was recorded after the tool
became chipped. In the majority of cases, the earlier test piece
showed a reduced load compared to the latter.

Case study 2

With regards to case study 2, trials focusing on the two helical
gear forms and the internal spline of Gear Shaft B; Table 5 sum-
marizes the class of gear achieved by both gears and the spline
on all ten test pieces inspected using the Hexagon Leitz PMM-C
from the 26 parameter optimization test pieces. Spline A could
be seen to repeatedly achieve at least a Class 6 ANSI B92.1-
1970 standard with a desirable Class 4 achieved on an early test

Pulsator test piece. piece. Gears B and C were both assessed against the AGMA
Pass 15 20 15 2 2015-A01 standard, with Gear B repeatedly conforming to a
Number Maximum Force (%) Mean Force (%) Class A12 standard, but at best, achieving a Class A8 on 40 per-
: 8 9 3022 2979 cent of the test pieces. Gear C conformed to an improved Class
. - - 222 4200 Al1 standard but only achieved a Class A8 on 30 percent of the
i - inspected batch. The large range of results was anticipated due
3 12 12 4.268 4195 to the high number of parameter changes within the first 26 test
4 13 12 4378 4.324 pieces for both Gear B and C, creating the inconsistency.
5 13 13 4.695 4.545
5 . 5 e || R —
uality grade
7 1 13 195 4816 ascpsariat® | ANSIB92.1-1970 AGMA 2015-A01
8 14 14 5.103 4.994 Test Piece Spline A Gear B Gear C
9 15 14 5.204 5.076 WP2.1-5 5 10 8
10 15 14 5.340 5.212 WP2.1-6 4 12 9
" 15 14 5.439 5.271 WP2.1-12 5 10 8
12 15 15 5.534 5.422 WP2.1-15 6 9 9
13 16 15 5.778 5.600 WP2.1-19 5 12 10
14 16 15 5.902 5.724 WP2.1-20 6 8 9
15 16 15 5.886 5.691 WP2.1-21 5 8 8
16 5 5 1.865 1.802 WP2.1-22 5 8 9
Average WP2.1-23 6 8 "
overall 133 12.8 4.775 4.669
passes WP2.1-26 5 1 1"
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When evaluating the profile (PVar) and lead (LVar) data of
the ten splines inspected on the Hexagon Leitz PMM-C, seven
full splines conformed to a Class 5 standard when assessed
against ANSI B92.1 standard, with one of these conforming to a
Class 4. Breaking the splines into individual flanks, 99.375 per-
cent flanks conformed to a Class 5 with respect to profile (PVar)
and 98.889 percent a class 5 with respect to lead (LVar). When
assessed against a Class 4 95.625 percent flanks conformed to
a Class 4 PVar and 78.75 percent a class 4 LVar. These results
show a high level of repeatability which enhanced the confi-
dence of the gear skiving process to produce splines with excel-
lent productivity. The program run for Spline A took 1 minute
36 seconds in total including tool change, with only 58 seconds
in cut, to repeatedly gear skive to the above standards. Figure 15
shows the profile section of the inspection report of an example
spline conforming to a Class 4.

The objective of the project for dynamic analysis was to
develop a simulation toolkit to simulate gear skiving mecha-
nistic process requirements and to provide insight for feasible
parameter selection for a range of gear and spline geometries.
The AMRC applied process monitoring, optimization, and the
development of a cutting depth optimization software for gear
skiving, through consideration of the process optimization
aspects of this project through practical data capture, analy-
sis, processing, and interpretation of data. This data included
audio recording during the cutting process, the endured spindle
forces, and the static impact testing results.

Tool life

After the iterative parameter development of Gear Shaft B tri-
als, a short tool life assessment with consistent parameters was
performed. Of the nineteen additional test pieces produced
in the tool life trial, only two were evaluated by the Hexagon
Leitz PMM-C, due to budget and time constraints. The mid-
batch test piece—WP2.2-10—and the final test piece—WP2.2-
20—were selected to give the best overview of overall batch
performance. Table 6 summarizes the performance of these
two test pieces.

Based on the two inspected test pieces, the repeatability
of the process was in question. As the tool began to wear
throughout the trial, it was anticipated that the performance
would decrease as the trial progressed. As Table 6 shows, the
quality of Gear B was improved on the final test piece when
compared to the mid-batch test piece; the assumption from
this is that there was a lack of consistency between all nineteen
tool life test pieces, which were produced as direct repeats,
without any parameter alterations.

Images of the tool were taken prior to and on completion of
the trials. Comparison of these images showed the tools used
to produce the two external helical gears appear to have worn,
however, the visible wear was minimal. The tool used to pro-
duce the internal spline had no visible signs of wear under the
microscope. The tool wear progression of the three gear skiving
tools used for Gear Shaft B has been compared before the trials,
after 26 gears/splines and after 46 on completion of the experi-
mental trials—Spline A in Figure 16, Figure 17, Figure 18, Gear
B in Figure 19, Figure 20, Figure 21 and Gear C in Figure 22,
Figure 23, Figure 24.

Figure 15 Extract of the inspection report for WP2.1-6.

Table 6 Gear Shaft B class/quality comparison for tool life

Quality grade | pns) Bg2.1-1970 AGMA 2015-A01

Test Piece Spline A Gear B Gear C
Gear feature | Profile | Lead | Profile | Lead | Profile | Lead
WP2.2-10 4 5 12 10 8 8
WP2.2-20 5 4 9 9 9 9

Analysis of the tool images along with the gear inspection
reports implies that all three tools could continue to skive gears
to the same standard as was achieved during the tool life trial.
The tools had therefore shown the manufacturability of at least
46 components, removing 149.84 in® of material between re-
grinds, despite the varied parameters (some of which were sub-
optimal) used during this trial.
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2 mm

Figure 16 WP2 Gear Shaft B, Spline A 0 Gears
produced Tooth 1—Tip (left) Face (right).
1—Tip (left) Face (right).

v

5 4

Figure 19 WP2 Gear Shaft B, Gear B 0 Gears
produced Tooth 1—Tip (left) Face (right).
1—Tip (left) Face (right).

Figure 22 WP2 Gear Shaft B, Gear C 0 Gears
produced Tooth 1—Tip (left) Face (right).
1—Tip (left) Face (right).

Figure 17 WP2 Gear Shaft B, Spline A 26 Gears
produced (Material removed: 0.9594 in3) Tooth

Figure 20 WP2 Gear Shaft B, Gear B 26 Gears
produced (Material removed: 84.69 in®) Tooth

Figure 23 WP2 Gear Shaft B, Gear C 26 Gears
produced (Material removed: 58.13 in3) Tooth

Figure 18 WP2 Gear Shaft B, Spline A 46 Gears
produced (Material removed: 1.6974 in3) Tooth
1—Tip (left) Face (right).

2 mm
—

Figure 21 WP2 Gear Shaft B, Gear B 46 Gears
produced (Material removed: 149.84 in3) Tooth
1—Tip (left) Face (right).

Figure 24 WP2 Gear Shaft B, Gear C 46 Gears
produced (Material removed: 102.85 in®) Tooth
1—Tip (left) Face (right).

——T

) \
Cross-axis angle‘

Figure 25 Proven gear skiving strategy in the XZ (left) and YZ (right) planes.

Case study 3

In the initial stages of Experiment 3.2 trials gear skiving the
right-hand ring gear, the methodology and setup to use were
defined as illustrated in Figure 25.

Six gears were produced to full depth, trialing depths of cut
and parameters generated by the mechanistic force model to a
force limitations of 1,000 N on the first gear produced and 500
N on the final gear. Between these gears, a range of parameters
(spindle speeds, feed rates, depth of cut) and methods, includ-
ing spring passes and multiples of finishing cuts, were tried
to improve an inconsistent/wavy surface texture that was pro-
duced on the flanks when gear skiving. The surface texture was
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improved through these trials but was not eliminated. The final
surface and an extract of the lead inspection report are shown in
Figure 26.

The final Ring Gear produced achieved a Class 10 ANSI
B92.1-1970 for profile, 11 for lead, and cumulative pitch
with a runout of Class 9. Analysis of the lead shows that
the slope deviation is conforming to the targeted Class 7.
The form deviation values, however, were more representa-
tive of a class 10 gear in the majority of cases but achieved
a Class 11 overall. A deeper analysis of the profile results
showed more consistency with the majority of results,
equating to Class 10.
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Figure 26 Final surface finish (left) and extract of lead inspection (right).

Tool life

Throughout the duration of the ring gear trials, a range of
parameters was trialed in an attempt to refine the cutting pro-
cess. Some of these were sub-optimal, hence the gear skiving
tool was observed to be worn after the production of six test
pieces. Figure 27 and Figure 28 compare a tooth of the gear
skiving tool before use and after the six test pieces.

Due to the size of the ring gear compared to the Pulsator and
Gear Shaft B, the tool life was not anticipated to meet the same
number of gears per tool, as the material removal per gear was
substantially increased. The ring gear has over five times the
number of teeth of the other three gears discussed. When the
volume removed was compared, the ring gear results exceed
the life of the Pulsator, 62.11 in? to 40.45 in3 (912 teeth to 609)
respectively. But the tool did not achieve the same results as the
two used to produce the gears in Gear Shaft B, where 149.84 in3
and 102.85 in® were removed (1,196 and 1,334 teeth) with mini-
mal wear observed.

However, the tool life of the Ring Gear was expected to
improve under optimized production parameters.

Conclusion

AMRC is specializing in developing gear machining methods
using multifunctional 5-axis machine tools in partnership and
collaboration with partner companies. This project has dem-
onstrated a viable machining method, applicable to multifunc-
tional machine tools, in gear skiving. This modern gear-cutting
process is gradually being adopted by industry, but its applica-
tion to date has been considered a secretive black art. The focus
is to develop and quantify the capabilities and publicize this for
the benefit of the industry.

In machining batches of the initial Pulsator test geome-
try during Experiment 1.1, with varying force parameters, all

Figure 27 WP3 Ring Gear, 0 Gears produced Tooth 1—Tip (left) Face
(right).

Figure 28 WP3 Ring Gear, 6 Gears produced (Material removed: 62.11 in3)
Tooth 1—Tip (left) Face (right).

components conformed repeatedly to an AGMA 2015-A01
Class A7 (AGMA 2000-A88 class Q10).

Experiment 1.2 complemented previous tool life assessments
on the same geometry completed at the AMRC by achieving a
tool life of 20 and 21 gears.

Further test geometries were trialed, including helical gears
and internal splines. An AMRC software model was developed
to predict cutting forces and establish cutting parameters for
new geometries in order to expedite the process development.
A range of cutting parameter strategies was employed to estab-
lish an optimal approach for enhanced quality and reduced
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vibration. Cutting tool life was established as in excess of 45
components for this range of geometries.

The final work stream discussed successfully developed skills
to devise a design of a planetary gearbox representative of a
number of industry sectors, which will allow for future technol-
ogy development and demonstration, which can be directly rele-
vant to a number of industries. Process capability and an under-
standing of how to rough ring gears via the novel gear skiv-
ing method on a multifunctional machine tool were achieved
through the development of previous experience and refinement
of the mechanistic force model to assist in parameter selection.

This development and validation allowed the achievement of
a Class 11 ANSI B92.1-1970 gear in approximately 35 minutes,
including a final spring pass. Some earlier gears were produced
in less than 20 minutes but to reduced quality. A closer look at
tool design for performance improved the understanding of
how the mechanics of tool design affects capability, highlight-
ing an area of opportunity for future research and collabora-
tion with tooling suppliers. Further to this, the project built on
previously established stakeholder relationships through col-
laborative investigation, feedback, and discussion at the design,
manufacture, and analysis stages of the project, which proved
great value in the AMRC’s wide network of internal teams and
external partners.

Gear skiving offers great opportunities for production with
step-changing productivity, particularly for internal gears, whilst
offering high-quality finishing capabilities and being applicable
on a 5-axis machine tool with its inherent flexibility and mul-
tifunctionality. The development and application of the toolkit
proved beneficial and showed to be applicable to a range of
gears with great potential for time saving.

Future vision

Through this project, AMRC has gained an understanding
of how to translate the excellent performance obtained for a
baseline gear geometry to a range of further geometries, yet
there remains a great deal to learn about the process in order to
develop its performance. Areas of opportunity include:

o Further development of the mechanistic force model would
be advantageous. A design of experiments (DOE) approach
would allow for a number of variables to be investigated
and subsequently, feed into the model to improve perfor-
mance and understanding.

A continued investigation with the aim of removing the
inconsistencies in the surface of the flanks would prove
beneficial to all future gear skiving work on the Okuma
MUS8000V-L.

From a dynamics point of view, an enhancement would be
anticipated by using an artificial intelligence (AI) method.
For example, the vibration could be monitored, and process
parameters were then optimized during the machining pro-
cess through reinforcement learning methods.

The planetary gearbox assembly is now designed, and so the
planet gears, planet carrier, and sun gear, as well as the ring
gears, are now available as baseline geometries, without IP
restriction, to develop and showcase numerous manufacturing
technologies.

AMRC and our partners are actively pursuing routes to fur-
thering the research on gear skiving in these areas and would
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welcome engagement from AGMA members and others in
opportunities to collaborate.
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